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Abstract

Cordycepin (3′-deoxyadenosine) is a nucleoside analogue with broad anti-inflammatory

and antiproliferative effects whose therapeutic development has been limited by rapid

deamination to 3′-deoxyinosine (3DI) and an incomplete understanding of how its active

nucleotides couple cleavage and polyadenylation (CPA) to growth-factor and inflamma-

tory signalling. This thesis investigates how cordycepin and its metabolites, particularly

cordycepin triphosphate (CoTP), modulate mRNA 3′-end processing, poly(A)-tail

homeostasis and PI3K/Akt/mTOR signalling, and explores the hypothesis that the

effects on polyadenylation mediate the effects on signal transduction through one or

more RNA targets of cordycepin (RToC).

Deamination of cordycepin to 3′-deoxyinosine (3DI) is known to occur rapidly

and limit its potency. To explore the metabolism of cordycepin, siRNA knockdown

of enzymes that could recycle 3DI to cordycepin were used. The data showed that,

surprisingly, cordycepin activity in tissue culture is dependent on a previously un-

suspected rescue pathway involving adenine phosphoribosyltransferase (APRT) and,

in macrophages, the enzyme FAMIN/LACC1. These enzymes appear to channel

adenine-linked 3′-deoxyribose metabolism, enabling generation of CoTP and repression

of LPS-induced inflammatory transcripts. Data for 3DI suggested some differences

between 3DI and cordycepin dependence on rescue pathways, but were difficult to

interpret because contamination of the 3DI preparations with cordycepin was detected.

Second, a haploid piggyBac survival screen in eHAP cells identified three broad

classes of genetic determinants of cordycepin resistance. Loss-of-function insertions in

ADK were the most consistent and dose-dependent hits, confirming that phosphorylation

to cordycepin mono-, di- and triphosphates is essential for cytotoxicity. A second class

comprised genes involved in RNA 3′-end formation, deadenylation and RNA maturation



(including CNOT6, PARN and Integrator components), indicating that the state of

mRNA 3′-end processing modulates sensitivity to CPA inhibition. A third class encom-

passed genes in AMPK–mTOR signalling, autophagy, mitophagy, ER–mitochondrial

coupling and ubiquitin-dependent proteostasis, highlighting integrated stress-response

and quality-control pathways that shape survival under cordycepin. Within this screen,

the long non-coding RNA locus LINC03121 (Lnc-PLA2G4A-4) showed pronounced

enrichment in one platform/dose combination; in light of independent evidence that

LINC03121 promotes p-EGFR/p-AKT signalling via a miR-23b-3p/versican axis, this

makes it a biologically credible candidate RToC.

Third, comparative transcriptomics in LPS-stimulated RAW264.7 macrophages

demonstrated that natural fermentation-derived and synthetic cordycepin produced

highly similar gene-expression and pathway signatures. Both preparations repressed a

broad panel of inflammatory transcripts and down-regulated pathways linked to NF-κB,

interferon signalling and PI3K/Akt/mTOR-dependent translation. The ProTide NUC-

7738 reproduced these core features when used at exposures that generate comparable

intracellular 3′-deoxyadenosine nucleotide levels, whereas 3DI showed a weaker but

directionally concordant profile. These findings argue that the shared active species is

intracellular CoTP rather than preparation-specific contaminants.

Fourth, Oxford Nanopore long-read sequencing revealed that cordycepin and NUC-

7738 induced rapid, genome-wide poly(A)-tail shortening at 120 minutes (median

shifts of ≈ 25 nt) with thousands of transcripts showing significant tail reduction and

concomitant decreases in abundance, particularly among inflammatory and growth-

factor-linked mRNAs. A smaller subset of transcripts exhibited tail lengthening and

relative sparing of abundance, often enriched for mitochondrial and metabolic functions,

suggesting selective stabilisation of messages that support bioenergetic adaptation under

stress. Early-timepoint (15-minute) analyses showed that cordycepin already triggers

coordinated shifts in poly(A)-tail length and expression in transcripts associated with

translation control, signal transduction and growth-factor pathways, before wholesale
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transcriptional re-programming is established.

Taken together, these strands support a model in which cordycepin acts principally

as an intracellular nucleoside analogue that must be transported into cells, phospho-

rylated to CoTP, and then perturbs CPA and poly(A)-tail homeostasis to selectively

restrain inflammatory and PI3K/Akt/mTOR outputs. Integrating these results with

the literature on protein synthesis inhibition and Akt activation, the thesis advances

the hypothesis that this signalling restraint is mediated by one or more non-coding

RNAs whose polyadenylation-dependent function is cordycepin-sensitive—an RNA

target of cordycepin (RToC). The convergence of strong loss-of-function enrichment

for LINC03121 in the haploid screen, its established role as a positive regulator of

Akt signalling, and the global evidence for cordycepin-induced CPA disruption leads

this work to nominate LINC03121 as a leading candidate RToC, framed as a testable

mechanistic hypothesis for future studies.
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1.4 Poly(A) tail synthesis, function, and metabolism in eukaryotic mRNA.

Schematic overview of the major steps governing poly(A) tail biogene-

sis and post-transcriptional regulation. (Top, nucleus): Cleavage and

polyadenylation (CPA) of pre-mRNAs are initiated when the CPSF com-

plex (CPSF1, CPSF4, WDR33) recognizes the polyadenylation signal

(PAS; AAUAAA) embedded within the 3′UTR. Cooperative binding of

CstF to a downstream GU/U-rich element positions the CPSF3/CPSF73

endonuclease to cleave the nascent transcript 10–30 nucleotides down-

stream of the PAS. Following cleavage, the canonical nuclear poly(A)

polymerases PAPα/γ extend the 3′ end to produce a ≈ 200–250-nt poly(A)

tail, while PABPN1 binds the elongating tail to stimulate processivity

and enforce a characteristic tail-length distribution. Mature mRNPs

are assembled with export adaptors and transported to the cytoplasm.

Alternative polyadenylation (APA), via selection of proximal or distal

PASs within the 3′UTR, generates mRNA isoforms with different 3′UTR

architectures and regulatory potential. (Bottom, cytoplasm): Cytoplas-

mic PABPC1 replaces PABPN1 and cooperates with eIF4G and eIF4E to

form a cap–tail “closed-loop” mRNP that promotes efficient translation

initiation and ribosome recycling. In specific contexts (e.g., oocytes,

neurons), cytoplasmic polyadenylation factors such as CPEB recruit

non-canonical poly(A) polymerases (GLD2/GLD4) to lengthen short

poly(A) tails and activate translation. This process is counterbalanced

by the deadenylase PARN, enabling rapid translational on/off switching.

Bulk deadenylation during mRNA turnover proceeds through a two-step

pathway: initial trimming by the PAN2–PAN3 complex, followed by

processive shortening by the CCR4–NOT deadenylase to oligo(A) tails

of < 15 nt. Loss of PABPC1 binding triggers decapping (DCP1–DCP2)

and exonucleolytic decay by XRN1 (5′ → 3′) or the exosome (3′ → 5′).

Together, these pathways integrate transcriptional outputs with mRNA

stability, translation, and decay dynamics across the mRNA life cycle.

The figure was created with Sketch v 2025.3.1 . . . . . . . . . . . . . . 19
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1.5 Mechanism of cordycepin triphosphate (CoTP)-mediated inhibition of

cleavage and polyadenylation and its downstream consequences. (1)

CoTP as a chain-terminating substrate for PAPα/γ .Schematic illus-

trating incorporation of CoTP by nuclear poly(A) polymerases PAPα/γ

during 3′-end extension. Substitution of ATP with CoTP results in

premature chain termination, generating short, stalled poly(A) tails that

fail to recruit sufficient PABPN1. Because PABPN1 normally stabilizes

PAPα/γ processivity and defines canonical tail length, CoTP-terminated

tails disrupt both tail growth and PABPN1 loading. (2) Trapping of

CPSF4 and WDR33 on CoTP-terminated 3′-ends. CoTP-terminated

transcripts retain the CPSF4–WDR33 module of the CPSF complex

on the RNA, preventing normal recycling of these CPA factors to new

transcripts. This functional sequestration reduces the pool of active

CPSF4/WDR33 available for PAS recognition, thereby impairing pro-

cessing of subsequent pre-mRNAs and amplifying CPA inhibition. (3)

Convergence with CPSF4/WDR33 knockdown phenotypes. Both CoTP

treatment and siRNA-mediated depletion of CPSF4/WDR33 lead to

reduced functional CPA complexes, diminished CPA efficiency, defec-

tive 3′-end formation, and attenuated downstream pathways including

PI3K/Akt/mTOR signaling and NF-κB nuclear responses. This conver-

gence supports a model in which CoTP exerts its primary effects through

functional depletion of CPA factors. (4) Consequences for PABPN1

loading, nuclear export competence, and cytoplasmic stability. Short,

CoTP-terminated poly(A) tails exhibit reduced PABPN1 occupancy,

impairing formation of export-competent mRNPs and promoting nu-

clear retention and surveillance-mediated decay. Inefficiently exported

transcripts that reach the cytoplasm display weakened cap–tail interac-

tions and poor closed-loop formation (reduced eIF4E–eIF4G–PABPC1

engagement). These mRNAs undergo accelerated deadenylation via

CCR4–NOT and are rapidly degraded, resulting in reduced stability.

Together, these pathways explain how CoTP-induced CPA inhibition

propagates to broad post-transcriptional repression of inflammatory and

growth-factor-responsive gene expression. The figure was created with

Sketch v 2025.3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
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1.6 Modulation of growth-factor signalling networks by cordycepin triphos-

phate (CoTP) via polyadenylation-dependent control. Schematic overview

of how cordycepin perturbs growth-factor–responsive signalling in mam-

malian cells. Under basal conditions (left), receptor tyrosine kinases

(RTKs) activated by growth factors such as EGF or IGF-1 stimulate

class I PI3K, generating PIP3 from PIP2 and recruiting PDK1 and Akt

to the plasma membrane. Akt is phosphorylated at Thr308 by PDK1

and at Ser473 by mTORC2, yielding fully active Akt. Activated Akt

phosphorylates TSC1/2 and PRAS40 to relieve inhibition of Rheb and

promote mTORC1 activation, which in turn phosphorylates S6K1 and

4E-BP1 to drive ribosome biogenesis, cap-dependent translation and

anabolic growth, while repressing autophagy via ULK1. In parallel, RTK

signalling through RAS–RAF–MEK–ERK culminates in activation of

transcription factors such as ELK1 and AP-1, supporting proliferation and

gene expression. Energy-stress signalling through LKB1– or CaMKKβ-

activated AMPK antagonises mTORC1 and favours catabolic responses,

but AMPK activation is not required for cordycepin-induced repression

of these growth-factor pathways. On the right, cordycepin is taken up by

nucleoside transporters and phosphorylated to CoTP, which inhibits nu-

clear cleavage and polyadenylation (CPA) of specific transcripts. In this

model, suppression of PI3K/Akt/mTOR signalling occurs via an uniden-

tified RNA, referred to as the RNA target of cordycepin (RToC), whose

function is influenced by alterations in polyadenylation. CoTP-mediated

inhibition of cleavage and polyadenylation affects RToC, creating a cellu-

lar environment in which growth-factor signalling cannot be sustained,

despite continued upstream RTK engagement. Incomplete 3′-end process-

ing and altered poly(A) tail dynamics of RToC and related transcripts

are proposed to impair the transcriptional and translational support

required to maintain PI3K/Akt/mTOR and RAS/RAF/MEK/ERK ac-

tivity, resulting in systemic collapse of anabolic signalling. The legend

at the bottom of the figure indicates the colour-coding for growth-factor

(anabolic) signalling, energy-stress (catabolic) pathways, CoTP actions,

inhibitory interactions and phosphorylation events. The figure was cre-

ated with Sketch v 2025.3.1 . . . . . . . . . . . . . . . . . . . . . . . . 37

xviii
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2.8 Workflow schematic. Starting with two conditions, polyadenylated RNA

is extracted and sequenced with nanopores. The electrical signal for the

poly(A) tail is distinct from other nucleotides allowing the quantification

of the poly(A) tail length. Following data processing, the poly(A) tail

lengths for all replicates of two conditions are fed into NanopLen for

differential length analysis adapted from [4] S. A. Dar, S. Malla, C.

Belair, and M. Maragkakis, “Differential poly(A) tail length analysis

using nanopore sequencing,” Methods Mol. Biol., vol. 2723, pp. 267–283,
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3.6 Based on prior knowledge that the antiretroviral drug dideoxyinosine is

phosphorylated by cytosolic 5′-nucleotidase and subsequently aminated

by adenylosuccinate synthetase and lyase, we hypothesized that analogous

enzymes may metabolize cordycepin and its derivative 3′-deoxyinosine.

We propose that cytosolic 5′-nucleotidase can similarly phosphorylate

3′-deoxyinosine, followed by amination of the phosphorylated intermedi-

ate by adenylosuccinate synthetase and adenylosuccinate lyase to yield

cordycepin monophosphate. This putative metabolic pathway connecting

3′-deoxyinosine to active cordycepin triphosphate was hypothesized by

extrapolating known pathways. The chemical structures were drawn

using ChemSketch from the ACD Lab, and the figure was created using

ChemDraw. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.7 Effect of NT5C2 knock-down on Cordycepin and 3′-Deoxyinosine re-

sponses (A, B, D) A549 epithelial cells were transfected with 5 nM

siRNA targeting ADSS2 (siADSS2) or a non-targeting control (siCTRL)

for 48 h. Cells were left untreated (No Tx) or exposed to Cordycepin 50

µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF

(10 ng/ml) added 1 h after the start of compound treatment (i.e. in the

presence of the compound) for a 1 h stimulation. qPCR data for NT5C2,

CXCL1, and CXCL8 were normalised to GAPDH and expressed relative

to the TNF + siCTRL condition (n = 3 biological replicates). Bars

show mean ± SEM; dashed line indicates the TNF baseline. Significance:

ordinary one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01

(**),< 0.001 (***), ns = not significant. (C,E) Same experiments, but

ratios were further normalised within each siRNA group to their corre-

sponding DMSO + TNF value (Treated / [DMSO + TNF] in the same

siRNA group), removing basal knock-down effects. Paired two-tailed

t-tests compare siCTRL vs. siNT5C2 for each drug. Colour code: blue

= siCTRL, red = siNT5C2. . . . . . . . . . . . . . . . . . . . . . . . . 108
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3.8 Effect of ADSS2 knock-down on Cordycepin and 3′-Deoxyinosine re-

sponses (A, B, D) A549 epithelial cells were transfected with 5 nM

siRNA targeting ADSS2 (siADSS2) or a non-targeting control (siCTRL)

for 48 h. Cells were left untreated (No Tx) or exposed to Cordycepin 50

µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF

(10 ng/ml) added 1 h after the start of compound treatment (i.e. in the

presence of the compound) for a 1 h stimulation. qPCR data for ADSS2,

CXCL1, and CXCL8 were normalised to GAPDH and expressed relative

to the TNF + siCTRL condition (n = 3 biological replicates). Bars

show mean ± SEM; dashed line indicates the TNF baseline. Significance:

ordinary one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01

(**),< 0.001 (***), ns = not significant. (C, E) Same experiments, but

ratios were further normalised within each siRNA group to their corre-

sponding DMSO + TNF value (Treated / [DMSO + TNF] in the same

siRNA group), removing basal knock-down effects. Paired two-tailed

t-tests compare siCTRL vs. siADSS2 for each drug.Colour code: blue =

siCTRL, red = siADSS2. . . . . . . . . . . . . . . . . . . . . . . . . . . 109
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3.9 Proposed metabolic pathway for 3′-deoxyinosine involving purine nu-

cleoside phosphorylase (PNP). This hypothesized route entails PNP-

mediated enzymatic cleavage of 3′-deoxyinosine into hypoxanthine and

3′-deoxyribose-1-phosphate. 3’-deoxyribose-1- phosphate can then be con-

verted to 3′-deoxyribose-5-phosphate and combined with hypoxanthine

by hypoxanthine-phosphoribosyl transferase to generate 3′-deoxyinosine

monophosphate. To test this pathway, PNP was suppose to be stimulated

upon glucose starvation in A549 cells; however, this did not affect the

anti-inflammatory activity of 3′-deoxyinosine (In my experiment glucose

starvation reduced the basal inflammatory response despite there is an

article argued that glucose starvation trigger an inflammatory response

and shifting the cells to use inosine as a carbon source), suggesting that

this proposed route is not utilized for 3′-deoxyinosine metabolism. The

chemical structures were drawn using ChemSketch from the ACD Lab,

and the figure was created using ChemDraw. . . . . . . . . . . . . . . . 111

3.10 A549 cells were cultured in glucose-free medium for 24 h before treatment

with cordycepin (50 µM) or 3′-deoxyinosine (200 µM) for 2 h, with TNF

(10 ng/ml) added 1 h after the start of compound treatment (i.e. in

the presence of the compound) for a 1 h stimulation. Total RNA was

extracted and cDNA was synthesized, followed by qPCR. Ct values of

qPCR for A) the inflammatory genes CXCL1 and CXCL8, and B) PNP

were analyzed by the 2−∆∆Ct method using GAPDH as a reference gene.

Relative mRNA expression of the tested genes is shown as a fold-change

compared to TNF in glucose-containing medium (red dashed line). The

results are presented as the mean ± SD of three independent experiments.112
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3.11 Proposed metabolic pathway for the conversion of 3′-deoxyinosine to

cordycepin involving adenine and 3′-deoxyribose recycling. This hypothet-

ical route entails an endogenous adenine reacting with the 3′-deoxyribose

moiety released from 3′-deoxyinosine. Enzymes such as methylthioadeno-

sine phosphorylase (MTAP) or FAMIN can combine adenine with 3′-deoxyribose

to generate 3′-deoxyadenosine (cordycepin). The chemical structures

were drawn using ChemSketch from the ACD Lab, and the figure was

created using ChemDraw. . . . . . . . . . . . . . . . . . . . . . . . . . 114

3.12 Proposed metabolic pathway for 3′-deoxyinosine conversion to cordycepin

monophosphate involving adenine salvage. This hypothetical route en-

tails 3′-deoxyribose-1- phosphate first being cleaved from 3′-deoxyinosine

and then converted to 3′-deoxyribose-5- phosphate by phosphopento-

mutase (PGM2). 3′-deoxyribose-5-phosphate can then be converted to

5-phospho-3′-deoxyribosyl-1-pyrophosphate by phosphoribosyl pyrophos-

phate synthetase 1 (PRPS1). Finally, endogenous adenine reacts with

5-phospho-3′-deoxyribosyl- 1-pyrophosphate, catalyzed by adenine phos-

phoribosyltransferase (APRT) to generate 3′-deoxyadenosine monophos-

phate (cordycepin monophosphate). . . . . . . . . . . . . . . . . . . . . 115

3.13 Effects of cordycepin and 3′-deoxyinosine on inflammatory gene expression

after adenine treatment. A549 cells were treated with adenine (800

µM) for one hour then with 0.4% v/v DMSO, cordycepin (50 µM), or

3′-deoxyinosine (200 µM) for 2 h, with TNF (10 ng/ml) added 1 h after

the start of compound treatment (i.e. in the presence of the compound)

for a 1 h stimulation. The graph shows the mean ± standard deviation

of the three biological replicates. Statistical significance was determined

by unpaired t-tests at *P < 0.05, **P < 0.01, ***P < 0.005, and ****P

< 0.0001****. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
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3.14 Effect of APRT knock-down on Cordycepin and 3′-Deoxyinosine responses

(A, B, D) A549 epithelial cells were transfected with 5 nM siRNA targeting

APRT (siAPRT) or a non-targeting control (siCTRL) for 48 h. Cells

were left untreated (No Tx) or exposed to Cordycepin 50 µM (Cpn 50) or

3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF (10 ng/ml) added

1 h after the start of compound treatment (i.e. in the presence of the

compound) for a 1 h stimulation. qPCR data for APRT, CXCL1, and

CXCL8 were normalised to GAPDH and expressed relative to the TNF

+ siCTRL condition (n = 3 biological replicates). Bars show mean ±

SEM; dashed line indicates the TNF baseline. Significance: ordinary

one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),<

0.001 (***), ns = not significant. (C, E) Same experiments, but ratios

were further normalised within each siRNA group to their corresponding

DMSO + TNF value (Treated / [DMSO + TNF] in the same siRNA

group), removing basal knock-down effects. Paired two-tailed t-tests

compare siCTRL vs. siAPRT for each drug.Colour code: blue = siCTRL,

red = siAPRT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
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3.15 Effect of siAprt knock-down on Cordycepin and 3′-Deoxyinosine responses

(A, B, D) RAW264.7 macrophages were transfected with 5 nM siRNA

targeting Aprt (siAprt) or a non-targeting control (siCTRL) for 48 h.

Cells were left untreated (No Tx) or exposed to Cordycepin 20 µM (Cpn

20) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with LPS (1 µg/ml)

added 1 h after the start of compound treatment (i.e. in the presence

of the compound) for a 1 h stimulation. qPCR data for Aprt , Acod1,

and Il1B were normalised to Gapdh and expressed relative to the LPS

+ siCTRL condition (n = 3 biological replicates). Bars show mean ±

SEM; dashed line indicates the LPS baseline. Significance: ordinary

one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),<

0.001 (***), ns = not significant. (C, E) Same experiments, but ratios

were further normalised within each siRNA group to their corresponding

DMSO + LPS value (Treated / [DMSO + LPS] in the same siRNA

group), removing basal knock-down effects. Paired two-tailed t-tests

compare siCTRL vs. siAprt for each drug.Colour code: blue = siCTRL,

red = siAprt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
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3.16 Effect of FAMIN knock-down on Cordycepin and 3′-Deoxyinosine re-

sponses (A, B, D) A549 epithelial cells were transfected with 5 nM

siRNA targeting FAMIN (siFAMIN) or a non-targeting control (siCTRL)

for 48 h. Cells were left untreated (No Tx) or exposed to Cordycepin 50

µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF

(10 ng/ml) added 1 h after the start of compound treatment (i.e. in the

presence of the compound) for a 1 h stimulation. qPCR data for FAMIN,

CXCL1, and CXCL8 were normalised to GAPDH and expressed relative

to the TNF + siCTRL condition (n = 3 biological replicates). Bars

show mean ± SEM; dashed line indicates the TNF baseline. Significance:

ordinary one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01

(**),< 0.001 (***), ns = not significant. (C, E) Same experiments, but

ratios were further normalised within each siRNA group to their corre-

sponding DMSO + TNF value (Treated / [DMSO + TNF] in the same

siRNA group), removing basal knock-down effects. Paired two-tailed

t-tests compare siCTRL vs. siFAMIN for each drug. Colour code: blue

= siCTRL, red = siFAMIN. . . . . . . . . . . . . . . . . . . . . . . . . 121
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3.17 Effect of Lacc1 (Famin) knock-down on Cordycepin and 3′-Deoxyinosine

responses (A, B, D) RAW264.7 macrophages were transfected with 5 nM

siRNA targeting Lacc1 (siLacc1) or a non-targeting control (siCTRL)

for 48 h. Cells were left untreated (No Tx) or exposed to Cordycepin 20

µM (Cpn 20) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with LPS

(1 µg/ml) added 1 h after the start of compound treatment (i.e. in the

presence of the compound) for a 1 h stimulation. qPCR data for Lacc1 ,

Acod1, and Il1B were normalised to Gapdh and expressed relative to the

LPS + siCTRL condition (n = 3 biological replicates). Bars show mean

± SEM; dashed line indicates the LPS baseline. Significance: ordinary

one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),<

0.001 (***), ns = not significant. (C, E) Same experiments, but ratios

were further normalised within each siRNA group to their corresponding

DMSO + LPS value (Treated / [DMSO + LPS] in the same siRNA

group), removing basal knock-down effects. Paired two-tailed t-tests

compare siCTRL vs. siLacc1 for each drug. Colour code: blue = siCTRL,

red = siLacc1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
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3.18 Effect of ADK knock-down on Cordycepin and 3′-Deoxyinosine responses

(A, B, D) A549 epithelial cells were transfected with 5 nM siRNA targeting

ADK (siADK) or a non-targeting control (siCTRL) for 48 h. Cells were

left untreated (No Tx) or exposed to Cordycepin 50 µM (Cpn 50) or

3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF (10 ng/ml) added

1 h after the start of compound treatment (i.e. in the presence of the

compound) for a 1 h stimulation. qPCR data for ADK, CXCL1, and

CXCL8 were normalised to GAPDH and expressed relative to the TNF

+ siCTRL condition (n = 3 biological replicates). Bars show mean ±

SEM; dashed line indicates the TNF baseline. Significance: ordinary

one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),<

0.001 (***), ns = not significant. (C, E) Same experiments, but ratios

were further normalised within each siRNA group to their corresponding

DMSO + TNF value [(Treated / [DMSO + LPS] in the same siRNA

group], removing basal knock-down effects. Paired two-tailed t-tests

compare siCTRL vs. siADK for each drug. Colour code: blue = siCTRL,

red = siADK. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
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3.19 Effect of siAdk knock-down on Cordycepin and 3′-Deoxyinosine responses

(A, B, D) RAW264.7 macrophages were transfected with 5 nM siRNA

targeting Adk (siAdk) or a non-targeting control (siCTRL) for 48 h. Cells

were left untreated (No Tx) or exposed to Cordycepin 20 µM (Cpn 20)

or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with LPS (1 µg/ml) added

1 h after the start of compound treatment (i.e. in the presence of the

compound) for a 1 h stimulation. qPCR data for Adk, Acod1, and Il1B

were normalised to Gapdh and expressed relative to the LPS + siCTRL

condition (n = 3 biological replicates). Bars show mean ± SEM; dashed

line indicates the LPS baseline. Significance: ordinary one-way ANOVA

with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not

significant. (C, E) Same experiments, but ratios were further normalised

within each siRNA group to their corresponding DMSO + LPS value

(Treated / [DMSO + LPS] in the same siRNA group), removing basal

knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siAdk

for each drug.Colour code: blue = siCTRL, red = siAdk. . . . . . . . . 125
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3.20 A (top): Overlaid chromatograms: TIC (ESI+, red trace) and XIC at

m/z 252.1 (green, shaded) across a 24-min run on a SeQuant ZIC-pHILIC

column. A single, sharp XIC peak is centered at tR ≈ 7.28–7.31 min

and is annotated “Cordycepin.” Minor features at the solvent front ( ≈

0.34–0.50 min) and late elution ( ≈ 23.6–23.8 min) are visible in the

TIC but do not appear in the XIC. Ion mode: ESI+ (labelled at top

right). B (bottom): MS spectrum for the tR = 7.279 min peak with

automatic component assignment in ACD/Labs Spectrus Processor. Base

peak [M+H]+= 252.109 (Mass(Amax) = 252.113), elemental formula

C10H13N5O3, and Mass difference = 0.004 (Da). Additional labelled

ions include 218.215 ([M+H–34]+), 246.243 ([M+H–6]+), 253.113, and a

[M+Na]+ adduct (labelled). Software confidence tile reads “Excellent.”

The component table shows tR = 7.279 min, neutral mass 251.102,

[M–H]− = 250.095 (reported), and Single XIC area = 100.00% for both

ESI polarities; TIC area = 15.26% (ESI+) and 30.02% (ESI-) with All

tRs(min) reported as TIC (ESI+) = 7.28, XIC = 7.28, TIC (ESI-) =

6.43, XIC = 7.29 (values as displayed in the figure). The chromatogram

generated from the Thermo Exactive LC-MS employing the SeQuant

ZIC-pHILIC column (Merck). The analysis was conducted over a 24-

minute runtime. Visualization of the LC-MS/MS data was performed

using the Spectrus Processor from ACD/Labs. . . . . . . . . . . . . . . 127
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3.21 Mass spectrum for cordycepin. A (top): ESI+ MS spectrum at tR =

7.279 min, annotated with [M+H]+ and neutral-loss/adduct assignments.

The base peak is [M+H]+ = 252.113/252.109, with visible signals at

218.215 ([M+H–34]+), 246.244 ([M+H–6]+), 219.215, 253.113, and a

labelled [M+Na]+ adduct. B (bottom): Replicate/zoomed ESI+ MS view

for the same tR, emphasizing the dominant [M+H]+ = 252.109 peak

and nearby low-abundance ions (e.g., 118.090, 130.166, 136.071, 148.105,

212.095–212.097). Axes: m/z (x) and relative intensity (y). Ion mode:

ESI+ (right-hand label). The chromatogram generated from the Thermo

Exactive LC-MS employing the SeQuant ZIC-pHILIC column (Merck).

The analysis was conducted over a 24-minute runtime. Visualization of

the LC-MS/MS data was performed using the Spectrus Processor from

ACD/Labs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

3.22 Cordycepin (Phyproof) calibration curve. Phyproof Cordycepin from

Merck was used as standard to estimate the purity of cordycepin (Car-

bosynth) and the purity of synthetic cordycepin. The y-axis represents

the concentration, expressed in nanomolar (nM), and the x-axis repre-

sents the area. The purity of cordycepin (Carbosynth), according to the

calibration curve is 99.08% and the purity of synthetic cordycepin is 100%.129

3.23 A (top): TIC (ESI+, red trace) overlaid with the extracted-ion chro-

matogram (XIC, m/z 252.1; beige/filled) for synthetic cordycepin; apex

at tR = 7.280 min. Below, centroid MS at the peak apex and the identi-

fication table. B (bottom): Replicate view of the TIC/XIC overlay with

the integrated XIC peak at tR = 7.280 min and the same identification

table. The chromatogram generated from the Thermo Exactive LC-MS

employing the SeQuant ZIC-pHILIC column (Merck). The analysis was

conducted over a 24-minute runtime. Visualization of the LC-MS/MS

data was performed using the Spectrus Processor from ACD/Labs. . . 131
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3.24 Mass spectrum for synthetic cordycepin. A (top): Centroid ESI+ mass

spectrum at tR = 7.280 min annotated with adduct/neutral-loss labels

provided by the software. B (bottom): Replicate/zoomed view of the apex

spectrum. The chromatogram generated from the Thermo Exactive LC-

MS employing the SeQuant ZIC-pHILIC column (Merck). The analysis

was conducted over a 24-minute runtime. Visualization of the LC-MS/MS

data was performed using the Spectrus Processor from ACD/Labs. . . 132

3.25 A (top): Chromatogram + component table from ACD/Labs Spectrus

Processor visualization showing two resolved components in the 3DI

stock: cordycepin at RT ≈ 7.282 min and 3DI at RT ≈ 8.008 min.

Accurate-mass matches are annotated in positive ESI: cordycepin [M+H]+

calc 252.115, obs 252.109 (Δ ≈ 5mDa); 3DI [M+H]+ calc 253.094, obs

253.093 (Δ ≈ 1 mDa). B (bottom): Zoomed chromatogram view of the

same injection highlighting the two peaks attributed to cordycepin and

3DI. The chromatogram generated from the Thermo Exactive LC-MS

employing the SeQuant ZIC-pHILIC column (Merck). The analysis was

conducted over a 24-minute runtime. Visualization of the LC-MS/MS

data was performed using the Spectrus Processor from ACD/Labs. . . 134

3.26 Mass spectrum for 3DI. A (top): MS spectrum at RT 8.008 min in ESI+,

showing precursor [M+H]+ 253.0935 with characteristic fragments (e.g.,

m/z 214.094, 171.128, 118.090, 104.0735). B (bottom): Replicate/ex-

panded MS view from the same retention-time window, again dominated

by the 253.093 ion. The chromatogram generated from the Thermo

Exactive LC-MS employing the SeQuant ZIC-pHILIC column (Merck).

The analysis was conducted over a 24-minute runtime. Visualization of

the LC-MS/MS data was performed using the Spectrus Processor from

ACD/Labs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
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4.1 PiggyBac (PB) transposon system. (a) Original PB elements contain the

transposase gene (orange) and inverted terminal repeats (ITRs, yellow

arrows). (b) Binary PB system used for gene delivery in plasmids: a

transposase expression helper plasmid (HyPBase or SuPBase) driven

by a promoter (gray arrow) and a donor plasmid containing the gene-

trapping cassette PBDGTV (light blue) and a puromycin selection marker

flanked by ITRs. (c) The transposon carrying the cassette is excised

from the donor plasmid and integrated into the chromosome at TTAA

sites. (d) Insertion of PBDGTV between exons (navy) can disable a gene

by prematurely terminating transcription via the splice-acceptor–poly(A)

element (SA–polyA), truncating transcript expression (exons 1–2). Figure

created with BioRender.com. . . . . . . . . . . . . . . . . . . . . . . . . 143

4.2 Overview of haploid genetic screening. eHAP cells were transfected with

the PiggyBac gene-trapping vector PBDGTV along with transposase

expression plasmids (HyPBase or SuPBase), resulting in genomic inte-

gration and gene disruption across the genome. Cells were then selected

with puromycin at 2 µg/mL for 3 days to enrich for cells with transpo-

son insertions. The surviving mutant cell libraries were treated with

cordycepin at 150 µM or 200 µM for 72 h (twice every 24 h) to select

mutants resistant to metabolic inhibition by cordycepin. Dr. Alexander

Kondrashov, Dr. Emilie Daniel and Davor Kresnik conducted the trans-

fected library preparations and puromycin selection; I performed the

cordycepin selection using the PrestoBlue™ HS Cell Viability Assay to

monitor metabolic activity as the primary readout. Surviving resistant

clones were then harvested for genomic DNA extraction, Splinkerette

PCR amplification of transposon–genome junctions, and next-generation

sequencing to identify the disrupted genes (see Figure 4.7). Figure created

with BioRender.com. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
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4.3 Effect of different puromycin concentrations on eHAP cell viability, wild

type vs. transfected. Wild-type eHAP and PBDGTV-transfected eHAP

cells were treated with the indicated puromycin concentrations for 3 days.

The 2 µg/mL condition eliminated wild-type cells while sparing most

transfected cells, and was therefore used for library enrichment. . . . . 146

4.4 Metabolic inhibition of eHAP cells by single versus repeated cordycepin

treatments. eHAP cells were treated with 25–400 µM cordycepin either as

a single dose or with repeated dosing every 24 h for 3 days. Cell viability

was measured using the PrestoBlue assay. Repeated doses produced

stronger inhibition than a single dose, probably because cordycepin

degrades over time with a single application. X indicates the total

number of cordycepin doses applied across the specified time. . . . . . . 147

4.5 Crystal-violet clonogenic assay showing that multiple cordycepin doses

reduce eHAP colony formation more than a single dose. Representative

images show eHAP cells treated with a single dose of 150 or 200 µM

cordycepin for 72 h (left) or with multiple doses of 150 or 200 µM

cordycepin twice daily over 3 days (right). After treatment, cells were

fixed and stained with crystal violet in 10-cm Petri dishes (bottom).

Repeated dosing markedly reduced clonogenic growth compared with a

single dose, supporting the choice of the repeated-dosing paradigm for

the genetic screen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

4.6 Metabolic inhibition of HAP1 cells by 3′deoxyinosine. HAP1 cells were

treated with 25–400 µM 3′deoxyinosine using repeated dosing every 24 h

for 3 days. Cell viability was measured using the PrestoBlue assay.

3′Deoxyinosine achieved a maximal inhibition of approximately 20 %

across the tested concentration range, indicating that it is a weak inhibitor

under these conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
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4.7 Overview of mapping piggyBac insertion sites in cordycepin-resistant

cells. The surviving mutant cell library after puromycin selection, which

contained transposon insertions, was treated with cordycepin to select

mutants resistant to metabolic inhibition by cordycepin. Genomic DNA

was extracted from cordycepin-resistant cells, fragmented and ligated

to Splinkerette adapters [3, 7]. Two rounds of PCR (PB5 and PB3)

were performed with transposon- and Splinkerette-specific primers to

amplify regions flanking transposon insertion sites. These samples were

sequenced to identify insertion sites and the disrupted genes. Dr. Alexan-

der Kondrashov, Dr. Emilie Daniel and Davor Kresnik carried out the

transfected library preparations and puromycin selection. Figure created

with BioRender.com. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

4.8 Total unique insertions by condition at 150K seeding density (T75, eHAP).

Bar chart of mapped insertion sites for hyPB and suPB libraries under

DMSO or cordycepin (150 µM, 200 µM), plus library-only controls. Each

bar represents one library; bar height and the number above each bar

indicate the total number of unique insertion sites in that condition

(range 9,341–51,053). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

4.9 Total unique insertions by condition at 300K seeding density (T75, eHAP).

As in Figure 4.8, but for libraries generated at 300K. Each bar represents

one library; bar height and the number above each bar indicate the total

number of unique insertion sites (range 11,390–39,218). . . . . . . . . . 154

4.10 Normalized insertion distribution by chromosome group at 150K. For

each condition, the percentage of total insertions falling into Large (1–5),

Medium (6–12), Small (13–22) and Sex (X, Y) chromosome groups is

shown. Colours encode conditions, and the profiles across conditions

overlap closely with the ordering Large > Medium > Small > Sex,

indicating no gross chromosome-scale bias specific to hyPB or suPB at

150K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
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4.11 Gene-level insertion enrichment under 150 µM cordycepin. Each heatmap

panel shows one transposase platform: suPB (a, left) or hyPB (b,

right). Rows correspond to individual genes (labelled by HGNC symbols),

columns to treatment or control, and each cell is annotated with the

percentage of total insertions in that condition mapped to that gene. The

colour scale encodes this percentage (lighter to darker indicating lower to

higher values). Column labels use the abbreviations suPB and hyPB for

the two transposases; “cordycepin_150” denotes repeated dosing with

150 µM cordycepin and “Control_DMSO” denotes the vehicle-treated

library. Abbreviations: suPB, SuPBase transposase; hyPB, hyperactive

piggyBac transposase; DMSO, dimethyl sulfoxide vehicle control. . . . . 157

4.12 Gene-level insertion enrichment under 200 µM cordycepin. Layout and

colour coding as in Figure 4.11: each heatmap panel shows one trans-

posase platform, suPB (a) or hyPB (b), with rows for genes and columns

for treatment conditions. Each cell is annotated with the percentage of

total insertions in that condition mapped to that gene; “cordycepin_200”

denotes repeated dosing with 200 µM cordycepin. Abbreviations as in

Figure 4.11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

4.13 Top genes across conditions (normalised percentage of total insertions).

Bar chart comparing the same set of enriched genes across all eight

libraries (hyPB and suPB; DMSO, 150 µM and 200 µM cordycepin;

library-only controls). Each coloured bar represents the percentage

of total unique insertions in one condition mapped to the indicated

gene; this normalisation allows direct comparison between libraries of

different absolute size. The plot highlights the strong and dose-dependent

enrichment of ADK, the pronounced spike of LINC03121 in hyPB_-

cordycepin_200, and recurrent enrichment of genes such as PSAT1 and

UBE2D1 in suPB cordycepin conditions. . . . . . . . . . . . . . . . . . 161
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4.14 Heatmap of normalised insertion percentages for recurrent genes across

conditions. Each row corresponds to a gene and each column to one

library (hyPB or suPB; DMSO, 150 µM or 200 µM cordycepin; library-

only controls). Cells are coloured by, and annotated with, the percentage

of total insertions in that condition mapped to the gene. Normalisation

was performed by expressing the number of unique insertion sites in each

gene as a percentage of the total unique insertions in that library, allowing

direct comparison across libraries that differ in absolute insertion count.

The “Library” columns represent the unselected mutant libraries (i.e. no

cordycepin or DMSO treatment), which serve as a baseline for insertion

frequency before any drug selection. The heatmap makes cross-condition

patterns explicit, with ADK showing the most consistent enrichment

under cordycepin and additional clusters of genes enriched preferentially

in hyPB or suPB under higher-dose selection. . . . . . . . . . . . . . . 162

4.15 Ingenuity Pathway Analysis of suPB cordycepin-resistant clones (200 µM

vs DMSO). Horizontal bar plot of Ingenuity Canonical Pathways enriched

in the suPB_CoR_200 population relative to the matched suPB DMSO

control at 150K seeding density. Bar length represents the number of

insertion-enriched genes (x-axis) mapped to each pathway (y-axis), and

gene symbols inside each bar identify those genes as reported by IPA.

eHAP libraries were selected with repeated 200 µM cordycepin dosing for

72 h (twice daily) before mapping of insertion sites; pathway enrichment

criteria and thresholds are described in the Methods. . . . . . . . . . . 165
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4.16 Insertion support for IPA pathways in suPB cordycepin-resistant clones

(200 µM). Lollipop plot showing, for each IPA canonical pathway enriched

in suPB_CoR_200 versus DMSO (y-axis), the total number of unique

transposon insertion sites in genes belonging to that pathway (x-axis,

log scale). Unlike the bar chart in Figure 4.15, which counts the number

of distinct genes, this plot shows the cumulative insertion-site evidence

supporting each pathway, reflecting both the number of contributing

genes and the frequency of insertions in each gene. . . . . . . . . . . . . 166

4.17 Ingenuity Pathway Analysis of hyPB cordycepin-resistant clones (200 µM

vs DMSO). Horizontal bar plot of Ingenuity Canonical Pathways enriched

in the hyPB_CoR_200 population relative to the matched hyPB DMSO

control at 150K seeding density. Bar length represents the number of

insertion-enriched genes (x-axis) mapped to each pathway (y-axis), and

gene symbols inside each bar identify those genes as reported by IPA.

Libraries were selected with repeated 200 µM cordycepin dosing for 72 h

(twice daily) before mapping of insertion sites; enrichment criteria and

thresholds are described in the Methods. . . . . . . . . . . . . . . . . . 169

4.18 Insertion support for IPA pathways in hyPB cordycepin-resistant clones

(200 µM). Lollipop plot showing, for each IPA canonical pathway enriched

in hyPB_CoR_200 versus DMSO (y-axis), the total number of unique

transposon insertion sites in genes belonging to that pathway (x-axis,

log10 scale). As in Figure 4.16, this plot complements the bar chart

(Figure 4.17) by showing cumulative insertion-site evidence rather than

the number of distinct genes. . . . . . . . . . . . . . . . . . . . . . . . . 170

4.19 IPA graphical summary of suPB cordycepin-resistant clones. . . . . . . 173

4.20 IPA graphical summary of hyPB cordycepin-resistant clones. . . . . . . 174

4.21 IPA canonical pathway coverage (stacked bars): suPB cordycepin-resistant

clones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

4.22 IPA canonical pathway coverage (stacked bars): hyPB cordycepin-resistant

clones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
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5.1 Experimental time scheme for Chapter 5. . . . . . . . . . . . . . . . . . 188

5.2 Nanopore sequencing principle used to generate the RNA seq dataset.

Schematic overview of Oxford Nanopore Technology (ONT) sequencing

used to produce the transcriptome data analyzed in this chapter. A motor

protein unwinds the nucleic acid and drives a single strand through a

biological nanopore toward the positive side of the membrane; each base

produces a characteristic change in ionic current that is decoded to se-

quence. The graphic illustrates strand translocation, current modulation,

and base calling at a high level; it is not drawn to scale. The figure was

adapted from BioRender. . . . . . . . . . . . . . . . . . . . . . . . . . . 191

5.3 Heat map for differential gene expression across different conditions for

RAW264.7 cells. Illustrating the top 50 variable genes in RAW264.7

murine macrophage cells under different treatment conditions. Cells were

treated for 120 minutes with vehicle (DMSO), 3′deoxyinosine (3DI, 200

µM), cordycepin (CoR, 20 µM), synthetic cordycepin (Synth CoR, 20

µM), or NUC-7738 (NUC, 200 µM); lipopolysaccharide (LPS, 1 µg/mL)

was added 60 minutes after the start of compound treatment (i.e. in

the presence of the compound) and cells were stimulated for a further

60 minutes. RNA was isolated, converted to cDNA, and sequenced

using Oxford Nanopore technology. Gene expression quantification and

analysis were performed with IsoQuant and EdgeR using the pre-specified

thresholds. Values shown represent normalised counts. . . . . . . . . . 193
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5.4 Cordycepin (natural or synthetic, 20 µM) broadly represses LPS-induced

transcription. Volcano plots show differential expression in RAW264.7

cells treated with cordycepin (20 µM) or 0.02% DMSO for 2 h, with LPS

(1 µg/mL) added 1 h after the start of compound treatment (i.e. in the

presence of the compound) and cells stimulated for a further 1 h. Data:

ONT cDNA sequencing → IsoQuant → edgeR (TMM). Testing: edgeR

GLM (glmFit) + LRT (glmLRT) with BH FDR; thresholds: | log2 FC| ≥

1; FDR < 0.05; n = 3 per group. Panel A (natural cordycepin): 373

downregulated (green) and 29 upregulated (red) genes. Panel B (synthetic

cordycepin): 352 down and 17 up. The x-axis shows the log2 fold

change (log2 FC), defined as log2(compound+LPS/DMSO+LPS), so that

negative values indicate genes repressed by the compound relative to

LPS-only control. The y-axis shows − log10(FDR). Grey points denote

genes not meeting significance thresholds. . . . . . . . . . . . . . . . . . 195

5.5 IPA bubble chart of (A) natural cordycepin and (B) synthetic cordy-

cepin. The bubble size represents the number of genes overlapping each

pathway, while the color indicates the pathway activation z-score (blue

for negative/inhibited, orange for positive/activated, grey for neutral/no

significant activation). . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

5.6 IPA activation z-scores for canonical pathways: cordycepin vs. synthetic

cordycepin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

5.7 Dual-cluster heatmap of IPA z-scores: cordycepin vs. synthetic cordycepin.201

5.8 IPA canonical pathway coverage (stacked bars): natural vs. synthetic

cordycepin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
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5.9 NUC-7738 (200 µM) shows a broader, predominantly negative DE profile

than 3′-deoxyinosine (200 µM). RAW264.7 macrophages were treated for

2 h with NUC-7738 (200 µM), 3DI (200 µM), or 0.02% DMSO, with LPS

(1 µg/mL) added 1 h after the start of compound treatment (i.e. in the

presence of the compound) and cells stimulated for a further 1 h. ONT

cDNA reads were quantified by IsoQuant and analysed in edgeR (TMM).

DE testing used edgeR GLM (glmFit) + LRT (glmLRT) with BH FDR;

significance thresholds: | log2 FC| ≥ 1; FDR ≤ 0.05. Panel A (NUC-

7738): 473 downregulated and 28 upregulated genes. Panel B (3DI): 86

down and 22 up. Each dot represents one gene (green = downregulated;

red = upregulated; grey = not significant). The x-axis shows the log2 fold

change (log2 FC), defined as log2(compound+LPS/DMSO+LPS); the y-

axis shows − log10(FDR); n = 3 per group. Note: 3DI stock contained

cordycepin contamination (purity assay, Chapter 3). . . . . . . . . . . . 211

5.10 Canonical pathway analysis of (A) NUC-7738 and (B) 3’ deoxyinosine.

Bubble size represents the number of genes within each pathway, while

color indicates pathway activation status: negative (blue, inhibited),

positive (orange, activated), or neutral (grey). . . . . . . . . . . . . . . 213

5.11 IPA activation z-scores for canonical pathways: NUC-7738 vs. 3′-deoxyinosine.215

5.12 Dual-cluster heatmap of IPA z-scores: NUC-7738 vs. 3′-deoxyinosine. . 217

5.13 IPA canonical pathway coverage (stacked bars): NUC-7738 vs. 3′-deoxyinosine.219

5.14 IPA network overlay: “Role of PKR in Interferon Induction and Antiviral

Response” (cordycepin RNA-seq). . . . . . . . . . . . . . . . . . . . . . 229

5.15 IPA network overlay: “Role of PKR in Interferon Induction and Antiviral

Response” (suPB haploid screen). . . . . . . . . . . . . . . . . . . . . . 230

6.1 Experimental time scheme for Chapter 6. . . . . . . . . . . . . . . . . . 236
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6.2 RAW264.7 macrophages were treated with either vehicle (DMSO) for

120 min as control or vehicle (DMSO) for 60 min followed by LPS

(1 µg/mL) for 60 min. cDNA long-read libraries were basecalled with

Dorado and poly(A) tails quantified with NanopLen (modified to in-

gest Dorado poly(A) tags). length.alt = mean poly(A)-tail length

(nt) for the treatment condition; NanopLen hard-codes “.alt” for treat-

ment and uses the exact control name from metadata. (a) ECDFs

of per-transcript mean poly(A)-tail length (nt); orange, DMSO; blue,

LPS. (b) Per-transcript scatter vs DMSO. Axes: mean_length.DMSO (x)

vs mean_length.alt (y; LPS). Statistics/thresholds used downstream:

per-transcript tail change with an effect-size threshold of ±10 nt and

FDR ≤ 0.05. Replicates: n = 3 biological replicates. . . . . . . . . . . . 237

6.3 Same system as Fig. 6.2. (a) Volcano and (b) MA plots for LPS vs DMSO

at 120 min. Transcripts surpassing ±10 nt tail change and FDR ≤ 0.05

are coloured red (longer) or blue (shorter). Although Fig. 6.2 shows a

global distribution-level shortening, the thresholded significant set skews

towards lengthening at the per-transcript level. Replicates: n = 3. . . . 238

6.4 Cordycepin-induced poly(A) remodeling (ECDF and scatter). RAW264.7

cells were pre-treated with natural or synthetic cordycepin (20 µM, 1 h),

then stimulated with LPS (1 µg/mL, 1 h); orange line. DMSO+LPS

is the control; blue line. length.alt = mean poly(A)-tail length (nt) for

the treatment condition; NanopLen hard-codes “.alt” for treatment and

uses the exact control name from metadata. Panels: (A, C) natural

cordycepin (ECDF, scatter); (B, D) synthetic cordycepin. Δmedian

ECDF shift (treatment – control): natural –25.4 nt (95%CI –26.0 to

–24.8; n = 10,446), synthetic –25.1 nt (95%CI –25.7 to –24.6; n =

10,491).Downstream thresholds: ±10 nt, FDR ≤ 0.05. Replicates: n = 3 242
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6.5 Cordycepin-induced poly(A) remodeling (volcano and MA). Same sam-

ples as Fig. 6.4. (A, C) natural cordycepin; (B, D) synthetic. Volcano

and MA show genes with ±10 nt tail-change and FDR ≤ 0.05; red

= longer, blue = shorter. Approximately 3,000 genes show significant

shortening under cordycepin. Replicates: n = 3. . . . . . . . . . . . . . 243

6.6 NUC-7738 and 3DI (ECDF and scatter). RAW264.7 cells were treated

with NUC-7738 (ProTide) or 3DI at 200 µM for 2 h, with LPS (1 µg/mL)

added 1 h after the start of compound treatment (i.e. in the presence

of the compound) for a 1 h stimulation; orange line. DMSO+LPS is

the control; blue line. length.alt = mean poly(A)-tail length (nt) for the

treatment condition; NanopLen hard-codes “.alt” for treatment and uses

the exact control name from metadata. Panels: (A, C) NUC-7738; (B,

D) Δmedian ECDF shifts: NUC-7738 –26.3 nt (95%CI –26.9 to –25.6; n

= 10,414); 3DI –6.9 nt (95%CI –7.5 to –6.4; n = 10,505).. Replicates: n

= 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

6.7 NUC-7738 and 3DI (volcano and MA). Same samples as Fig. 6.6. (A, C)

NUC-7738; (B, D) 3DI. Thresholds: ±10 nt, FDR ≤ 0.05. More than

20% of expressed genes show significant tail shortening under NUC-7738,

while less than 1% change under 3DI (as plotted). Replicates: n = 3. . 246

6.8 Gene-expression distributions stratified by poly(A)-tail class after ex-

posure to natural versus synthetic cordycepin. (a) Natural cordycepin;

(b) Synthetic cordycepin. Tail classes: Shortened (> 10 nt decrease),

Unchanged (≤ 10 nt), Lengthened (> 10 nt increase). Violin plots

show EdgeR log2FC distributions (IsoQuant → EdgeR; FDR ≤ 0.05).

Statistics: pair-wise Dunn tests with FDR correction across classes; Red

dots indicate the significantly differentially expressed genes. The figure

revealed significant differences among all three classes for both compounds.248

xliv



6.9 Poly(A)-tail class–specific gene-expression responses to NUC-7738 and

3′deoxyinosine in LPS-activated RAW264.7 macrophages.(A) NUC-7738.

(B) 3′deoxyinosine (3DI). Tail classes: Shortened (> 10 nt decrease),

Unchanged (≤ 10 nt), Lengthened (> 10 nt increase). Violin plots

show EdgeR log2FC distributions (IsoQuant → EdgeR; FDR ≤ 0.05).

Statistics: pair-wise Dunn tests with FDR correction across classes; Red

dots indicate the significantly differentially expressed genes. all pair-wise

differences significant for NUC-7738; all but one for 3DI. . . . . . . . . 251

6.10 Canonical-pathway z-score profiles after sequential cordycepin → LPS

treatment. (A) Lengthened-tail transcripts. (B) Shortened-tail tran-

scripts. The analysis was performed on genes whose tails became signifi-

cantly longer or shorter, using the signed tail change as the log-fold-change

metric. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

6.11 IPA pathway molecule coverage: cordycepin poly(A) analysis. . . . . . 259

6.12 Canonical-pathway z-score profiles after sequential NUC-7738 → LPS

treatment. (A) Lengthened-tail transcripts. (B) Shortened-tail tran-

scripts. The analysis was performed on genes whose tails became signifi-

cantly longer or shorter, using the signed tail change as the log-fold-change

metric. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

6.13 IPA pathway molecule coverage: NUC-7738 poly(A) analysis. . . . . . . 265

xlv



6.14 (a) Time-resolved oxygen consumption rate (OCR) traces for NT (no

treatment; black), DMSO vehicle (grey) and CPN (cordycepin; red). Stan-

dard Mito Stress Test injections were applied in sequence—oligomycin

(ATP synthase inhibitor), FCCP (uncoupler), and rotenone/antimycin A

(complex I/III inhibitors)—to derive bioenergetic parameters [8] [9] [10].

(b) Proton leak (OCR after oligomycin minus non-mitochondrial OCR)

across conditions. Lower values indicate less oxygen consumption not

coupled to ATP production [8] [9] [10]. (c) Spare respiratory capacity

(SRC) (maximal OCR after FCCP minus basal OCR), a metric of the

cell’s ability to respond to increased energy demand [8] [9] [10]. System:

Human MCF-7 cells seeded at 300,000 cells/well; 50 µM cordycepin for

2 h before the Seahorse assay. Instrument: Agilent Seahorse XF; Cell

Mito Stress Test according to manufacturer guidance. NT = untreated;

DMSO = vehicle; CPN = cordycepin. Acquisition and analysis: OCR is

reported in pmol O2/min. Derived parameters follow Agilent’s standard

equations for the Cell Mito Stress Test (basal, ATP-linked, proton leak,

maximal, SRC, and non-mitochondrial respiration). Statistics: One-way

ANOVA across NT, DMSO, CPN with Tukey’s post-hoc test. . . . . . 267

7.1 Early (15 min) cordycepin co-treatment modestly reshapes a subset of

LPS-responsive transcripts in RAW264.7 macrophages.RAW264.7 cells

were stimulated with LPS (1 µg/mL) ± cordycepin (CoR, 20 µM) for 15

min; three biological replicates per condition (columns DMSO_LPS_-

1–3, CoR_LPS_1–3). Heatmap of 51 DGE-prioritized genes (rows)

with per-cell normalized counts overlaid (numbers) and row-wise scaled

colors (blue = below-row mean; red = above-row mean; scale -1.5 to

2). Example features include Pik3c2a, Plcb4, Mapkbp1, Dhx29, Arrdc1,

Rab29, Tifa, Cemip2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289

xlvi



7.2 Canonical pathways significantly modulated by cordycepin At 15 min

of simultaneous cordycepin (20 µM) and LPS (1 µg/mL) exposure in

RAW264.7 cells. The activation z-scores, predicted by Ingenuity Pathway

Analysis (IPA), indicate pathway activation (blue bars), inhibition (red

bars), or no clear directional prediction (grey bars). . . . . . . . . . . . 292

7.3 IPA canonical pathway coverage (stacked bars): cordycepin 15 min DGE. 293

7.4 RAW264.7 cells were exposed to cordycepin (20 µM) together with

LPS (1 µg/mL) for 15 min; the treated library is labeled alt (CoR_-

LPSalt) and the matched control is DMSO_LPS. Transcript-wise mean

poly(A)-tail lengths were inferred from Oxford Nanopore cDNA reads

and compared with NanopLen’s linear mixed-model (LMM). Panel A:

Empirical cumulative distribution functions (ECDFs; linear scale) of mean

tail length show near-complete overlap of alt (orange) with DMSO_-

LPS (blue), indicating closely matched global distributions. Panel B:

Transcript-wise scatter (linear scale) of mean tail length in alt versus

control. Points cluster tightly along the identity line (red, y = x), with

marginal box-plots summarizing each distribution, consistent with high

concordance and only sparse gene-specific deviations. Method note: ONT

cDNA 3′-end capture requires a free 3′-OH; transcripts terminating in

3′-deoxyadenosine would be under-represented, so absolute losses of such

ends cannot be quantified here. . . . . . . . . . . . . . . . . . . . . . . 297

xlvii



7.5 Early (15 min) cordycepin co-treatment elicits limited but detectable,

bidirectional transcript-level poly(A)-tail remodeling in LPS-activated

RAW264.7 macrophages (NanopLen LMM; |Δtail| threshold = 10 nt).

RAW264.7 cells were exposed simultaneously to cordycepin (20 µM)

and LPS (1 µg/mL) for 15 min. The treated library is alt (CoR_LPS

[alt]); the reference is DMSO + LPS. Transcript-wise mean poly(A)-tail

lengths were inferred from Oxford Nanopore cDNA reads and compared

with NanopLen’s linear mixed-model (LMM). (A) Volcano plot: absolute

poly(A)-tail change (Δ = alt – DMSO_LPS, nt) vs -log10(p). Vertical

dashes mark ±10 nt; the horizontal dash marks p = 0.05. Significant

shortening events are shown in blue (n = 464) and lengthening events

in red (n = 405); non-significant transcripts are gray (n = 22,026). (B)

MA plot: absolute Δtail (nt) vs log10 mean normalized counts. Colors as

in (A). Larger |Δtail| values are most frequent among low-to-moderate

abundance transcripts, whereas highly expressed transcripts center near

zero, consistent with modest, early remodeling rather than a global shift. 299

xlviii



7.6 Early (15 min) gene-expression changes do not stratify by poly(A)-tail

shift class under CoR+LPS. RAW264.7 murine macrophages; 20 µM

cordycepin (CoR) + 1 µg/mL LPS applied simultaneously for 15 min

versus DMSO+LPS control; RNA-Seq for DGE and NanopLen for

transcript-level poly(A) analysis. Genes were partitioned by NanopLen

LMM estimate of mean tail-length change (ΔpolyA) using an absolute

10-nt threshold: Shortened (ΔpolyA < –10 nt; n = 2,492; mean = –30.1

nt), Unchanged (–10 ≤ ΔpolyA ≤ 10 nt; n = 4,696; mean = –0.3 nt),

Lengthened (ΔpolyA > 10 nt; n = 2,319; mean = +30.9 nt). Y-axis:

DGE log2FC (CoR+LPS vs DMSO+LPS). Points: red = genes with

nominal DGE p < 0.05 (edgeR; no FDR applied), grey = not signifi-

cant. Violins show distribution; central bars denote medians. Pairwise

comparisons annotated on the plot: Shortened vs Unchanged p = 0.465;

Unchanged vs Lengthened p = 0.465; Shortened vs Lengthened p =

0.814. Poly(A) tails quantified by NanopLen (gene-level LMM; FDR set

to 1.0 for inclusion—i.e., no FDR filtering of tail shifts). DGE by edgeR

on bulk RNA-Seq (3 biological replicates per condition) . . . . . . . . . 302

7.7 Canonical-pathway z-score profiles after simultaneous cordycepin and

LPS treatment. (A) Lengthened-tail transcripts. (B) Shortened-tail

transcripts. The analysis was performed on genes whose tails became

significantly longer or shorter, using the signed tail change as the log-

fold-change metric. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305

7.8 IPA canonical pathway coverage (stacked bars): cordycepin 15min

poly(A) lengthened and shortened gene sets. . . . . . . . . . . . . . . . 307

8.1 Proposed LINC03121–miR-23b-3p–versican–EGFR–AKT axis and its

disruption by cordycepin. . . . . . . . . . . . . . . . . . . . . . . . . . . 326

xlix



8.2 Proposed model for RToC-mediated PI3K/AKT/mTOR signalling plat-

form assembly and its disruption by cordycepin. (A) Normal signalling

conditions. The RNA Target of Cordycepin (RToC), potentially in-

cluding LINC03121, undergoes polyadenylation resulting in a mature

poly(A) tail. Poly(A)-binding protein cytoplasmic 1 (PABPC1) binds

the poly(A) tail and recruits PABPC1-interacting protein 1 (PAIP1) and

La-related protein 1 (LARP1). LARP1 in turn associates with mTOR

complex 1 (mTORC1) via RAPTOR, forming a ribonucleoprotein sig-

nalling platform [11] [12]. This platform facilitates AKT activation and

phosphorylation of downstream substrates, enabling PI3K/AKT/mTOR

signal transduction. Critically, this mechanism does not require the

RToC to be translated; rather, the polyadenylated RNA functions as a

structural scaffold for signalling complex assembly. (B) Cordycepin

treatment. Cordycepin is phosphorylated by adenosine kinase (ADK)

to cordycepin triphosphate (CoTP), which acts as a chain-terminating

substrate for poly(A) polymerases, resulting in premature termination

and/or shortening of the RToC poly(A) tail. The truncated poly(A) tail

cannot efficiently recruit or retain PABPC1, leading to dissociation of

PAIP1, LARP1, and mTORC1 from the platform. This disassembly sup-

presses AKT activation and downstream PI3K/AKT/mTOR signalling

independently of any requirement for ongoing protein synthesis. Abbre-

viations: RToC, RNA Target of Cordycepin; PABPC1, poly(A)-binding

protein cytoplasmic 1; PAIP1, PABPC1-interacting protein 1; LARP1,

La-related protein 1; mTORC1, mechanistic target of rapamycin complex

1; CoTP, cordycepin triphosphate; ADK, adenosine kinase. . . . . . . . 329

l



8.3 Canonical and non-canonical mTORC1-mediated regulation of autophagy.

Under conditions of nutrient deprivation, inhibition of mTORC1 permits

assembly of the ULK1–ATG13 scaffold complex, thereby enabling the

early nucleation steps required for autophagosome formation. In par-

allel, mTORC1 inhibition also leads to activation of the phosphatase

PP6C. Activated PP6C associates with GCN2 in a complex containing a

PP6 regulatory subunit, promoting GCN2 dephosphorylation and con-

sequent activation. Activated GCN2 then phosphorylates eIF2α, which

contributes to the induction of autophagy. Adapted from J. C. Wengrod

and L. B. Gardner, “Cellular adaptation to nutrient deprivation: crosstalk

between the mTORC1 and eIF2α signaling pathways and implications

for autophagy,” Cell Cycle, vol. 14, no. 16, pp. 2571–2577, Aug. 2015,

doi: 10.1080/15384101.2015.1056947. . . . . . . . . . . . . . . . . . . . 336

8.4 Cordycepin-induced poly(A) tail shortening of PABPC1–LARP1–mTOR

platform components at 120 min in RAW264.7 macrophages. . . . . . . 342

li



Chapter 1

Introduction

Cordycepin (3′-deoxyadenosine) was first identified in Cordyceps militaris species and is

structurally defined by the absence of a 3′-hydroxyl group on the ribose. This apparently

minor modification is decisive for its biochemical behaviour: cellular enzymes recognise

cordycepin as an adenosine analogue, and when its triphosphate form (cordycepin

triphosphate, CoTP) is incorporated into a nascent poly(A) tail it cannot support

further 3′–5′ bond formation. After uptake via equilibrative nucleoside transporters,

cordycepin is phosphorylated by adenosine kinase (ADK) and downstream nucleotide

kinases to the mono-, di- and triphosphate forms, culminating in CoTP. This metabolic

activation step is well established and underlies its inhibition of poly(A) synthesis,

through which cordycepin can influence mRNA metabolism [13, 14]. Importantly, at

the concentrations that modulate inflammation, survival and proliferation, cordycepin is

not a general chain terminator of RNA polymerase II transcription: unspliced precursor

levels and RNA polymerase II promoter occupancy remain largely preserved for many

genes, whereas defects are detected at the level of 3′-end cleavage and poly(A) tail

synthesis [15] [16] [17] [18] [19].

During canonical 3′-end processing, polyadenylation site (PAS) recognition is me-

diated by a multiprotein complex in which Wdr33 and Cpsf4 (also known as Cpsf30)

cooperate with Cpsf1 to bind the AAUAAA motif and recruit the endonuclease Cpsf3

[20–22]. PAPα/PAPγ then extend the cleaved 3′ end with adenosines. When CoTP is

present, PAPα/PAPγ can mis-incorporate 3′-deoxyadenosine into the nascent tail. Be-
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cause this residue lacks a 3′-OH group, incorporation causes obligatory chain termination

and halts tail elongation on that molecule [13, 14]. Classic in vitro cleavage/polyadeny-

lation assays have shown that cordycepin 5′-triphosphate inhibits both endonucleolytic

cleavage and polyadenylation, consistent with observed stabilisation of the cleavage

complex on the pre-mRNA [23] [24]. Consequently, increased levels of uncleaved RNA

and readthrough transcripts can be detected in cordycepin-treated cells [19]. Together,

these observations indicate that CoTP directly perturbs 3′-end processing by acting

as a chain-terminating substrate for PAPα/PAPγ and by impairing efficient cleavage

and transcription termination, rather than by globally blocking transcription. These

direct effects on cleavage and polyadenylation appear to be independent of upstream

receptor or kinase signalling and provide the best-characterised biochemical framework

for interpreting cordycepin’s downstream cellular phenotypes in this thesis.

In parallel with these CPA-centred effects, cordycepin produces highly reproducible

repression of growth factor–activated signalling pathways. A systematic review of

vertebrate cell studies concluded that cordycepin consistently reduces PI3K/Akt/mTOR

and ERK signalling and often increases AMPK phosphorylation across diverse systems

[13]. More recently, Lawrence et al. reported that in six cell lines, cordycepin rapidly

(within ∼30 min) attenuates PI3K/Akt/mTOR and/or RAF/MEK/ERK outputs, with

marked decreases in Akt, S6K and 4E-BP1 phosphorylation [25]. In a macrophages cell

line, Radhi et al. observed that cordycepin reduces Akt phosphorylation at both PDK1-

and mTORC2-regulated sites within ∼50 min, together with hypophosphorylation of

4E-BP1 and suppression of NF-κB p65 nuclear localisation [26]. Although AMPK

activation is frequently seen in these experiments, Lawrence et al. demonstrated that

AMPK is not required for cordycepin to depress PI3K/Akt/mTOR signalling or to

downregulate growth factor–inducible genes: the core signalling phenotype persists in

AMPK-deficient cells [25].

In macrophages, depletion of the polyadenylation factor Wdr33 reduces PI3K/Akt/mTOR

activity and NF-κB p65 nuclear localisation, and CPSF4/WDR33 knockdown dimin-

ishes induction of inflammatory transcripts [26–28]. In RAW264.7 and MCF-7 cells,

kinase inhibitor experiments revealed that the transcriptional response to cordycepin
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most closely resembles PI3K-pathway blockade [27] [25]. Together, these observations

support a working model in which intact CPA is necessary for sustained growth factor

signalling and inflammatory gene expression, and in which CoTP-mediated CPA inhi-

bition may contribute substantially to the observed repression of PI3K/Akt/mTOR

and RAF/MEK/ERK pathways. At the same time, the precise direction and exclusiv-

ity of the causal relationship between CPA disruption and signalling changes remain

unresolved.

Alternative explanations for cordycepin’s signalling effects have been proposed,

most prominently adenosine receptor–mediated mechanisms arising from its structural

similarity to adenosine. In some systems, particularly in the nervous system and certain

tumour models, cordycepin or Cordyceps extracts appear to act, at least in part, via

A1-, A2- or A3-receptor activation. However, many such studies rely on extracellular

cordycepin without assessing intracellular CoTP and do not address transporter or

kinase dependence. In contrast, genetic and pharmacological work in macrophages and

other somatic cells shows that equilibrative nucleoside transporter and ADK activity

are required for the anti-inflammatory and signalling effects of cordycepin, pointing

to an intracellular nucleotide mechanism rather than a surface receptor–driven one

[13, 26]. The development of the ProTide NUC-7738 has provided a critical mechanistic

tool. NUC-7738 delivers a masked 3′-deoxyadenosine monophosphate directly into cells,

bypassing ADA-mediated deamination, nucleoside transport and the requirement for

ADK, and does not act as an adenosine receptor agonist. Nevertheless, it reproduces

the core antiproliferative and transcriptional effects of free cordycepin when matched

for intracellular 3′-deoxyadenosine triphosphate exposure [2, 29]. These findings suggest

that intracellular 3′-deoxyadenosine nucleotides (including CoTP) are sufficient to

account for the relevant growth factor and NF-κB signalling phenotypes in the systems

studied here, and that adenosine receptors are unlikely to be the primary mechanism in

these contexts, even if they may contribute elsewhere.

One report using purified AKT has suggested that unmodified cordycepin can directly

inhibit AKT kinase activity [30]. However, most cellular and biochemical evidence in

mammalian systems points to CoTP as the relevant active metabolite, and Lawrence’s
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comparative transcriptional profiling found limited overlap between the effects of AKT

inhibitors and cordycepin [25]. At present, we therefore favour the following hypotheses:

(i) CoTP-mediated CPA inhibition is a well-established direct biochemical effect of

cordycepin, (ii) repression of PI3K/Akt/mTOR and RAF/MEK/ERK signalling is a

consistent and rapid cellular phenotype, and (iii) the exact molecular target(s) linking

CoTP to these signalling changes remain to be identified. The experimental work in

this thesis is designed to test how CPA inhibition and CoTP metabolism could cause

these signalling and transcriptional effects Figure 1.1.

Figure 1.1: Overarching scheme of cordycepin’s mechanisms of action. Cordycepin is taken
up via equilibrative nucleoside transporters (ENT1) and phosphorylated by adenosine kinase
(ADK) to cordycepin triphosphate (CoTP), which acts as a chain-terminating substrate for
poly(A) polymerase during cleavage and polyadenylation (CPA). CPA inhibition leads to
poly(A) tail shortening, altered mRNA stability and repression of PI3K/Akt/mTOR and
RAF/MEK/ERK growth-factor signalling. Competing deamination by adenosine deaminase
(ADA) converts cordycepin to 3′-deoxyinosine (3DI), which can be partially recycled via the
FAMIN/LACC1–APRT salvage pathway. The ProTide NUC-7738 bypasses ENT1-dependent
transport, ADA-mediated degradation and the ADK phosphorylation requirement, deliver-
ing the monophosphate directly to the intracellular nucleotide pool. Downstream biological
consequences include anti-inflammatory, anti-cancer, anti-fibrotic, anti-metastatic and neuro-
protective activities.
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1.1 Cordycepin administration, absorption, distribu-

tion and excretion

Cordycepin (3′-deoxyadenosine) is a hydrophilic adenosine analogue with potent bio-

logical effects but unfavourable pharmacokinetics. Its in vivo disposition is dominated

by rapid adenosine deaminase (ADA)–mediated deamination to 3′-deoxyinosine (3DI),

dependence on equilibrative nucleoside transporters for cellular entry, and adeno-

sine kinase (ADK)–dependent phosphorylation to the active triphosphate (cordycepin

5′-triphosphate, CoTP) [1] [31] [13]. These features constrain both oral bioavailability

and tissue distribution of CoTP and are central to interpreting cordycepin’s pharmacol-

ogy.

1.1.1 Routes of administration and solubility

Cordycepin has been administered orally, intraperitoneally and intravenously in pre-

clinical models and a small number of clinical studies [31] [13] [32]. Solubility is not

the main barrier to exposure: Lee et al. showed that cordycepin is highly soluble in

fasted-state simulated gastric fluid (FaSSGF), fasted-state simulated intestinal fluid

(FaSSIF) and fed-state simulated intestinal fluid (FeSSIF), with the highest solubility

in acidic FaSSGF [1]. Simple aqueous or co-solvent formulations are therefore sufficient

to achieve complete dissolution at therapeutically relevant concentrations.

Parenteral pharmacokinetic studies indicate that cordycepin behaves as a high-

clearance, short half-life compound. In rats, intravenous cordycepin displays rapid

multi-exponential decline, high plasma clearance and a relatively large volume of

distribution [1] [33]. Tsai et al. reported that after i.v. administration of 10 mg/kg

cordycepin, blood levels decline rapidly within 30 min, with short elimination half-lives

and high clearance comparable to adenosine [33]. These properties make sustained

systemic exposure difficult to maintain with standard dosing regimens.

1.1.2 ADA-mediated deamination and oral bioavailability

The major metabolic liability of cordycepin is rapid deamination of its adenine base by

ADA to yield 3DI. Cordycepin is an excellent substrate for ADA in plasma and liver. In
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vitro, Lee et al. showed that cordycepin is rapidly degraded in rat and human plasma

at 37 °C, whereas co-incubation with the ADA inhibitor pentostatin almost completely

stabilises the nucleoside [1]. In liver microsomes, cordycepin exhibits high intrinsic

clearance that is markedly reduced by ADA inhibition, while omission of NADPH has

little effect, indicating that oxidative metabolism makes a minor contribution compared

with deamination [1]. Reviews by Qin et al., Radhi et al. and Chen et al. converge on

the conclusion that rapid ADA-mediated deamination is the dominant clearance route

limiting cordycepin’s systemic half-life and oral bioavailability [31] [13] [32].

In vivo, these metabolic properties translate into almost negligible oral bioavailability

of the parent drug. In rats, oral administration of cordycepin at 8 or 80 mg/kg produced

no detectable intact cordycepin in plasma at any time (limit of quantification 2 ng/mL),

whereas substantial systemic levels of 3DI were observed [1]. Pharmacokinetic analysis

at 8 mg/kg yielded an apparent oral bioavailability (Foral) for 3DI of approximately

37%, indicating that the deaminated metabolite—not the parent—is efficiently absorbed

[1]. Tsai et al. similarly found that cordycepin has a short half-life and high clearance

in rats, and that the ADA inhibitor EHNA markedly increases the area under the

curve (AUC), half-life and mean residence time of cordycepin [33]. These findings

are consistent with more recent reviews emphasising that low oral bioavailability is

due to a combination of low permeability, high hepatic first-pass extraction and rapid

ADA-mediated deamination [31] [13] [32] [6].

1.1.3 Intestinal absorption and nucleoside transport

Caco-2 monolayer studies help to dissect intestinal handling of cordycepin and 3DI. In the

presence of pentostatin, cordycepin shows low apparent permeability in both apical-to-

basolateral and basolateral-to-apical directions, consistent with limited passive diffusion

across the intestinal epithelium [1]. When cordycepin is applied without pentostatin,

cordycepin itself is rapidly degraded and only 3DI is detected in the basolateral chamber,

demonstrating active deamination by ADA expressed in or secreted from the Caco-2 cells

[1]. Donor-chamber analyses confirm that cordycepin concentrations decline sharply in

the absence of ADA inhibition, whereas they remain stable when pentostatin is present

[1].
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3DI exhibits modest Caco-2 permeability (Papp on the order of 0.2 × 10−6 cm/s) yet

achieves moderate Foral in vivo, implying the contribution of carrier-mediated uptake

in the gut [1]. Together, these data support a model in which (i) cordycepin is poorly

permeable and extensively deaminated during transit across the intestinal wall, and (ii)

3DI is the main species that crosses the epithelium and enters the portal circulation.

At the cellular level, cordycepin’s entry into target cells such as macrophages and

cancer cells depends on equilibrative nucleoside transporters (particularly hENT1). Qin

et al. and Serpi et al. highlight that low hENT1 expression reduces cellular uptake of

3′-deoxyadenosine and contributes to resistance, and that transporter-independent Pro-

Tides can circumvent this barrier [31] [2]. In macrophage-like RAW264.7 cells, inhibition

of equilibrative nucleoside transporters with nitrobenzylthioinosine (NBTI) abolishes

cordycepin’s suppression of LPS-induced inflammatory gene expression, indicating that

intracellular accumulation of the nucleoside is necessary for activity [1] [13].

1.1.4 Systemic distribution and first-pass metabolism

After intravenous dosing, cordycepin is rapidly distributed and cleared. In rats, Lee

et al. reported unusual multi-peak plasma concentration–time profiles between 8 and

20 mg/kg i.v., suggesting complex distribution and elimination; clearance increased

at the higher dose, and blood:plasma ratios < 1 excluded sequestration in red blood

cells as the source of the multiple peaks [1]. Using intrinsic clearance data from rat and

human liver microsomes, the same study predicted high hepatic extraction fractions

for cordycepin, especially under parallel-tube assumptions, implying that any fraction

absorbed from the intestine would be extensively removed on the first pass through the

liver [1].

These conclusions are consistent with Tsai et al., who observed short elimination

half-lives and high clearance for cordycepin in rats, with ADA inhibition via EHNA

substantially increasing exposure [33]. Reviews by Qin et al. and Chen et al. interpret

these findings as evidence that high hepatic first-pass extraction, in combination with

low permeability and gut-wall deamination, is sufficient to explain the absence of

detectable intact cordycepin in plasma after oral dosing [31] [32].
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1.1.5 3′-Deoxyinosine as an orally bioavailable pro-drug

A key result from Lee et al. is that 3DI, historically considered an inactive catabolite,

is efficiently absorbed and achieves substantial systemic exposure after oral dosing of

cordycepin [1]. In that study, oral cordycepin at 8 mg/kg yielded robust 3DI plasma

levels with Foral ≈ 37%, even though unchanged cordycepin remained below the limit

of detection [1]. In RAW264.7 macrophage-like cells, both cordycepin and 3DI are

converted to CoTP. Although 3DI is 10-fold less efficient than equimolar cordycepin at

generating CoTP, it still suppresses LPS-induced inflammatory gene expression when

present at higher concentrations, with lower maximal effect [1]. These observations

led to the proposal of a “nucleoside rescue” pathway in which 3DI acts as an orally

bioavailable pro-drug that is salvaged back to cordycepin nucleotides and CoTP in

target tissues [1] [13].

Within this framework, orally administered cordycepin is deaminated to 3DI in

the gut lumen, intestinal mucosa and liver; 3DI is then absorbed, distributed and, in

susceptible cell types such as macrophages, reconverted to CoTP via purine salvage

enzymes [1] [13]. This model reconciles the absence of measurable intact cordycepin

in plasma with robust pharmacodynamic effects observed in rodent models after oral

dosing, including anti-inflammatory activity and disease modification in osteoarthritis

and other inflammatory settings [13] [6] [28].

1.1.6 Cellular uptake and ADK-dependent activation

Once inside the cell, cordycepin must be phosphorylated to mediate its principal bio-

chemical actions. ADK catalyses the first and rate-limiting step, converting cordycepin

to 3′-deoxyadenosine monophosphate (CoMP), which is then converted to the diphos-

phate and triphosphate forms by downstream kinases [31] [2]. Qin et al. summarise

evidence that ADK is a key determinant of cellular sensitivity to cordycepin: cells with

low ADK expression exhibit reduced CoTP formation and resistance to cordycepin,

while ADK overexpression or activation enhances its cytotoxic and anti-inflammatory

effects [31]. In RAW264.7 cells, ADK inhibition with 5-iodotubercidin prevents CoTP

accumulation and abolishes cordycepin-mediated suppression of inflammatory markers,
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confirming that phosphorylation is obligatory for activity in this system [1] [13].

Nucleoside transporter and ADK dependencies together define a strict gating mech-

anism: cordycepin must cross the plasma membrane via transporters such as hENT1

and be phosphorylated by ADK to initiate the CoTP cascade, whereas 3DI must enter

cells and be salvaged into the cordycepin nucleotide pool via host purine metabolism

[1] [31] [13] [2]. Tissues with low hENT1 or ADK expression are therefore expected to

accumulate less CoTP and be relatively insensitive to cordycepin, a pattern consistent

with resistance observed in some cancer cell lines [13] [2] [6] Figure 1.2.

Figure 1.2: Metabolic pathways of cordycepin (3′-deoxyadenosine). Upper pathway:
Intracellular phosphorylation by adenosine kinase (ADK) yields cordycepin monophosphate
(CoMP), which is sequentially converted to cordycepin diphosphate (CoDP) and cordycepin
triphosphate (CoTP), the principal active metabolite. Lower pathway: Adenosine deaminase
(ADA)-mediated deamination produces 3′-deoxyinosine (3DI), which undergoes glycosidic
cleavage by purine nucleoside phosphorylase (PNP) to release adenine and 3′-deoxyribose.
Adenine enters standard purine catabolism via hypoxanthine, xanthine and uric acid. Adapted
from Lee et al. [1].

1.1.7 Excretion and downstream purine catabolism

After deamination, 3DI enters canonical purine catabolic pathways. 3DI can be cleaved

by purine nucleoside phosphorylase to produce 3′-deoxyhypoxanthine, which is further

oxidised by xanthine oxidase to 3′-deoxyxanthine and ultimately to a uric acid analogue

that is excreted renally [1] [31]. In the rat study by Lee et al., 3DI exhibited moderate

clearance and short half-lives after both intravenous and oral dosing, consistent with

efficient renal elimination and/or subsequent metabolism [1]. Because cordycepin is
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almost completely converted to 3DI prior to or during absorption—especially after oral

administration—the majority of excreted material is expected to derive from 3DI and

its downstream catabolites rather than from intact cordycepin [1] [31] [32].

1.1.8 Strategies to overcome metabolic bottlenecks: ADA inhi-

bition and ProTides

Three principal strategies have been explored to address cordycepin’s metabolic liabilities:

(i) ADA inhibition, (ii) structural modification (including ProTides), and (iii) novel

delivery systems [31] [32].

Co-administration of ADA inhibitors such as pentostatin (deoxycoformycin) or

EHNA can markedly prolong cordycepin stability and enhance efficacy in preclinical

models. Tsai et al. showed that EHNA pretreatment significantly increased the AUC,

half-life and mean residence time of cordycepin in rats [33]. In parasitology, Dalla

Rosa et al. demonstrated that cordycepin–pentostatin combination therapy cures mice

experimentally infected with Trypanosoma evansi, whereas either drug alone is less

effective [34]. However, ADA inhibition also unmasks significant toxicity. In beagle

dogs, Rodman et al. found that cordycepin combined with 2′-deoxycoformycin produced

severe dose-limiting gastrointestinal and bone-marrow toxicity, while cordycepin alone

was well tolerated [35]. In the mouse T. evansi model, the cordycepin–pentostatin

combination caused hepatotoxicity and nephrotoxicity despite its efficacy [34]. Chen

et al. therefore regard systemic ADA inhibition as a high-risk approach: it improves

cordycepin exposure but at the cost of significant toxicity [32].

A more targeted pharmacological strategy is to use ProTide technology to mask

the 5′-monophosphate and deliver it directly into cells. NUC-7738 is a 5′-aryloxy phos-

phoramidate prodrug of 3′-deoxyadenosine designed to bypass ADA, hENT1 and ADK

dependence Figure 1.3 [29] [2]. The phosphoramidate cap is cleaved intracellularly by

esterases and the phosphoramidase HINT1, releasing 3′-deoxyadenosine monophosphate

(3′-dAMP), which is then converted to 3′-dADP and 3′-dATP (CoTP) [29] [2]. Schwenzer

et al. showed that NUC-7738 is several-fold more potent than free 3′-deoxyadenosine

across diverse cancer cell lines, and that its activity is largely unaffected by ADA
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inhibition, hENT1 blockade or ADK knockout, whereas these manipulations strongly

affect 3′-deoxyadenosine [29]. Serpi et al. confirmed that NUC-7738 is resistant to

ADA, enters cells efficiently and produces sustained intracellular 3′-dATP accumulation,

making it a useful tool for probing 3′-deoxyadenosine nucleotide mechanisms [2]. A

phase I clinical trial reported predictable pharmacokinetics and evidence of antitumour

activity, further supporting the ProTide concept [29].

Figure 1.3: Structural comparison of cordycepin (3′-deoxyadenosine, 3′dA; left) and the
ProTide NUC-7738 (ProTide 7a; right). Cordycepin is susceptible to premature deamination
by adenosine deaminase (ADA), requires adenosine kinase (ADK) for initial phosphorylation,
and depends on equilibrative nucleoside transporter 1 (hENT1) for cellular uptake. NUC-7738
carries a 5′-aryloxy phosphoramidate cap that is cleaved intracellularly, thereby bypassing
ADA-mediated degradation, the requirement for ADK-dependent first phosphorylation, and the
dependence on nucleoside transporters for cellular entry. Note the absence of the 3′-hydroxyl
group on the ribose in both compounds (3′-OH replaced by 3′-H), which is responsible for
chain termination during poly(A) tail synthesis. Adapted from Serpi et al. [2].

From the perspective of this thesis, NUC-7738 is primarily relevant as a mecha-

nistic probe. By delivering a 3′-deoxyadenosine monophosphate moiety intracellularly

without engaging ADA, hENT1 or ADK, it allows the contribution of intracellular

3′-deoxyadenosine nucleotides (CoTP/3′-dATP) to be evaluated independently of the

parent nucleoside’s pharmacokinetic limitations.

Overall, cordycepin’s pharmacokinetic profile is characterised by (i) rapid ADA-

mediated deamination to 3DI in plasma, liver and intestinal tissues, (ii) poor intrinsic

oral bioavailability of the parent nucleoside, (iii) transporter- and ADK-dependent

intracellular activation to CoTP, and (iv) substantial reliance on a “nucleoside rescue”

pathway in which 3DI functions as an orally bioavailable pro-drug that is salvaged back

to cordycepin nucleotides in target cells [1] [31] [13] [32]. These constraints are central

to understanding when and where CoTP can accumulate sufficiently to inhibit cleavage
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and polyadenylation and to modulate growth-factor signalling. They also motivate the

use of ProTide derivatives such as NUC-7738 as mechanistic tools in the experimental

work described in later chapters, rather than as primary therapeutic strategies in their

own right.

The pharmacokinetic properties described above have practical implications for

the concentrations of cordycepin and its derivatives used in cell-based experiments

throughout this thesis. Cordycepin is typically effective at 20–50 µM in tissue culture,

reflecting efficient uptake via ENT1 and ADK-dependent phosphorylation to CoTP.

3DI requires approximately 10-fold higher concentrations (200–400 µM) to achieve

comparable anti-inflammatory effects, consistent with its lower efficiency of conversion

to CoTP via the salvage pathway. NUC-7738, which bypasses ADA, ENT1 and

ADK, achieves comparable intracellular CoTP levels at intermediate concentrations.

These dose relationships are important for interpreting the comparative experiments in

Chapters 3, 5, 6 and 7, where compound concentrations were chosen to give informative

pharmacological dynamic range rather than strict equipotency.

1.2 Poly(A) tail synthesis and function in mRNA

metabolism

Cleavage and polyadenylation at the 3′-end of pre-mRNAs are essential steps in eukary-

otic mRNA biogenesis. After transcription of a polyadenylation signal (PAS) in the

3′-untranslated region (3′UTR), the nascent transcript is endonucleolytically cleaved

and a poly(A) tail is added de novo to the new 3′ terminus. This apparently simple mod-

ification underpins multiple layers of post-transcriptional regulation: it contributes to

efficient transcription termination, licences nuclear export, and shapes mRNA stability

and translational output in the cytoplasm [20] [36].

1.2.1 Canonical cleavage and nuclear polyadenylation

In the canonical pathway, PAS recognition is mediated by the cleavage and polyadeny-

lation specificity factor (CPSF) complex, which includes CPSF1, CPSF4 and WDR33.

CPSF1 directly contacts the conserved AAUAAA hexamer, while WDR33 and CPSF4
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stabilise this interaction and help position the endonuclease subunit (often referred to

as CPSF3/CPSF73 depending on the nomenclature) at a defined cleavage site 10–30

nucleotides downstream [20]. Cooperative interactions with the cleavage stimulation

factor (CstF), which recognizes a GU/U-rich downstream sequence element, together

with auxiliary multi-protein complexes, specifically cleavage factors I and II (CFIm and

CFIIm), ensure accurate definition of the 3′ end of the vast majority of protein-coding

genes [20].

Following cleavage, canonical nuclear poly(A) polymerases PAPα and PAPγ extend

the new 3′-end with adenosine residues, typically towards lengths of ≈ 200–250 nu-

cleotides in many metazoan systems [20] [36]. Poly(A) extension is tightly coupled to

binding of the nuclear poly(A)-binding protein PABPN1. PABPN1 interacts with the

nascent tail as it emerges from PAPα/γ, stimulates polymerase processivity and helps

define a fairly uniform tail-length distribution by providing an allosteric brake when

sufficient PABPN1 molecules are loaded [37]. In this way, the CPSF–PAP–PABPN1

module integrates sequence-specific PAS recognition with controlled tail synthesis.

The nuclear poly(A) tail serves several functions beyond simply protecting the 3′

end. Correctly cleaved and polyadenylated mRNAs are preferentially assembled into

export-competent messenger ribonucleoprotein particles (mRNPs), in part because

PABPN1-occupied tails contribute to the recruitment of export adaptors and quality-

control factors that discriminate mature transcripts from improperly processed RNA

[36] [37]. Incomplete or aberrant polyadenylation instead promotes nuclear retention

and degradation by the nuclear exosome. Thus, the presence of a PABPN1-coated

poly(A) tail is an important component of the “maturity signature” that licences mRNAs

for export.

A further layer of complexity arises from alternative polyadenylation (APA), where

the same pre-mRNA uses multiple PASs to generate isoforms with different 3′UTR

lengths. Shifts between proximal and distal PAS usage can remodel the repertoire

of RNA-binding protein and miRNA binding sites in the 3′UTR and therefore alter

mRNA stability and translational regulation without changing the encoded protein [20]

[38]. APA patterns are sensitive to CPSF/CstF levels and kinetics, and are frequently
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remodelled during proliferation, differentiation and stress. For the purposes of this

thesis, it is sufficient to note that the CPA machinery not only decides whether a

poly(A) tail is added, but also where in the transcript the tail is attached.

1.2.2 Cytoplasmic poly(A) tails and poly(A)-binding proteins

in translation

Once export is complete, nuclear PABPN1 is replaced on the poly(A) tail by cytoplasmic

poly(A)-binding proteins (PABPs), most prominently PABPC1. PABPC1 binds with

high affinity to stretches of adenosines near the 3′-end, with each molecule requiring

around a dozen nucleotides and covering approximately 25–30 nucleotides along the

tail [36]. Multiple PABPC molecules can therefore coat a single tail.

Cytoplasmic PABPs have two central roles. First, they protect the poly(A) tail from

rapid attack by 3′–5′ exonucleases and deadenylase complexes. Second, they couple the

3′-end of the mRNA to the translation initiation machinery at the 5′-cap. PABPC1

interacts directly with the scaffold factor eIF4G, which also binds the cap-binding

protein eIF4E. This eIF4E–eIF4G–PABPC1 interaction promotes formation of a “closed-

loop” mRNP in which the 5′ and 3′ ends are brought into proximity [36]. Closed-loop

formation enhances both the efficiency of translation initiation and the probability

that terminating ribosomes will reinitiate on the same mRNA. Experiments in several

systems have shown that mRNAs bearing both a cap and a poly(A) tail are translated

more efficiently than those carrying only one of these features [36] [39]. However,

genome-wide analyses in some tissues do not show a simple monotonic correlation

between poly(A) tail length and translational efficiency, indicating that the relationship

between tail size and translation is context-dependent and mechanistically complex [40]

[41].

Different PABP family members (for example, PABPC1, PABPC4 and germ cell-

specific PABPs) are expressed in distinct tissues, but they share the basic function

of linking poly(A) tail integrity to translation and stability [36]. The number and

occupancy of PABPC molecules on a given tail therefore act as a key readout of poly(A)

tail length that can be interpreted by the translational machinery and decay systems.
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1.2.3 Cytoplasmic polyadenylation as a translational switch.

In addition to nuclear tail synthesis, poly(A) tails can be extended in the cytoplasm.

Cytoplasmic polyadenylation is particularly prominent in oocytes, early embryos and

neurons, where many mRNAs are exported with short poly(A) tails and stored in a

translationally repressed state. Upon appropriate stimuli, specific RNA-binding proteins,

notably members of the cytoplasmic polyadenylation element-binding (CPEB) family,

recognise sequence elements in the 3′UTR and recruit non-canonical cytoplasmic poly(A)

polymerases such as GLD2/GLD4 (PAPD4/PAPD5) [39]. Tail extension increases

PABPC occupancy, strengthens cap–tail synergy and thereby activates translation of

previously silent mRNAs.

Cytoplasmic polyadenylation is opposed by deadenylases, especially PARN (poly(A)-

specific ribonuclease), which can remove adenosines from the 3′ end and thereby keep

certain mRNAs in a short-tailed, translationally repressed state [37] [39]. Dynamic

competition between CPEB–GLD2/GLD4-mediated tail extension and PARN-mediated

deadenylation allows rapid on–off switching of translation in response to synaptic activity,

developmental cues or other signalling events without requiring new transcription.

Although most of the detailed work has been done in oocytes and neurons, the same

logic applies in other cell types where regulated cytoplasmic polyadenylation has been

implicated [42] [43].

1.2.4 Deadenylation pathways and mRNA turnover

For the majority of mRNAs, deadenylation is the first and often rate-limiting step in

cytoplasmic mRNA decay. As long as the poly(A) tail is sufficiently long and densely

coated with PABPC, the transcript is relatively protected from both 3′-5′ and 5′-3′

exonucleases. Progressive tail shortening reduces PABPC occupancy, exposes the 3′ end

to decay factors and eventually triggers decapping and body degradation [36] [39] [44].

Two major deadenylase systems mediate bulk tail shortening. PAN2–PAN3 usually

initiates deadenylation on long tails by trimming distal adenosines, often while PABPC

still occupies more proximal segments. This is followed by a more processive phase

driven by the CCR4–NOT complex, which erodes the tail towards an oligo(A) remnant
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of ≈ 10–15 nucleotides that can no longer support stable PABPC binding [36] [44]. Loss

of PABPC opens the way for decapping by the DCP1–DCP2 complex and exposure

of the 5′ end to the 5′-3′ exonuclease XRN1; in parallel, the exosome can degrade the

RNA body from the 3′ end [39] [44]. In this canonical deadenylation-dependent decay

pathway, poly(A) tail shortening is the decisive checkpoint that commits mRNAs to

degradation.

PARN is a specialised deadenylase with somewhat different properties. It is an

allosterically regulated, processive enzyme that interacts with the mRNA cap and can

act both in the nucleus and cytoplasm [37]. PARN contributes to nuclear surveillance of

improperly polyadenylated transcripts and, in the cytoplasm, participates in regulated

decay and translational repression of specific mRNAs, including those subject to

cytoplasmic polyadenylation control [37] [39]. In CPEB-driven systems, PARN-mediated

shortening of tails counterbalances GLD2/GLD4-mediated elongation, providing an

additional lever to tune translation.

Deadenylation kinetics are further modulated by sequence elements and RNA-

binding proteins in the 3′UTR. AU-rich and GU-rich elements, for example, recruit

factors that accelerate recruitment of CCR4–NOT and other decay machineries, while

stabilising elements can prolong tail lifetime [39] [44]. Ribosome occupancy also

influences deadenylation: transcripts with long tails and high translational engagement

tend to occupy heavy polysome fractions and are deadenylated more slowly than

short-tailed, poorly translated isoforms [36] [12]. Overall, poly(A) tail length is both a

determinant and a readout of mRNA stability and translation state.

1.2.5 Roles of poly(A) tails in stability, export and translation

Taken together, these nuclear and cytoplasmic processes make the poly(A) tail a central

hub in mRNA metabolism. In the nucleus, proper cleavage and polyadenylation followed

by PABPN1 loading are prerequisites for efficient transcription termination, mRNP

assembly and export competence. Defective or incomplete tails are recognised by

quality-control pathways and targeted for nuclear decay rather than export [20] [36]

[37].

After export, the number and distribution of PABPC molecules on the tail influence
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both translation and stability. Long, PABPC-rich tails favour formation of the cap–tail

closed loop, efficient ribosome recruitment and reinitiation, and relative resistance to

deadenylation. As deadenylation proceeds and the tail falls below the threshold required

for stable PABPC binding, translation is dampened and the transcript is channelled

into decapping and exonucleolytic decay [36] [39] [44]. In developmental systems with

extensive cytoplasmic polyadenylation, changes in tail length directly encode changes

in translational output; in many somatic contexts the relationship is more nuanced, but

tail length still correlates with ribosome loading for specific classes of mRNAs, such as

TOP mRNAs under mTOR/LARP1 control [36] [12].

From the perspective of this thesis, the key point is that poly(A) tail length and

composition are not passive by-products of 3′-end processing, but actively shape which

mRNAs are exported, how long they persist in the cytoplasm, and how efficiently they

are translated. Any perturbation that alters the efficiency of canonical cleavage and

polyadenylation, or the balance between cytoplasmic polyadenylation and deadenylation,

will therefore reprogramme gene expression at the level of both mRNA abundance

and protein synthesis. This canonical framework underlies the later sections, where

cordycepin triphosphate will be considered as a chain-terminating substrate for poly(A)

synthesis and as an entry point into poly(A)-tail–dependent control of inflammatory

and growth-factor signalling transcripts. Figure 1.4 summerize Poly(A) tail synthesis,

function, and metabolism in eukaryotic mRNA.
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1.3 Cordycepin triphosphate as an inhibitor of cleav-

age and polyadenylation

The active metabolite of cordycepin, cordycepin triphosphate (cordyTP, hereafter

CoTP), provides a well-defined biochemical entry point into the cleavage and polyadeny-

lation (CPA) pathway. CoTP is a adenosine triphosphate (ATP) analogue: it can be

used by nuclear poly(A) polymerases PAPα/γ in place of ATP, but the absence of a

3′-hydroxyl group on the ribose precludes formation of the next 3′-5′ phosphodiester

bond [27, 28]. Once incorporated into a nascent poly(A) tail, CoTP therefore acts as a

true chain terminator for tail extension. Importantly, at the cordycepin concentrations

that affect inflammation, survival and proliferation in mammalian cells, CoTP is not a

general chain terminator of mRNA transcription: classic biochemical and cell-based

studies in HeLa cells, nerve and glial cells, and more recent work in airway smooth

muscle cells and yeast report that pre-mRNA synthesis, heterogeneous nuclear RNA

levels and transcription of housekeeping genes are largely preserved, whereas poly(A)-

dependent 3′-end processing and mRNA accumulation are selectively impaired [15] [16]

[17] [18] [45] [19]

Critically, CoTP does not simply generate uniformly shorter tails. Biochemical

work in nuclear extracts indicates that cordycepin-terminated tails reduce the efficiency

of 3′-end cleavage, consistent with a model in which CoTP both terminates poly(A)

synthesis and stabilises the PAS-bound CPA complex. In particular, CoTP-terminated

3′ ends stall key CPA recognition subunits, notably CPSF4 (also known as CPSF30)

and WDR33, on incomplete 3′ ends and thereby reduce their availability for subsequent

rounds of processing [23] [24] [28].

These two linked effects—poly(A)-tail chain termination and CPA-factor trapping—

constitute a well-supported mechanism by which cordycepin nucleotides perturb RNA

3′-end formation and poly(A)-tail homeostasis.
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Figure 1.4: Poly(A) tail synthesis, function, and metabolism in eukaryotic mRNA. Schematic
overview of the major steps governing poly(A) tail biogenesis and post-transcriptional reg-
ulation. (Top, nucleus): Cleavage and polyadenylation (CPA) of pre-mRNAs are initiated
when the CPSF complex (CPSF1, CPSF4, WDR33) recognizes the polyadenylation signal
(PAS; AAUAAA) embedded within the 3′UTR. Cooperative binding of CstF to a downstream
GU/U-rich element positions the CPSF3/CPSF73 endonuclease to cleave the nascent transcript
10–30 nucleotides downstream of the PAS. Following cleavage, the canonical nuclear poly(A)
polymerases PAPα/γ extend the 3′ end to produce a ≈ 200–250-nt poly(A) tail, while PABPN1
binds the elongating tail to stimulate processivity and enforce a characteristic tail-length
distribution. Mature mRNPs are assembled with export adaptors and transported to the cyto-
plasm. Alternative polyadenylation (APA), via selection of proximal or distal PASs within the
3′UTR, generates mRNA isoforms with different 3′UTR architectures and regulatory potential.
(Bottom, cytoplasm): Cytoplasmic PABPC1 replaces PABPN1 and cooperates with eIF4G and
eIF4E to form a cap–tail “closed-loop” mRNP that promotes efficient translation initiation and
ribosome recycling. In specific contexts (e.g., oocytes, neurons), cytoplasmic polyadenylation
factors such as CPEB recruit non-canonical poly(A) polymerases (GLD2/GLD4) to lengthen
short poly(A) tails and activate translation. This process is counterbalanced by the deadeny-
lase PARN, enabling rapid translational on/off switching. Bulk deadenylation during mRNA
turnover proceeds through a two-step pathway: initial trimming by the PAN2–PAN3 complex,
followed by processive shortening by the CCR4–NOT deadenylase to oligo(A) tails of < 15
nt. Loss of PABPC1 binding triggers decapping (DCP1–DCP2) and exonucleolytic decay by
XRN1 (5′ → 3′) or the exosome (3′ → 5′). Together, these pathways integrate transcriptional
outputs with mRNA stability, translation, and decay dynamics across the mRNA life cycle.
The figure was created with Sketch v 2025.3.1
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1.3.1 CoTP as a chain-terminating substrate for PAPα/γ

Under normal conditions, CPSF1/CPSF4/WDR33 recognise the PAS and recruit CPSF3

for endonucleolytic cleavage, after which PAPα/γ extend the new 3′ terminus with ATP

in a PABPN1-stimulated reaction until tails reach ≈ 200–250 nt and are saturated

with PABPN1 [20] [36]. When CoTP is present at sufficient concentrations, PAPα/γ

can mis-incorporate it into the growing poly(A) tail because it closely mimics ATP in

the active site [46] [14] [47] [45]. However, incorporation of a 3′-deoxyribonucleotide

immediately blocks further elongation, because no 3′-OH remains to support the next

phosphodiester bond. Even rare CoTP incorporation events are thus catastrophic for

completion of an individual tail: once a CoTP residue is added, PAPα/γ cannot resume

extension on that molecule [46] [14] [47] [45].

Biochemically, this yields nuclear poly(A) tails that are markedly shorter than

canonical lengths and that cannot accommodate the normal complement of PABPN1

molecules [45]. Steady-state analyses in cordycepin-treated systems report a shift in

median tail lengths from ≈ 200 nt towards much shorter values, consistent with frequent

premature termination during extension [45] [27].

1.3.2 Trapping of CPSF4 and WDR33 on CoTP-terminated

3′-ends

The second consequence of CoTP incorporation is altered CPA-factor dynamics. In a

normal CPA cycle, CPSF4 and WDR33 bind the PAS together with CPSF1, coordinate

recruitment of CPSF3 and PAPα/γ, and dissociate from the transcript once tail synthesis

is completed and the mRNP is handed off to downstream nuclear export pathways

[20] [36]. CoTP-terminated tails disrupt this cycle. Structural and functional work

by Ryner and Zarkower indicates that when PAPα/γ stall at a CoTP residue, CPSF4

and WDR33 remain abnormally associated with the truncated 3′ ends instead of being

released efficiently [23] [24]. The modified tail terminus appears to stabilise protein–RNA

contacts, producing long-lived complexes in which recognition subunits are effectively

“locked” on incomplete mRNAs [27] [26].

Because CPSF4 and WDR33 are limiting for PAS recognition at many genes, their
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sequestration on stalled substrates would lower the pool of functional CPA complexes

available elsewhere in the nucleus [46] [14] [47] [26]. In contexts where CPA throughput

must be increased rapidly—such as LPS-stimulated RAW264.7 macrophages undergoing

strong cytokine induction—this reduction in free CPSF4/WDR33 creates a bottleneck in

3′-end processing. Transcriptome-wide, CPA could behaves as though CPSF4/WDR33

had been partially knocked down, even though protein levels are unchanged: effective

activity is reduced because complexes are immobilised on CoTP-terminated tails rather

than redeployed to new PAS sites [26] [27]. Moreover, transcriptional readthrough

beyond the canonical cleavage site is observed in numerous genes—including, but not

limited to, those involved in inflammatory responses—in cordycepin-treated cells [19].

1.3.3 Integration with CPSF4/WDR33 knockdown phenotypes

The functional relevance of this trapping mechanism is supported by siRNA experiments

targeting CPSF4 and WDR33. In LPS-stimulated RAW264.7 macrophages, depletion

of either subunit reduces induction of inflammatory cytokine mRNAs such as Tnf and

Il1b and lowers nuclear NF-κB p65 localisation [26] [28].

WDR33 knockdown impairs both transcripts, whereas CPSF4 depletion exerts a

stronger effect on Il1b, pointing to locus-specific sensitivity to CPA factor availability

and recycling kinetics [26]. These perturbations also diminish PI3K/Akt/mTOR

signalling outputs, with reduced phosphorylation of Akt and 4E-BP1 and increased

phospho-AMPK [27] [26].

CoTP reproduces many of these phenotypes without changing CPSF4/WDR33

abundance. Instead, it functionally depletes them by trapping complexes on cordycepin-

terminated tails. Radhi and colleagues showed that cordycepin treatment in a primary

cells reduces NF-κB p65 nuclear localisation, suppresses Tnf and Il1b induction and

lowers p-Akt/4E-BP1 in a manner closely resembling CPSF4/WDR33 knockdown [26]

[28]. Lawrence’s analysis of these datasets and additional experiments supports a model

in which CPA factor function is upstream of both inflammatory transcription and

growth-factor signalling readouts [27]. In this framework, CoTP’s primary action is

on the CPA machinery; the signalling defects arise because key transcripts fail to be

properly processed and exported.
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1.3.4 Consequences for PABPN1 loading, export competence

and deadenylation

At the level of individual transcripts, CoTP-induced chain termination and factor

trapping could lead to defects in PABPN1 loading, export competence and cytoplasmic

lifespan. Shortened poly(A) tails cannot bind the full complement of PABPN1 required

for stable nuclear mRNP assembly, making such transcripts more likely to be retained

and degraded by nuclear surveillance pathways rather than exported efficiently [20] [36].

Those that do escape to the cytoplasm arrive with pre-truncated tails that support fewer

PABPC molecules and weaker cap–tail “closed-loop” interactions with eIF4E and eIF4G

[36] [39]. This configuration could both reduce translation initiation efficiency and

accelerates recruitment of CCR4–NOT, which can act directly on short tails without the

usual PAN2–PAN3 pre-trimming step [36] [39] [44]. In effect, CoTP may shifts many

transcripts into a “short-tailed, decay-prone” state immediately upon export, bypassing

the longer stability window normally provided by gradual deadenylation.

These nuclear and cytoplasmic effects are tightly coupled. Loss of PABPN1 coverage

and impaired CPA factor recycling in the nucleus could reduces the number of export-

competent mRNPs produced for CPA-dependent genes. In the cytoplasm, the same

transcripts may be degraded more quickly because their tails are too short to sustain

prolonged translation. For inflammatory and growth-factor signalling transcripts that

require high CPA throughput and sustained translation over time, this combination

could be damaging. Ashraf and co-workers showed that cordycepin reduces expression

of multiple inflammatory mediators in macrophages and attenuates NF-κB-dependent

outputs in rodent models of osteoarthritis [28]. Radhi’s work connects these phenotypes

directly to CPA inhibition and CPA factor dependency [26]. Together, these data

support the view that polyadenylation is not a passive downstream effect: intact CPA

and adequate tail length are necessary for sustained inflammatory gene expression and

for maintenance of PI3K/Akt/mTOR signalling.
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1.3.5 Effects of cordycepin on alternative polyadenylation

Cordycepin has also been shown to influence alternative polyadenylation (APA). In

budding yeast, cordycepin treatment induces a global shift towards usage of more

distal poly(A) sites, resulting in the production of mRNA isoforms with longer 3′

untranslated regions (3′UTRs) [38]. Genome-wide analyses demonstrated that thousands

of transcripts display distal-site bias under cordycepin, and earlier studies on individual

genes such as ACT1 and ASC1 similarly reported a redistribution of cleavage from

proximal to distal sites, yielding longer 3′UTRs [45].

Mechanistically, this APA phenotype is not readily explained by simple RNA

chain termination. Turner and colleagues instead proposed a kinetic control model in

which cordycepin perturbs nucleotide metabolism and thereby alters the transcriptional

elongation rate of RNA polymerase II (RNAPII) [38]. In their yeast system, metabolomic

measurements indicated that cordycepin exposure is accompanied by accumulation of

nucleotides and their biosynthetic intermediates; these changes were interpreted as more

consistent with actions of cordycepin monophosphate (CoMP) on metabolic enzymes

than with direct effects of cordycepin triphosphate (CoTP) at the polymerase active site

[38]. Elevated nucleotide availability was proposed to increase the RNAPII elongation

rate, effectively allowing polymerase to traverse 3′UTRs more quickly [38]. However,

such accumulation could also reflect reduced nucleotide consumption, for example

through decreased ribosomal RNA synthesis, and an alternative, not mutually exclusive

explanation is that cordycepin functionally limits the availability of polyadenylation

factors, which can also favour distal PAS usage when recruitment to proximal sites

becomes rate-limiting [45].

In a kinetic competition framework, faster transcription would reduce the time

window during which the 3′-end processing machinery can recognise and cleave at

proximal poly(A) sites. Proximal PASs, which normally compete successfully when

RNAPII dwells longer over the region, are less frequently engaged when elongation is

accelerated, whereas stronger, more distal PASs remain accessible further downstream.

Several lines of evidence in yeast are consistent with such kinetic and CPA-capacity

effects. The APA changes induced by cordycepin are reversed by mycophenolic acid
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(MPA), a drug that reduces GTP levels and slows RNAPII elongation, and a slow

RNAPII mutant counteracts cordycepin’s effects on 3′-end processing [38]. Moreover,

the APA profile observed under cordycepin does not match that of any single 3′-end

formation factor mutant, arguing against a simple direct inhibition of one specific

polyadenylation factor [38], and the predominance of longer, rather than shorter,

transcripts is difficult to reconcile with a model in which chain termination at the RNA

3′ end is the primary driver of the APA phenotype [45].

Collectively, these yeast data are consistent with a model in which cordycepin

influences APA through coupled changes in nucleotide pools, RNAPII dynamics and

the functional availability of 3′-end processing factors, leading to a shift from proximal

to distal poly(A) site usage. It is important to note that these experiments were

conducted in budding yeast, and no genome-wide analyses of cordycepin-induced APA

or termination defects have yet been reported in mammalian cells. Nevertheless, they

illustrate that cordycepin can reshape 3′UTR architecture not only by directly interfering

with poly(A) tail synthesis via CoTP, but also indirectly by modulating the temporal

window available for poly(A) site recognition and cleavage.

1.3.6 Summary

In summary, CoTP acts on the CPA machinery via two tightly linked mechanisms: it

functions as a chain-terminating substrate for PAPα/γ, generating abnormally short

poly(A) tails, and it traps CPSF4 and WDR33 on incomplete 3′ ends, reducing CPA

factor recycling and global processing throughput. These nuclear events may compro-

mise PABPN1 loading, export competence and cytoplasmic tail protection, thereby

accelerating deadenylation and decay of affected transcripts. The available evidence

from CPSF4/WDR33 knockdowns, cordycepin treatment in macrophages and animal

models indicates that inflammatory and growth-factor signalling genes are particularly

dependent on intact CPA under stimulation [27] [26] [28].

Taken together, the data summarised in this section establish CoTP-mediated CPA

inhibition as the best-characterised direct biochemical effect of cordycepin relevant to

this thesis. Subsequent sections will consider how these CPA-centred effects intersect

with cordycepin’s robust but mechanistically unresolved repression of PI3K/Akt/mTOR
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and MEK/ERK signalling, and how metabolic gating to CoTP determines the extent

of CPA inhibition in different cellular contexts.

1.4 Linking cleavage and polyadenylation to growth-

factor signalling and inflammatory outputs

The previous subsections established that cleavage and polyadenylation (CPA) generate

the 3′ ends and poly(A) tails required for mRNA stability, export and translation, and

that cordycepin triphosphate (CoTP) can inhibit this process via chain termination

and CPA-factor trapping. The same signalling modules that are consistently repressed

by cordycepin — PI3K/Akt/mTOR and MEK/ERK — are also sensitive to genetic

perturbation of CPA components, suggesting that intact CPA is a prerequisite for

sustained growth-factor signalling and inflammatory gene induction. At the same time,

the direction and exclusivity of this relationship remain unresolved: reduced signalling

can plausibly be a downstream consequence of CPA impairment, while signalling

pathways may also feed back onto CPA and other RNA-processing steps [48] [49] [50].

This section summarises the available linkage data and formulates a cautious working

model

1.4.1 CPA factor knockdown recapitulates growth-factor sig-

nalling defects

Knockdown of individual CPA subunits provides a test of whether 3′-end processing

capacity is required to maintain growth-factor signalling. Several studies have targeted

CPSF subunits that are also implicated in cordycepin responses: CPSF4, CPSF7 and

CPSF3 [48] [49] [51].

In lung adenocarcinoma cells, siRNA-mediated depletion of CPSF4 reduces prolifer-

ation and clonogenic survival and induces apoptosis, accompanied by loss of PI3K/Akt

and MAPK signalling output [51] [53]. Akt phosphorylation decreases together with

downstream mTOR substrates such as S6K and 4E-BP1, and ERK phosphorylation is

similarly reduced. CPSF7 knockdown in the same disease setting produces a related

phenotype, with impaired AKT/mTOR signalling, reduced viability and diminished
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migration and invasion; pharmacological activation of Akt only partially rescues these

defects [49]. In hepatocellular carcinoma models, CPSF3 depletion leads to cell-cycle

arrest and repression of PI3K/Akt signalling, partly via effects on PTEN, again resulting

in reduced mTOR activity and proliferation [48].

Although the exact transcript-level consequences vary between systems, a consistent

pattern emerges: reducing the functional availability of CPA factors is sufficient to

attenuate PI3K/Akt/mTOR and MEK/ERK signalling [48] [49] [51]. These knockdowns

also alter alternative polyadenylation (APA) patterns in ways that resemble low-

dose cordycepin treatment, supporting the idea that changes in 3′-end processing

can propagate into signalling phenotypes via effects on mRNA abundance and isoform

structure [38] [20] [50].

From the perspective of this thesis, these data are important for two reasons. First,

they show that growth-factor signalling can be compromised by CPA impairment alone,

consistent with the idea that signal transduction depends on adequate production and

translation of CPA-dependent transcripts. Second, they provide a genetic “mirror” for

cordycepin/CoTP effects: cordycepin functionally depletes CPSF4/WDR33 through

chain termination and factor trapping, whereas RNAi physically depletes the proteins;

in both cases, signalling outputs decline within a comparable timescale [48] [49] [51].

1.4.2 Cordycepin as a pharmacological mimic of CPA-factor

limitation

CoTP incorporation into poly(A) tails and the resulting trapping of CPSF4/WDR33

on incompletely processed 3′ ends provide a reasonable biochemical mechanism by

which cordycepin could mimic CPA factor knockdown [45] [28] [15]. In this scenario,

CPA complexes are not absent but become sequestered on truncated transcripts and

recycle more slowly, effectively reducing the nuclear CPA capacity available for new

pre-mRNAs. The net effect would be similar to that seen with CPSF4/CPSF7/CPSF3

knockdown: fewer transcripts are fully cleaved and polyadenylated, tail lengths are

shortened, and APA patterns are shifted.

Consistent with this, cordycepin produces signalling and transcriptional phenotypes
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that overlap with CPA-factor knockdown. In LPS-stimulated RAW 264.7 macrophages,

cordycepin treatment reduces Akt and 4E-BP1 phosphorylation and lowers ERK, JNK

and p38 activation within 15–30 minutes, while simultaneously decreasing induction of

inflammatory cytokines such as Tnf and Il1b and reducing nuclear NF-κB p65 levels

[28] [52] [53] [54]. These outcomes resemble the combined effects of CPSF4/WDR33

depletion and polyadenylation inhibition in other systems [19] [48] [49] [51]. Importantly,

in several models cordycepin-induced suppression of PI3K/Akt/mTOR signalling is not

prevented by pharmacological AMPK inhibition or by knockout of AMPK, indicating

that CPA-dependent translation bottlenecks can depress signalling independently of

the canonical AMPK–mTOR axis [25] [46].

Taken together, the genetic and pharmacological data support a model in which

CoTP-mediated CPA impairment and CPA-factor dependency contribute substantially

to the observed repression of growth-factor signalling. However, they do not yet prove

that CPA inhibition is the only mechanism, or that it is always strictly upstream

of signalling changes. Temporal resolution of CPA defects versus signalling readouts

remains limited in many studies, and isolated reports of direct effects of cordycepin on

Akt phosphorylation have not been reproduced consistently across systems [55] [56]

[30].

1.4.3 Inflammatory transcripts as CPA-sensitive outputs

Inflammatory gene expression provides a second line of evidence linking CPA to sig-

nalling. Many pro-inflammatory mediators, including TNF-α, IL-1β, IL-6, iNOS and

COX-2, are encoded by mRNAs with short half-lives and strong dependence on rapid

CPA and poly(A)-tail turnover during stimulation [52] [19] [57]. Kondrashov and col-

leagues showed that pharmacological inhibition of polyadenylation reduces induction of

inflammatory genes in response to TNF, pointing to a general requirement for efficient

3′-end processing in inflammatory programmes [19].

Cordycepin fits into this framework. In LPS-stimulated macrophages and microglia,

cordycepin attenuates Akt and MAPK activation, and reduces production of NO, PGE2,

TNF-α and IL-1β within 30–60 minutes [52] [54] [53]. The timing is again compatible

with CPA-dependent translational restriction: CoTP incorporation and CPA-factor
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trapping would be expected to limit the supply of fully processed cytokine transcripts

and reduce their translational competence, while concurrent loss of PI3K/Akt and

ERK signalling diminishes the transcriptional drive required to sustain maximal protein

synthesis capacity in general.

In vivo, oral cordycepin treatment in rodent models of osteoarthritis decreases

synovial Il1b and macrophage marker Cd68 mRNAs, reduces angiogenic markers such as

VEGF and nestin, and improves pain and joint pathology without affecting proliferation

markers (PCNA, MYC) [28]. Other inflammatory models (cardiac transplantation,

liver fibrosis, renal injury) show similar reductions in pro-inflammatory transcripts and

signalling activity after cordycepin administration [28] [58] [13] [57]. These findings

are compatible with a scenario in which CPA-dependent inflammatory transcripts are

selectively vulnerable when CPA capacity is reduced, whether by polyadenylation factor

depletion or by CoTP-mediated chain termination.

1.4.4 Summary and working hypothesis

The experiments summarised above support three conclusions:

1. Intact CPA is required for normal PI3K/Akt/mTOR and MEK/ERK signalling.

Knockdown of CPSF subunits reduces these pathway outputs and proliferation in

cancer models, indicating that CPA factor availability is a limiting determinant

of growth-factor signalling capacity [48] [49] [51].

2. Inflammatory gene induction is CPA-sensitive. Both polyadenylation factor deple-

tion and cordycepin reduce the abundance and translation of key inflammatory

transcripts and dampen NF-κB/MAPK signalling in macrophages and in vivo

inflammatory models [28] [52] [19] [54] [57].

3. Cordycepin/CoTP produces signalling and inflammatory phenotypes that are

consistent with CPA-factor limitation, but the molecular target(s) within the

growth-factor pathways remain undefined, and no direct kinase target for CoTP

has been demonstrated [25] [46] [56] [58] [13].

In this thesis, these observations motivate a working hypothesis in which CPA in-
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tegrity and poly(A) tail homeostasis are necessary for sustained growth-factor signalling

and inflammatory gene expression. CoTP-mediated inhibition of CPA and CPA-factor

trapping are treated as potential mechanisms that can contribute to signaling repres-

sion. Figure 1.5 summerizes mechanism of cordycepin triphosphate (CoTP)-mediated

inhibition of cleavage and polyadenylation and its downstream consequences
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Figure 1.5: Mechanism of cordycepin triphosphate (CoTP)-mediated inhibition of cleavage
and polyadenylation and its downstream consequences. (1) CoTP as a chain-terminating
substrate for PAPα/γ .Schematic illustrating incorporation of CoTP by nuclear poly(A)
polymerases PAPα/γ during 3′-end extension. Substitution of ATP with CoTP results in
premature chain termination, generating short, stalled poly(A) tails that fail to recruit sufficient
PABPN1. Because PABPN1 normally stabilizes PAPα/γ processivity and defines canonical
tail length, CoTP-terminated tails disrupt both tail growth and PABPN1 loading. (2) Trapping
of CPSF4 and WDR33 on CoTP-terminated 3′-ends. CoTP-terminated transcripts retain the
CPSF4–WDR33 module of the CPSF complex on the RNA, preventing normal recycling of
these CPA factors to new transcripts. This functional sequestration reduces the pool of active
CPSF4/WDR33 available for PAS recognition, thereby impairing processing of subsequent
pre-mRNAs and amplifying CPA inhibition. (3) Convergence with CPSF4/WDR33 knockdown
phenotypes. Both CoTP treatment and siRNA-mediated depletion of CPSF4/WDR33 lead to
reduced functional CPA complexes, diminished CPA efficiency, defective 3′-end formation, and
attenuated downstream pathways including PI3K/Akt/mTOR signaling and NF-κB nuclear
responses. This convergence supports a model in which CoTP exerts its primary effects through
functional depletion of CPA factors. (4) Consequences for PABPN1 loading, nuclear export
competence, and cytoplasmic stability. Short, CoTP-terminated poly(A) tails exhibit reduced
PABPN1 occupancy, impairing formation of export-competent mRNPs and promoting nuclear
retention and surveillance-mediated decay. Inefficiently exported transcripts that reach the
cytoplasm display weakened cap–tail interactions and poor closed-loop formation (reduced
eIF4E–eIF4G–PABPC1 engagement). These mRNAs undergo accelerated deadenylation via
CCR4–NOT and are rapidly degraded, resulting in reduced stability. Together, these pathways
explain how CoTP-induced CPA inhibition propagates to broad post-transcriptional repression
of inflammatory and growth-factor-responsive gene expression. The figure was created with
Sketch v 2025.3.1
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1.5 Growth-factor signalling and its modulation by

cordycepin

1.5.1 Canonical growth-factor signalling: PI3K/Akt/mTOR

and RAF/MEK/ERK

Growth factors such as EGF, IGF-1 and PDGF signal primarily through two inter-

connected kinase cascades: the phosphoinositide 3-kinase (PI3K)/Akt/mTOR axis

and the RAF/MEK/ERK mitogen-activated protein kinase (MAPK) pathway [59] [60].

Together these networks integrate extracellular cues with intracellular programmes con-

trolling cell growth, proliferation, metabolism, survival and motility, and are frequently

dysregulated in cancer and chronic inflammatory disease [59] [61].

Upon ligand binding, receptor tyrosine kinases (RTKs) undergo autophosphoryla-

tion on cytoplasmic tyrosine residues, creating docking sites for adaptor proteins and

class I PI3Ks. Activated PI3K converts phosphatidylinositol-4,5-bisphosphate (PIP2)

into phosphatidylinositol-3,4,5-trisphosphate (PIP3) at the inner leaflet of the plasma

membrane. PIP3 then recruits pleckstrin-homology (PH) domain-containing proteins,

including phosphoinositide-dependent kinase-1 (PDK1) and Akt (protein kinase B),

to the membrane. PDK1 phosphorylates Akt at Thr308 in the activation loop, while

mTOR complex 2 (mTORC2) phosphorylates Ser473 in the hydrophobic motif; together

these two modifications fully activate Akt and expand its substrate range [60] [61].

Activated Akt phosphorylates multiple targets controlling metabolism and survival,

notably the TSC1/2 complex and PRAS40. Phosphorylation of TSC2 and PRAS40

relieves inhibition of the small GTPase Rheb, thereby activating mTOR complex

1 (mTORC1). mTORC1 in turn phosphorylates downstream effectors such as p70

S6 kinase (S6K1) and the eIF4E-binding proteins (4E-BPs). Phosphorylated S6K1

promotes ribosome biogenesis and translation, while phosphorylation of 4E-BP1 causes

its dissociation from eIF4E, permitting assembly of the eIF4F cap-binding complex and

efficient cap-dependent translation initiation [61] [13]. Through these substrates, growth-

factor signalling is tightly coupled to translational output and anabolic metabolism.
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mTORC1 also suppresses autophagy by phosphorylating ULK1 and integrates

amino acid signals via the Ragulator–Rag GTPase module at the lysosome, while

mTORC2 acts upstream of Akt by providing Ser473 phosphorylation and regulates

aspects of cytoskeletal organisation [61]. In parallel, many of the same RTKs activate

the RAF/MEK/ERK cascade, in which RAS–RAF activation leads to MEK1/2- and

ERK1/2-mediated phosphorylation of transcription factors (e.g. ELK1, AP-1) and

regulators of proliferation and survival. PI3K/Akt/mTOR and RAF/MEK/ERK thus

form a densely interconnected signalling module that governs growth-factor responses

in most mammalian cells [59] [60].

AMP-activated protein kinase (AMPK) provides an important energetic counter-

weight to these growth-promoting pathways. As a heterotrimeric kinase that senses

increases in AMP:ATP and ADP:ATP ratios, AMPK is activated by phosphoryla-

tion of Thr172 in its catalytic α subunit by upstream kinases such as LKB1 and

CaMKKβ when cellular energy is limited [62] [63]. Once activated, AMPK inhibits

mTORC1 through phosphorylation of Raptor and TSC2, promotes autophagy, and

broadly suppresses ATP-consuming anabolic processes [62] [63]. Under nutrient-replete

conditions, PI3K/Akt/mTOR signalling dominates; under energy stress, AMPK con-

strains growth-factor-driven anabolism by re-imposing TSC2-mediated inhibition of

mTORC1. The PI3K/Akt/mTOR module and AMPK therefore form an antagonistic

pair that integrates growth-factor and nutrient/energy status.

1.5.2 Cordycepin-mediated repression of growth-factor signalling

Cordycepin (3′-deoxyadenosine) is widely reported to inhibit growth-factor signalling

and reduce cell proliferation and survival across many cell types. A systematic review of

more than 100 vertebrate cell-culture studies concluded that cordycepin has reproducible

anti-proliferative and anti-inflammatory effects, typically associated with activation of

AMPK and reduced phosphorylation of Akt and ERK [13]. However, most studies used

the parent nucleoside and focused on pathway readouts rather than mechanism, so the

precise molecular target(s) within the growth-factor network remained unclear.

In NIH3T3 fibroblasts, Wong and colleagues found that 50 µM cordycepin strongly

reduced Akt1 phosphorylation, decreased total Akt1 levels and induced dephosphoryla-
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tion of 4E-BP1, coinciding with inhibition of protein synthesis and cell adhesion within

1–2 h [46]. Pharmacological experiments in this system implicated AMPK: inhibition

of AMPK attenuated cordycepin-induced 4E-BP1 dephosphorylation and translational

repression [46]. Similar observations were made in MCF-7 breast cancer cells, where

cordycepin decreased Akt and 4E-BP1 phosphorylation and was initially proposed to

inhibit both mTORC1 and mTORC2 via AMPK activation [64]. These data established

that cordycepin impacts the PI3K/Akt/mTOR axis at the level of Akt phosphorylation

and translational control nodes, but still left open whether AMPK activation is required

and whether the parent nucleoside or its nucleotides are responsible.

More recent systems-pharmacology work has clarified several of these issues. Using

six cell lines stimulated with various growth factors, Lawrence et al. showed that

cordycepin consistently represses PI3K/Akt/mTOR and/or RAF/MEK/ERK signalling,

with reduced phosphorylation of Akt, 4E-BP1 and S6K detectable within 30 min of

treatment [25]. Transcriptional profiling and reference-compound comparisons revealed

that cordycepin’s gene-expression footprint most closely resembled that of PI3K/mTOR

pathway inhibition. Metabolic measurements and genetic perturbations implicated

cordycepin triphosphate (CoTP) as the active metabolite and demonstrated that AMPK

activation is not required for growth-factor signalling repression: in AMPK-deficient

cells, cordycepin still reduced PI3K activity, suppressed growth-factor-inducible gene

expression and dephosphorylated mTOR targets [25]. Together with the nucleoside-

rescue data discussed elsewhere, these findings support a model in which intracellular

nucleotides derived from cordycepin drive the growth-factor phenotype and in which

repression of PI3K/Akt/mTOR signalling does not require AMPK.

Additional support for cordycepin’s action on PI3K/Akt/mTOR comes from work

in adipogenic and inflammatory models. In 3T3-L1 preadipocytes, cordycepin blocks

adipocyte differentiation and lipid accumulation. Takahashi et al. showed that cordy-

cepin suppresses early induction of the C/EBPβ–PPARγ adipogenic programme, reduces

Akt phosphorylation and inhibits mTORC1 activity, as judged by loss of p70S6K phos-

phorylation [65]. Importantly, they found that this anti-adipogenic effect requires

nucleoside transporter activity but is not reversed by A1, A2 or A3 adenosine receptor
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antagonists, indicating that intracellular uptake of cordycepin is essential whereas adeno-

sine receptors are dispensable in this context [65]. These data agree with macrophage

studies in which equilibrative nucleoside transporter and adenosine kinase inhibitors

abrogate cordycepin’s effects on inflammatory gene expression and signalling, pointing to

an intracellular nucleotide-based mechanism rather than a surface-receptor mechanism

[13, 46].

In inflammatory systems, cordycepin’s growth-factor signalling effects are tightly

intertwined with its role as a polyadenylation inhibitor. Kondrashov et al. showed

that knockdown of a poly(A) polymerase reduces induction of inflammatory mRNAs in

TNF-α-stimulated A549 and airway smooth muscle (ASM) cells., identifying CPA as

a potential anti-inflammatory target [19]. Ashraf et al. extended this concept in vivo,

demonstrating that cordycepin reduces pain behaviour, synovial inflammation and joint

pathology in rat osteoarthritis models while, in parallel, suppressing NF-κB p65 nuclear

localisation and inflammatory gene expression in macrophages [28]. In those primary

cells experiments, knockdown of CPA factors CPSF4 and WDR33 recapitulated many

of cordycepin’s effects on NF-κB localisation and inflammatory transcripts, and also

reduced Akt and 4E-BP1 phosphorylation [26, 28]. These observations support the

idea that efficient cleavage and polyadenylation are required for full growth-factor and

inflammatory signalling, and that CPA-factor limitation—whether by genetic depletion

or CoTP-mediated trapping—can depress PI3K/Akt/mTOR outputs.

Collectively, the available data support the following model for cordycepin action.

First, cordycepin reproducibly represses PI3K/Akt/mTOR and, in many systems,

RAF/MEK/ERK signalling, with decreased phosphorylation of Akt, 4E-BP1 and

S6K occurring within 30–60 min of treatment [13, 25, 46]. Second, AMPK activation

is a frequent correlate of cordycepin exposure but is not required for repression of

growth-factor signalling or for downregulation of growth-factor-inducible genes [25, 26].

Third, transporter- and kinase-dependence, nucleoside-rescue experiments and ProTide

studies with NUC-7738 together suggest that intracellular 3′-deoxyadenosine nucleotides

(CoTP/3′-dATP) are sufficient to reproduce the core signalling phenotype, without any

obligatory contribution from adenosine receptors in these systems [2, 25, 26, 46]. Finally,
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CPA-factor knockdowns and polyadenylation inhibition phenocopy many of cordycepin’s

signalling and inflammatory effects, suggesting that cleavage and polyadenylation are

upstream requirements for sustained growth-factor signalling in macrophages and other

cell types [19, 26, 28].

Despite this progress, the direct molecular target(s) linking CoTP to rapid alterations

in kinase phosphorylation remain unresolved. No specific kinase, phosphatase or

adaptor protein has yet been identified whose inhibition by CoTP fully explains the

breadth and kinetics of PI3K/Akt/mTOR and RAF/MEK/ERK repression. The

working hypothesis adopted in this thesis is therefore that cordycepin’s best-established

biochemical action—CoTP-mediated inhibition of cleavage and polyadenylation—creates

a cellular environment in which growth-factor signalling cannot be sustained.

1.5.3 Protein synthesis inhibition and growth-factor signalling

Classical work on immediate-early gene regulation established that growth-factor signal

transduction and the first wave of transcriptional responses do not require ongoing

protein synthesis. In quiescent fibroblasts, platelet-derived growth factor (PDGF) or

other growth factors rapidly induce c-fos mRNA and protein within minutes; this c-fos

burst precedes and is mechanistically separable from later induction of c-myc and other

delayed-response genes [66] [67]. Strikingly, when protein synthesis is blocked with

cycloheximide or anisomycin, the c-fos response is not lost but instead “superinduced”:

PDGF plus cycloheximide produces a several-fold higher accumulation of c-fos tran-

scripts than PDGF alone [66]. Nuclear run-on assays in 3T3 fibroblasts demonstrate

that protein synthesis inhibitors potentiate c-fos, c-myc and actin transcription, consis-

tent with relief of a labile repressor and delayed transcriptional shut-off rather than

a requirement for new protein synthesis to initiate signalling [68]. Together, these

data show that growth-factor–induced immediate-early gene transcription is a primary,

protein-synthesis-independent output of receptor signalling, and that acute translational

arrest can enhance rather than block this response.

More recent studies have extended this principle to upstream kinase pathways.

In HEK-293FT and N2a neuroblastoma cells, cycloheximide or a distinct translation

inhibitor (NSC119889) rapidly increases AKT phosphorylation on Thr308 and Ser473
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and activates canonical AKT substrates including FoxO1, GSK3α/β, p70S6K, AS160

and the E3 ligase MDM2 [69]. This AKT activation is blocked by the PI3K inhibitor

LY294002, indicating that acute inhibition of protein biosynthesis can engage PI3K–AKT

signalling rather than uniformly shutting it down [69]. In retinal neurons, cycloheximide

or anisomycin similarly triggers a robust rise in nitric oxide production by mobilising

intracellular L-arginine pools, leading to soluble guanylyl cyclase and cGMP-dependent

protein kinase II (cGKII) activation; this nitric oxide–cGMP–cGKII axis is tightly

coupled to phosphorylation and nuclear accumulation of AKT and to enhanced ERK

phosphorylation [70]. Genetic deletion or knockdown of cGKII, or pharmacological

inhibition of nitric oxide synthase, prevents cycloheximide-induced AKT and ERK

activation in these systems [70].

Taken together, these findings make it clear that acute signal transduction does

not require ongoing protein synthesis and can even be potentiated when translation

is blocked: for example, cycloheximide-mediated inhibition of protein synthesis is as-

sociated with increased Akt phosphorylation and robust induction of immediate-early

genes. Against this backdrop, the ability of cordycepin to suppress PI3K/Akt/mTOR

signalling is unlikely to depend on reduced synthesis of canonical pathway compo-

nents or on translation of a specific effector protein. Instead, this thesis adopts the

working hypothesis that cordycepin acts through an as-yet-unidentified RNA whose

3′-end processing and polyadenylation are cordycepin-sensitive (the RNA target of

cordycepin, RToC). In this model, altered processing of the RToC transcript is sufficient

to reshape PI3K/Akt/mTOR outputs, and the RToC itself need not be efficiently

translated and may even be a non-translatable RNA species. Figure 1.6 summerizes the

modulation of growth-factor signalling networks by cordycepin triphosphate (CoTP)

via polyadenylation-dependent control
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Figure 1.6: Modulation of growth-factor signalling networks by cordycepin triphosphate
(CoTP) via polyadenylation-dependent control. Schematic overview of how cordycepin perturbs
growth-factor–responsive signalling in mammalian cells. Under basal conditions (left), receptor
tyrosine kinases (RTKs) activated by growth factors such as EGF or IGF-1 stimulate class I
PI3K, generating PIP3 from PIP2 and recruiting PDK1 and Akt to the plasma membrane.
Akt is phosphorylated at Thr308 by PDK1 and at Ser473 by mTORC2, yielding fully active Akt.
Activated Akt phosphorylates TSC1/2 and PRAS40 to relieve inhibition of Rheb and promote
mTORC1 activation, which in turn phosphorylates S6K1 and 4E-BP1 to drive ribosome
biogenesis, cap-dependent translation and anabolic growth, while repressing autophagy via
ULK1. In parallel, RTK signalling through RAS–RAF–MEK–ERK culminates in activation of
transcription factors such as ELK1 and AP-1, supporting proliferation and gene expression.
Energy-stress signalling through LKB1– or CaMKKβ-activated AMPK antagonises mTORC1
and favours catabolic responses, but AMPK activation is not required for cordycepin-induced
repression of these growth-factor pathways. On the right, cordycepin is taken up by nucleoside
transporters and phosphorylated to CoTP, which inhibits nuclear cleavage and polyadenylation
(CPA) of specific transcripts. In this model, suppression of PI3K/Akt/mTOR signalling
occurs via an unidentified RNA, referred to as the RNA target of cordycepin (RToC), whose
function is influenced by alterations in polyadenylation. CoTP-mediated inhibition of cleavage
and polyadenylation affects RToC, creating a cellular environment in which growth-factor
signalling cannot be sustained, despite continued upstream RTK engagement. Incomplete 3′-end
processing and altered poly(A) tail dynamics of RToC and related transcripts are proposed to
impair the transcriptional and translational support required to maintain PI3K/Akt/mTOR
and RAS/RAF/MEK/ERK activity, resulting in systemic collapse of anabolic signalling. The
legend at the bottom of the figure indicates the colour-coding for growth-factor (anabolic)
signalling, energy-stress (catabolic) pathways, CoTP actions, inhibitory interactions and
phosphorylation events. The figure was created with Sketch v 2025.3.1
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1.6 Alternative proposed targets for cordycepin: adeno-

sine receptors and other signalling nodes

The preceding sections have focused on cleavage and polyadenylation (CPA) inhibition

by cordycepin triphosphate (CoTP) and the associated repression of PI3K/Akt/mTOR

and MEK/ERK signalling as the principal mechanistic axis relevant to this thesis.

However, the wider literature has proposed several alternative or additional targets,

most prominently adenosine receptors (A1, A2A, A2B, A3), along with various kinases and

ATP-binding proteins [13] [71]. A balanced account therefore requires (i) summarising

the evidence that cordycepin can signal through adenosine receptors in particular

contexts, and (ii) explaining why, in the growth-factor and inflammatory settings central

to this thesis, adenosine receptors are unlikely to constitute the primary mechanism of

action once intracellular CoTP and CPA inhibition are taken into account.

1.6.1 Evidence for adenosine receptor–mediated actions of cordy-

cepin

Because cordycepin is a 3′-deoxyadenosine analogue, it is a credible ligand for adenosine

receptors. Several studies demonstrate receptor-dependent effects in specific tissues.

In the nervous system, cordycepin modulates synaptic transmission and plasticity in

hippocampal CA1 neurons. Wang and colleagues showed that cordycepin suppresses

both glutamatergic and GABAergic synaptic currents in rat CA1 pyramidal neurons,

and that these effects are prevented by A1 receptor antagonists, consistent with an A1-

dependent mechanism [71, 72]. Other studies report cordycepin-induced neuroprotection

and metaplasticity that are similarly sensitive to A1 antagonism [71].

In dermal fibroblasts, Kim et al. found that adenosine and cordycepin stimulate

Wnt/β-catenin signalling and promote tissue-remodelling behaviours via adenosine

receptors. Pharmacological blockade with A2A and A2B antagonists (ZM241385 and

PSB603) attenuated cordycepin-induced β-catenin activation and fibroblast migration,

implicating these receptor subtypes in the response [73]. In cancer models, cordycepin-

or Cordyceps extract–induced apoptosis has been linked to A3 receptor activation. In
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human T24 bladder carcinoma cells, Cordyceps militaris extracts containing cordycepin

decrease cell survival in an A3-dependent fashion: overexpression of A3 mimics the

extract’s effects, while A3 knockdown abolishes them [74]. Earlier work in mouse

melanoma and lung carcinoma cells similarly implicated A3 in cordycepin’s anti-tumour

effects [71].

These and related observations are collated in recent mechanistic reviews, which

highlight adenosine receptors, death receptors and EGFR as candidate cell-surface

mediators for some anticancer actions of cordycepin [71]. Together, they establish that

cordycepin can act as a functional adenosine receptor agonist in particular systems,

especially in neuronal, fibroblast and some tumour contexts. However, as discussed

further in the metabolic-gating section below, cordycepin is rapidly deaminated to

3′-deoxyinosine (3DI), which appears to be the predominant extracellular metabolite in

tissues [1], and 3DI itself has not been systematically tested in these receptor assays; any

physiologically relevant receptor-mediated mechanism therefore ultimately needs either

to demonstrate activity of 3DI at the relevant adenosine receptors or to invoke efficient

extracellular regeneration of cordycepin from 3DI under the experimental conditions

used.

1.6.2 Transporter and kinase dependence in somatic cell models

In contrast to these receptor-centric models, multiple lines of evidence in macrophages

and other somatic cells indicate that cordycepin’s anti-inflammatory and growth-factor

signalling effects require transporter-mediated uptake and intracellular phosphorylation,

rather than extracellular engagement of adenosine receptors. A systematic review by

Radhi et al. concluded that cordycepin’s anti-inflammatory activity in LPS-stimulated

RAW264.7 macrophages is abolished by the equilibrative nucleoside transporter inhibitor

NBTI and by adenosine kinase (ADK) inhibitors, supporting a model in which cordycepin

must enter the cell and be phosphorylated to exert its effects [13]. In the same

experimental system, both cordycepin and its deaminated metabolite 3′-deoxyinosine

(3DI) generate CoTP and suppress inflammatory gene expression, albeit with different

potencies and kinetics, further reinforcing the central role of intracellular nucleotides

rather than extracellular receptor activation [13] [1].
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The requirement for transporter-mediated uptake is particularly clear in adipogenic

models. In 3T3-L1 preadipocytes, insulin-dependent PI3K/Akt activation drives

mTORC1 signalling and adipocyte differentiation. Takahashi et al. showed that cordy-

cepin blocks adipogenesis by inhibiting Akt phosphorylation, suppressing mTORC1

activity (loss of p70S6K phosphorylation) and down-regulating C/EBPβ and PPARγ

expression [65]. Crucially, they demonstrated that this anti-adipogenic effect is “medi-

ated by an adenosine transporter, but not A1, A2 or A3 adenosine receptors”; adenosine

receptor antagonists failed to reverse cordycepin’s effects, whereas the nucleoside trans-

porter inhibitor NBTI restored adipocyte differentiation and mTORC1 signalling [65].

Cordycepin’s inhibition of adipogenesis was also not reproduced by ATP, ADP or

adenosine [65]. These data argue that intracellular accumulation of cordycepin, not

activation of surface adenosine receptors, is necessary for the observed blockade of

PI3K/Akt/mTOR signalling in this setting.

Taken together, the macrophage and adipocyte data suggest that in at least some

somatic contexts—particularly those involving sustained transcriptional responses and

growth-factor signalling—cordycepin behaves as an intracellular nucleoside analogue

whose activity depends on nucleoside transporters and ADK, rather than as a classical

adenosine receptor agonist [13] [65] [1] [25].

1.6.3 Metabolic gating and the 3′-deoxyinosine rescue pathway

Pharmacokinetic studies provide additional mechanistic constraints. Lee et al. showed

that after oral dosing in rats, unchanged cordycepin is essentially undetectable in

plasma due to rapid adenosine deaminase–mediated conversion to 3DI, whereas 3DI

itself is orally bioavailable (Foral ≈ 37%) [1]. In RAW264.7 macrophage-like cells, both

cordycepin and 3DI are converted to CoTP, and 3DI reproduces cordycepin’s suppression

of LPS-induced inflammatory markers when present at higher concentrations, albeit

with lower potency [1]. These findings led to the proposal of a “nucleoside rescue”

pathway in which 3DI acts as an orally bioavailable pro-drug that is salvaged back to

cordycepin nucleotides and ultimately CoTP in target tissues [1].

From the perspective of adenosine receptor involvement, these data are problematic

for a receptor-first model of anti-inflammatory and growth-factor signalling effects. If
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adenosine receptors were the primary mediators, the absence of measurable cordycepin

in plasma would be expected to attenuate pharmacodynamic responses in vivo. Instead,

robust anti-inflammatory and disease-modifying effects are observed in several rodent

models, including osteoarthritis, where cordycepin lowers inflammatory gene expression

and joint pathology despite its rapid deamination [26] [28]. The ability of 3DI to act

as an upstream precursor of CoTP in macrophages therefore favours an intracellular

nucleotide-centric mechanism over one that relies on extracellular adenosine receptor

activation.

1.6.4 ProTide NUC-7738 as an adenosine receptor–independent

tool

The ProTide NUC-7738 provides a more stringent test of whether adenosine receptors are

required for cordycepin-like signalling effects. NUC-7738 is a 5′-O-aryl phosphoramidate

prodrug of 3′-deoxyadenosine (3′-dA) designed to overcome cordycepin’s dependence

on ADA, hENT1 and ADK [29] [2]. The phosphoramidate cap masks the ribose

5′-phosphate and is cleaved intracellularly by esterases and the phosphoramidase HINT1

to release 3′-dAMP, which can then be converted to 3′-dADP and 3′-dATP (CoTP)

[29] [2]. Because of its bulky 5′-substitution and intracellular activation pathway,

NUC-7738 is not expected to function as an agonist at cell-surface adenosine receptors,

and manufacturer profiling has not detected adenosine receptor activation by NUC-

7738 under standard assay conditions (David Harrison and Hugh Griffiths, Nucana

Pharmaceutics, personal communication).

Schwenzer et al. showed that NUC-7738 is substantially more potent than 3′-dA

across a panel of cancer cell lines and that it overcomes resistance mechanisms that limit

3′-dA activity [29]. In haploid genetic screens and chemical perturbation assays, ADA

inhibition, hENT1 blockade and ADK inhibition markedly shifted the IC50 for 3′-dA

but had minimal effects on NUC-7738 potency, whereas disruption of HINT1 strongly

reduced NUC-7738 activity [29]. These data indicate that NUC-7738 enters cells and is

activated largely independently of adenosine receptors, nucleoside transporters and ADK,

relying instead on ProTide cleavage [29] [2]. Transcriptomic analyses revealed that 3′-dA
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and NUC-7738 induce largely overlapping, though not identical, patterns of pathway

perturbation, prominently including repression of NF-κB–associated transcriptional

programs. Notably, the incomplete overlap likely reflects differences in treatment

dynamics: 3′-dA–treated cells were profiled only after prolonged single-dose exposure,

a condition under which declining cordycepin levels permit partial re-expression of

previously suppressed transcripts [29].

The implication for adenosine receptor hypotheses is that a ProTide which cannot

act as an adenosine receptor agonist may reproduce key antiproliferative, transcriptional

and signalling effects of 3′-dA when intracellular triphosphate exposure is matched

[29] [2]. These findings are therefore consistent with intracellular 3′-deoxyadenosine

nucleotides (including CoTP/3′-dATP) making a major contribution to the relevant

growth-factor and NF-κB signalling phenotypes in these models, even though additional

effects mediated by adenosine receptors or other targets cannot be excluded and are

likely to be context dependent, particularly in vivo where extracellular cordycepin

levels are expected to be low because of its unfavourable pharmacokinetics. From the

perspective of this thesis, NUC-7738 is primarily relevant as a mechanistic probe: by

delivering a 3′-deoxyadenosine monophosphate moiety intracellularly without engaging

ADA, hENT1 or ADK, it allows the contribution of intracellular 3′-deoxyadenosine

nucleotides (CoTP/3′-dATP) to be evaluated independently of the parent nucleoside’s

pharmacokinetic limitations [29] [2].

1.6.5 Integration with CPA-focused signalling models

Lawrence et al. recently used a systems-pharmacology approach to show that cordycepin

consistently represses PI3K/Akt/mTOR and/or MEK/ERK signalling across six cell

lines, with effects on mTOR-dependent translation detectable within 30 min and

largely independent of AMPK activation [25]. Comparing cordycepin’s transcriptomic

footprint with reference perturbations indicated that its action converges on growth-

factor signalling pathways, and metabolic measurements confirmed that CoTP is the

likely active metabolite [25]. When these data are considered alongside the CPA-

factor dependence of inflammatory and signalling responses in macrophages and other

cells [26] [28], a coherent picture emerges in which cordycepin acts primarily as an
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intracellular nucleoside analogue: it must enter cells via nucleoside transporters (or

prodrug mechanisms), be phosphorylated to CoTP (or delivered as a monophosphate),

and then interfere with CPA and/or another CoTP-sensitive component of growth-factor

signal transduction.

Within this framework, adenosine receptors remain relevant as context-dependent

targets in systems where receptor pharmacology is clearly demonstrated. For example,

hippocampal neurons, dermal fibroblasts, and selected tumour models, with the impor-

tant caveat that the extracellular presence of cordycepin in vivo is unlikely given its

pharmacokinetic properties [71] [74]. However, in the macrophage and growth-factor

signalling contexts that dominate this thesis, the combined evidence from transporter

and kinase dependence, 3DI rescue, NUC-7738 ProTide behaviour and CPA-factor

knockdown argues strongly against a primary role for adenosine receptors. Subsequent

chapters will therefore treat adenosine receptors as potential modulators in specific tis-

sues rather than as the main mechanism for cordycepin’s inhibition of PI3K/Akt/mTOR

and MEK/ERK signalling and its anti-inflammatory actions.

1.7 In vivo models and integration.

1.7.1 Animal In Vivo Models

In vivo, the best-characterised inflammatory context for cordycepin is osteoarthritis.

Ashraf et al. showed that oral cordycepin (8–16 mg/kg) reduces pain behaviour,

synovial macrophage infiltration (CD68), synovial proliferation (PCNA), angiogenesis

(nestin/VEGF) and histological synovitis in rat MIA and mouse DMM models of knee

osteoarthritis [28]. Cordycepin also diminishes IL-1β and CD68 mRNA in synovial

tissue, reduces NF-κB p65 intensity in synovial macrophages and lowers osteoclast

markers and cartilage/subchondral bone damage [28]. Immunofluorescence in human

OA synovium and in vitro macrophage models links these in vivo effects to CPA: CPSF4

and NF-κB are upregulated and co-localise in inflamed synovium, and cordycepin

prevents LPS-induced nuclear accumulation of CPSF4, WDR33 and NF-κB in human

and murine macrophages [28] [26]. These findings support the idea that polyadenylation

factors are required for inflammatory gene expression in vivo and that pharmacological
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CPA inhibition by CoTP can simultaneously reduce pain, inflammatory gene expression

and joint pathology.

Across other animal models—acute lung injury, asthma, hepatic and renal inflamma-

tion, neuroinflammation—cordycepin likewise reduces inflammatory markers and tissue

damage, usually in association with reduced NF-κB and MAPK signalling and, in some

cases, increased AMPK activation [13] [31] [54] [52] [53] [75]. Qin et al. summarise these

as evidence that cordycepin interacts with multiple inflammatory targets, but emphasise

consistent suppression of PI3K/Akt/mTOR and NF-κB pathways as a recurrent theme

[31].

Taken together, the anti-inflammatory literature supports three conclusions. First,

cordycepin has robust anti-inflammatory activity in vitro and in vivo across diverse

systems, with especially strong evidence in LPS-stimulated RAW264.7 macrophages,

airway smooth muscle and synovial macrophage–driven osteoarthritis models [13] [54]

[52] [53] [19] [28] [26]. Second, in macrophages and airway cells, these effects are

tightly linked to CoTP-dependent CPA inhibition: inflammatory transcripts show

selective sensitivity to partial polyadenylation blockade, and genetic depletion of CPA

factors (CPSF4/WDR33) phenocopies cordycepin’s impact on NF-κB localisation,

inflammatory gene expression and PI3K/Akt/mTOR readouts [19] [28] [26] [27]. Third,

while cordycepin also suppresses PI3K/Akt/mTOR and ERK signalling, often with

concurrent AMPK activation, current data do not yet identify a unique direct kinase

target; instead, they are compatible with a model in which CPA integrity is necessary

for sustained inflammatory and growth-factor signalling, and CoTP-mediated CPA

inhibition destabilises both cytokine and signalling transcripts.

In the context of this thesis, RAW264.7 and A549 models sit squarely within this

evidence base. In these cells, cordycepin can be treated as an intracellular nucleoside

analogue whose anti-inflammatory effects are mediated by CoTP formation, CPA

inhibition and secondary signalling repression rather than by extracellular adenosine

receptor agonists.

44



1.7.2 Human studies and early clinical trials

Although the biological activities of cordycepin are best characterised in cell and animal

models, a small but growing body of human data now supports anti-inflammatory, organ-

protective and anticancer effects of cordyceps-derived preparations and cordycepin-based

drugs. These studies are heterogeneous in design and formulation (whole Cordyceps

extracts, cordycepin-enriched capsules, and the ProTide NUC-7738), but together they

show that targeting cordycepin/CoTP biology is feasible and biologically active in

patients.

Chronic kidney disease and systemic inflammation.

The most informative cordyceps-based clinical trial for inflammatory disease is a

randomised, placebo-controlled study in chronic kidney disease (CKD). Sun et al.

enrolled 98 adults with stage 3–4 CKD and randomised them to three months of

Cordyceps militaris capsules (100 mg/day) or placebo [76]. HPLC and MS analysis

of the extract showed that cordycepin was the most abundant nucleoside component

(37 mg/100 g dried material), alongside adenosine, uridine and other constituents [76].

Compared with placebo, C. militaris significantly improved renal function markers:

24 h urinary protein fell by ∼37%, blood urea nitrogen by ∼13% and serum creatinine

by ∼18%, with a corresponding improvement in estimated glomerular filtration rate

[76]. Histological analysis of kidney biopsies showed reduced interstitial inflammatory

infiltrates and normalisation of the glomerular basement membrane in the treated group,

whereas placebo patients retained thickened, sclerotic glomeruli [76]. In parallel, the

cordyceps group exhibited favourable changes in lipid and redox profiles (reductions in

triglycerides, total and LDL cholesterol, cystatin C, myeloperoxidase and malondialde-

hyde; increases in HDL cholesterol, nitric oxide and superoxide dismutase) compared

with placebo [76]. These systemic effects indicate that cordyceps-derived therapy can

modify both inflammatory and metabolic risk factors in CKD over a relatively short

time frame.

Mechanistically, Sun et al. measured TLR4/NF-κB pathway markers in renal

biopsies and used HEK293T cells to dissect the contribution of individual nucleosides.
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In patients, C. militaris reduced TLR4, NF-κB p65, COX-2, TNF-α and IL-1β mRNA

and protein levels in kidney tissue relative to placebo [1]. In HEK293T cells, purified

cordycepin recapitulated these changes more strongly than adenosine, uridine or other

components and lost its effect when TLR4 was knocked down, implicating cordycepin

as a key active constituent acting via TLR4/NF-κB signalling [76]. While the multi-

component nature of C. militaris capsules and the absence of direct CoTP measurements

preclude a purely cordycepin-centric interpretation, this trial provides proof of concept

that cordyceps therapy can improve renal function and inflammatory biomarkers in

human CKD and that cordycepin likely contributes to these effects via suppression of

TLR4/NF-κB and oxidative stress.

Immunomodulation in healthy volunteers.

Several placebo-controlled trials in healthy adults have assessed immunomodulatory

effects of Cordyceps preparations, which are relevant as systemic readouts of cordycepin

exposure. In a 12-week randomised, double-blind trial in 100 Korean adults, encapsulated

C. militaris (1.5 g/day) increased NK-cell cytotoxicity and salivary IgA compared with

placebo, without significant adverse events or major changes in standard biochemical

safety parameters [77]. A related study using a mycelial extract of Paecilomyces hepiali

(CBG-CS-2), a cordyceps-type fungus, reported increased NK-cell activity and improved

CD4:CD8 ratios after eight weeks in healthy volunteers [78]. More recently, Ontawong

et al. performed a randomised controlled trial of a fermented C. militaris beverage in

healthy adults; an 8-week intervention delivering 2.85 mg cordycepin per day enhanced

NK-cell activity in both sexes and reduced circulating IL-1β (males) and IL-6 (females)

compared with placebo, again with good tolerability [79].

These trials use whole-fungus preparations with relatively low cordycepin content

and do not directly measure CoTP, but they consistently show that cordyceps-based

products can modulate innate immune function and pro-inflammatory cytokines in

humans without major toxicity. Together with the CKD study, they support the

translational relevance of the anti-inflammatory and immunomodulatory effects seen in

macrophages and animal models, while also emphasising that in the clinic cordycepin

will often be delivered as part of a complex mixture.
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Oncology: Cordycepin combinations in early clinical trials

Earlier work explored direct cordycepin administration in haematological malignancies

in combination with ADA inhibition. A pilot study in terminal deoxynucleotidyl trans-

ferase (TdT)-positive acute lymphoblastic leukaemia combined pentostatin (2–3 mg/m2)

with daily cordycepin (6–24 mg/m2 for three days) to inhibit ADA and allow systemic

cordycepin exposure [80]. Pharmacodynamic monitoring showed that 3 mg/m2 pen-

tostatin achieved 90% ADA inhibition in plasma and blood cells, and dose-escalated

cordycepin produced transient reductions in circulating blasts and partial restoration of

normal haematopoiesis in some patients, with only mild non-haematological toxicity

[80]. However, the small sample size, short treatment duration and lack of long-term

follow-up preclude firm conclusions about efficacy, and subsequent development has

shifted towards ProTides such as NUC-7738 rather than further trials of free cordycepin

with systemic ADA inhibition.

Oncology: ProTide NUC-7738

Direct clinical experience with pure cordycepin in cancer is very limited, but its ProTide

derivative NUC-7738 has now entered multi-centre trials in patients with advanced solid

tumours. NUC-7738 is a 5′-aryloxy phosphoramidate of 3′-deoxyadenosine designed

to bypass three key resistance mechanisms that limit cordycepin: extracellular ADA-

mediated deamination, dependence on equilibrative nucleoside transporters and ADK-

dependent first phosphorylation [29] [2]. In the first-in-human Phase I part of the

NuTide:701 trial, 38 patients with heavily pre-treated advanced solid tumours received

weekly NUC-7738 infusions (14–2000 mg/m2) in a dose-escalation design. NUC-7738 was

well tolerated, with no grade 4 toxicities, low rates of grade 3 events and no dose-limiting

myelosuppression; the recommended Phase II dose was established at 1350 mg/m2

[29] [81] [82]. Pharmacokinetic and pharmacodynamic analyses demonstrated efficient

intracellular generation of 3′-dATP with a prolonged intracellular half-life ( 42 h)

and evidence of NF-κB pathway modulation in tumour biopsies [2] [81]. Signals of

anti-tumour activity were observed, including durable partial responses and disease

stabilisation in melanoma and other solid tumours refractory to standard therapy [29]

[81] [82].
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Subsequent expansion cohorts and combination arms (NUC-7738 plus pembrolizumab)

have reported encouraging disease control rates and prolonged progression-free survival

in PD-1–refractory melanoma and other indications, with a safety profile dominated by

low-grade fatigue, gastrointestinal symptoms and manageable haematological toxicity

[81] [82]. Mechanistically, translational analyses from these trials show that NUC-7738

disrupts RNA polyadenylation and alters gene expression programmes in ways consistent

with the polyadenylation inhibition and growth-factor pathway suppression described

for cordycepin in preclinical models [29] [81]. These human data therefore support the

central premise of this thesis: that intracellular 3′-deoxyadenosine nucleotides can be

delivered safely to patients, achieve pharmacologically relevant exposure, and perturb

polyadenylation and downstream signalling in human tumours.

In summary, human data on cordycepin and cordycepin-derived therapies remain

limited but are consistent with three key themes emerging from preclinical work. First,

Cordyceps preparations enriched for cordycepin can safely modulate inflammatory

pathways, redox status and clinical biomarkers in chronic inflammatory disease (CKD)

and in healthy volunteers, with evidence for TLR4/NF-κB suppression and improved

lipid and oxidative profiles [76] [77] [78] [79]. Second, ProTide chemistry allows direct

delivery of 3′-deoxyadenosine nucleotides to tumours in humans, recapitulating growth-

factor signalling inhibition and CPA disruption with manageable toxicity and early

signs of anti-tumour activity [29] [2] [81] [82]. Third, early cordycepin–pentostatin

combination studies demonstrate proof of concept that ADA protection can unmask

cordycepin’s cytotoxic potential in leukaemia, but also highlight the practical challenges

and toxicity risks of systemic ADA inhibition [80]. These human findings provide

important context and constraints for interpreting the in vivo models discussed above

and motivate the mechanistic studies in RAW264.7 and A549 cells presented later in

this thesis.
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1.8 Biological activities of cordycepin

1.8.1 Anti-proliferative effects: cell death, survival and division

A large body of in vitro work demonstrates that cordycepin exerts robust anti-proliferative

effects in diverse vertebrate cell types, although the effective concentration and mode

of death are strongly cell-type and context dependent. A systematic review of 192 ver-

tebrate cell-culture papers identified 103 datasets with usable IC50 values and reported

a median IC50 of 135 µM (range 15 µM–2 mM) for cordycepin over 24–48 h, with most

values clustering around the median and a minority of almost resistant lines skewing

the distribution [13]. In the same analysis, 65 studies reported apoptosis and eight

reported combined apoptosis and autophagy as the dominant modes of death, whereas

45 studies described little or no cytotoxicity at concentrations that still produced other

biological effects, often around 50 µM [13]. These data already imply that cordycepin

is not purely cytotoxic but can be cytoprotective or neutral at lower doses, depending

on cell state.

Mechanistically, the anti-proliferative effects are largely attributed to induction of

apoptosis and, in some models, autophagic cell death. In breast cancer cells, cordycepin

triggers caspase activation, mitochondrial depolarisation and modulation of BCL-

2 family proteins, with apoptosis and autophagy contributing in parallel to loss of

viability in ER-positive and ER-negative settings [71] [83]. In MCF-7 cells, both purified

cordycepin and Cordyceps militaris extracts increase cleavage of caspases-7/-8/-9, raise

the Bax:Bcl-2 ratio and reduce XIAP expression, consistent with activation of the

intrinsic mitochondrial apoptosis pathway [83]. In colon cancer models, cordycepin

inhibits proliferation via Bax-dependent mitochondrial apoptosis, again supporting a

canonical pro-apoptotic mechanism in transformed cells [84] [5].

Cordycepin also represses proliferation in lung adenocarcinoma lines. In A549

and PC9 cells, 50–200 µM cordycepin reduces viability in a concentration- and time-

dependent manner, concomitant with suppression of ERK/Slug signalling, downreg-

ulation of anti-apoptotic proteins and induction of caspase-dependent apoptosis [85].

Similar concentrations reduce cell numbers below the seeding density in MCF-7 breast
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cancer cells over 72 h and synergise with the ADA inhibitor pentostatin, consistent

with CoTP as the active metabolite and ADA-mediated deamination as a resistance

mechanism [25]. In xenograft models, twice-weekly intravenous cordycepin (22 mg/kg)

slows MCF-7 tumour growth in nude mice, confirming that the anti-proliferative activity

can be realised in vivo when pharmacokinetic barriers are managed [25].

Cell-cycle analyses across 20 flow-cytometry datasets show that cordycepin can

arrest cells in G0/G1, S or G2/M, with no single “signature” phase predominating in

all systems; G2/M arrest is slightly more common but S-phase and mixed S+G2/M

accumulations are also frequent [13]. Doses affecting the cell cycle (median 80 µM)

are similar to those that reduce cell numbers (median IC50 135 µM), but the precise

checkpoint affected clearly depends on cell type, dose and timing. This contrasts with

microtubule poisons, which show characteristic, pathway-specific arrests, and reinforces

the view that cordycepin acts primarily through RNA metabolism and growth-factor

signalling rather than a single classical cell-cycle target.

Complementing these mechanistic studies, high-throughput transcriptomic and

signalling analyses show that cordycepin globally represses growth-promoting pro-

grammes. In six cell lines, cordycepin rapidly (≤ 30 min) dephosphorylates Akt, S6K

and 4E-BP1 and reduces translation, with pathway analysis revealing convergence

on PI3K/Akt/mTOR and ERK cascades and a transcriptional footprint resembling

PI3K/mTOR inhibition [25] [27]. Importantly, AMPK activation is common but not

required for the anti-proliferative phenotype; cordycepin still suppresses growth-factor-

driven gene expression and translation in AMPK-deficient cells [25] [27]. Together, these

data support a model in which intracellular cordycepin nucleotides, particularly CoTP,

impose an anti-proliferative state by combining CPA inhibition, translational repression

and sustained growth-factor signalling blockade, while allowing low-dose, non-cytotoxic

exposures to modulate stress responses and survival in some non-malignant cells [13]

[31] [71].

1.8.2 Effects of cordycepin on cell migration

Cordycepin has a remarkably consistent anti-migratory effect across a wide panel of

vertebrate cells. The systematic review identified 27 vertebrate studies of migration;
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26 reported reduced migration or invasion after cordycepin, in cell types including

carcinoma lines, macrophages, vascular smooth muscle cells and endothelial cells, over

a dose range of 0.4–400 µM (median lowest effective concentration 100 µM) [13]. Only

one study reported no effect, and even there the migration data were incomplete [13]. In

many experiments, cordycepin was used at concentrations that did not yet reduce cell

viability, indicating that impairment of motility is not simply a secondary consequence

of cell death.

In hormone-sensitive LNCaP prostate carcinoma cells, 10–50 µM cordycepin markedly

inhibits migration and invasion in scratch and Matrigel assays. This is accompanied

by reduced expression and activity of MMP-2 and MMP-9, increased TIMP-1/-2,

downregulation of tight-junction proteins and inactivation of PI3K/Akt signalling;

pharmacological inhibition of PI3K phenocopies much of the anti-migratory phenotype

[86]. Similar patterns are seen in other epithelial cancers. In HSC-4 oral squamous

carcinoma cells, cordycepin (10–20 µM) reduces migration and invasion, reverses epithe-

lial–mesenchymal transition (increased E-cadherin, decreased N-cadherin and vimentin)

and impairs FAK/Akt/mTOR signalling; these effects are enhanced by radiotherapy,

consistent with interference in motility and stress-response pathways [87].

Our group’s work extends these observations to growth-factor-driven breast cancer

models. In MCF-7 cells, 10 µM cordycepin significantly slows wound closure over 16 h in

a scratch assay performed in 1% serum, at a concentration that does not yet reduce cell

number, demonstrating a direct anti-migratory effect in the absence of overt cytotoxicity

[25]. In vivo, cordycepin reduces metastatic dissemination in several tumour models,

often in association with reduced MMP expression, lower FAK phosphorylation and

partial reversal of EMT markers, although these studies are more heterogeneous in

design [13] [71].

Mechanistically, the anti-migratory effects converge on known regulators of invasion

and motility. Across multiple systems, cordycepin reduces phosphorylation of FAK

and other focal adhesion components, downregulates MMP-2/-9 and uPA, increases

protease inhibitors (TIMP-1/-2) and strengthens epithelial adhesion markers such as

E-cadherin [13] [71] [86] [87]. In many of these studies, PI3K/Akt and, to a lesser extent,
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ERK signalling are attenuated, and PI3K inhibitors partially mimic the anti-migratory

phenotype [25] [86] [87]. Taken together, the migration data support viewing cordycepin

as an anti-metastatic agent at sub-cytotoxic concentrations, with motility control tightly

coupled to its broader effects on growth-factor signalling and, as discussed elsewhere,

CPA-dependent mRNA maturation.

1.8.3 Effects of cordycepin on the inflammatory response

Overview and scope.

Inflammation is one of the biological activity of cordycepin. The systematic review

identified 54 cell-culture studies and 28 animal studies examining inflammatory readouts;

36 of the cell studies reported broad reductions of inflammatory mediators, one described

selective iNOS inhibition with TNFα induction, and only one reported a robust pro-

inflammatory profile [13]. The most frequently examined outputs included TNFα, IL-1β,

IL-6, TGFβ, NOS2/iNOS, PTGS2/COX-2, PTGES, VCAM-1 and MMP-3/-9 [13].

Macrophages and microglia are the dominant cellular systems, but airway smooth

muscle, epithelial cells (including A549) and other cell types also show consistent anti-

inflammatory responses [13] [31] [54] [52] [53] [19] [28]. At the tissue level, cordycepin

reduces synovitis, lung injury, hepatic inflammation and other pathological inflammatory

processes in multiple rodent models [31] [28] [75].

Because this thesis uses TNF-stimulated A549 cells and LPS-stimulated RAW264.7

macrophages, the focus here is on those models and related systems.

Airway smooth muscle and epithelial models: A549 and related systems.

Kondrashov et al. provided direct evidence that polyadenylation is a selective vulnera-

bility of inflammatory transcripts in human airway cells [19]. In primary human airway

smooth muscle cells, 30–50 µM cordycepin strongly suppresses TNFα/IL-1β-induced

CCL2, CXCL1 and IL8 mRNA while leaving housekeeping mRNAs (e.g. GAPDH,

RPL10A, ACTB) largely unchanged [19]. Cordycepin shortens nuclear poly(A) tails and

specifically affects newly synthesised RNAs, consistent with inhibition of transcription-

coupled polyadenylation [19]. Importantly, NF-κB p65 nuclear translocation and

RNA polymerase II recruitment to inflammatory promoters are not impaired; instead,
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cordycepin causes defects in 3′-end cleavage and transcription termination, leading to ac-

cumulation of uncleaved and readthrough transcripts and loss of mature polyadenylated

mRNA [19]. A non-polyadenylated histone reporter is insensitive to cordycepin, whereas

reporters that depend on poly(A) signals from CXCL1 become cordycepin-sensitive,

and another chain-terminating polyadenylation inhibitor (8-aminoadenosine) and PAPα

knockdown both replicate the selective repression of inflammatory genes [19]. These

findings establish polyadenylation as an authentic targetable node in TNF-driven airway

inflammation and are highly relevant to TNF-treated A549 experiments.

In the same study, TNF-induced chemokine expression (e.g. CXCL1, IL8) in A549

alveolar carcinoma cells is also reduced by cordycepin, and PAPα knockdown in A549

lowers TNF-induced inflammatory transcripts without major effects on total poly(A)

tail length, again indicating a specific sensitivity of inflammatory genes to partial CPA

inhibition [19]. Independent work in lung epithelial systems complements this. In a

mouse model of LPS-induced acute lung injury, cordycepin reduces leukocyte infiltration,

inflammatory cytokines and tissue damage; in vitro, 40–80 µM cordycepin suppresses

LPS-induced, but not TNFα-induced, VCAM-1 expression in A549 cells, pointing

to TLR4-specific anti-inflammatory effects at the epithelial surface [75]. These dual

observations—strong suppression of TNF-driven chemokines via CPA inhibition and

selective inhibition of TLR4-driven VCAM-1—indicate that cordycepin can modulate

both airway-resident structural cells and recruited immune cells via overlapping but

not identical mechanisms.

Macrophages and microglia: RAW264.7 and related models.

LPS-stimulated RAW264.7 macrophages have been the main workhorse system for

defining cordycepin’s anti-inflammatory mechanisms. Early work showed that 10–40 µM

cordycepin significantly reduces LPS-induced production of NO, PGE2, TNFα and

IL-1β, with concordant decreases in NOS2 and PTGS2 protein expression [54]. These

changes are accompanied by suppression of IκBα degradation, reduced phosphorylation

of Akt (Ser473) and p38, and impaired nuclear translocation of NF-κB p65, leading

the authors to conclude that cordycepin inhibits NF-κB activation via the Akt/p38

axis downstream of TLR4 [54]. Subsequent studies extended this to broader signalling
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cascades: in LPS-stimulated RAW264.7 cells, exposure to cordycepin for a duration of

24 hours resulted in a decrease TLR4 expression, blocked phosphorylation of ERK, JNK

and p38, inhibited IκBα and p65 phosphorylation, and reduced DNA binding of NF-κB,

resulting in attenuated expression of NOS2, PTGS2, TNFα and IL-1β [52]. Similar

signalling patterns—suppression of MAPKs and NF-κB—have been observed in BV2

microglia, where cordycepin decreases production of TNFα, IL-1β and NO in response

to LPS [53].

Our group’s work in RAW264.7 macrophages adds an additional mechanistic layer by

connecting these inflammatory phenotypes to cleavage and polyadenylation. Microarray

and RNA-Seq analyses show that 20 µM cordycepin markedly represses LPS-induced ex-

pression of inflammatory “master regulators” (e.g. Tnf, Il1b, Acod1) and NF-κB/MAPK

pathway genes while inducing a distinct subset of stress-response transcripts [26] [27].

Immunohistochemistry demonstrates that cordycepin prevents LPS-induced nuclear

accumulation of NF-κB p65, CPSF4 and WDR33 and reduces the nuclear:cytoplasmic

ratio of these factors, consistent with interference in both signalling and CPA-factor

recruitment [28] [27]. Crucially, siRNA knockdown of WDR33 or CPSF4 in RAW264.7

cells, in the absence of cordycepin, recapitulates many of these inflammatory and

signalling phenotypes: reduced induction of Tnf and Il1b mRNAs, decreased NF-κB p65

nuclear localisation, and suppression of PI3K/Akt/mTOR readouts such as p-Akt and

p-4E-BP1 [26] [27]. These data strongly suggest that CPA factors are required for full

LPS/TLR4-driven inflammatory responses and that CoTP-mediated CPA inhibition

can phenocopy genetic depletion of CPSF4/WDR33.

At the level of RNA processing, cordycepin shortens nuclear poly(A) tails and

reduces the efficiency of 3′-end cleavage and transcription termination for inflammatory

transcripts, leading to loss of export-competent mRNPs and the production of mRNAs

with truncated tails that are rapidly deadenylated and degraded in the cytoplasm [19]

[26]. Mechanistic synthesis work from our group proposes that CoTP terminates poly(A)

extension and traps CPSF4/WDR33 on incompletely processed 3′ ends, thereby creating

a rate-limiting constraint in CPA-factor availability that is particularly detrimental to

rapidly induced NF-κB targets such as Tnf and Il1b [26] [27]. In this view, the anti-
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inflammatory phenotype arises from the intersection of (i) reduced nuclear throughput

of cytokine transcripts, (ii) shortened cytoplasmic poly(A) tails that accelerate decay

and impair closed-loop formation, and (iii) suppression of PI3K/Akt/mTOR signaling

occurs via an unidentified RNA, referred to as the RNA target of cordycepin (RToC),

whose function is influenced by alterations in polyadenylation, as described in section

1.5.3. This mechanism is unlikely to depend on the synthesis of a protein from this

RNA. [54] [52] [26] [27] [69] [70].

1.9 Thesis aims and summary of findings

1.9.1 Thesis aims

The overarching aim of this thesis is to elucidate how cordycepin (3′-deoxyadenosine) and

its metabolites, particularly 3′-deoxyinosine (3DI) and 3′-deoxyadenosine triphosphate

(CoTP/3′-dATP), modulate inflammatory gene expression and growth-factor signalling

through effects on mRNA 3′-end processing and polyadenylation. A central working

model is that cordycepin does not suppress PI3K/Akt/mTOR signalling through direct

kinase inhibition, but instead acts by altering the polyadenylation of one or more RNA

species whose polyadenylation-dependent functions are sensitive to cordycepin. In

this framework, an “RNA target of cordycepin” (RToC) is defined as an RNA whose

disrupted 3′-end processing is sufficient to reshape growth-factor signalling outputs and

which may act without encoding a protein product.

This model is motivated by several lines of evidence. Mechanistically, CoTP is

known to interfere with cleavage and polyadenylation, trapping CPSF components at 3′

ends and altering poly(A)-tail homeostasis. In parallel, independent studies show that

direct inhibition of protein synthesis with cycloheximide or anisomycin paradoxically

activates Akt via PI3K/PDK1- or NO–sGC–cGKII-dependent pathways, rather than

suppressing it [69] [70]. In contrast, cordycepin consistently represses PI3K/Akt/mTOR

signalling. Together, these observations argue against a simple “translation block =

signalling suppression” model and instead support an RNA-centred mechanism in which

CPA-sensitive transcripts act upstream of PI3K/Akt/mTOR.

Against this background, the specific objectives of the thesis are:
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1. To define the metabolic “rescue” pathways that link 3′-deoxyinosine (3DI) to active

cordycepin nucleotides.

This objective addresses how 3DI, the major circulating metabolite of cordycepin

in vivo, is salvaged back to CoTP/3′-dATP in epithelial cells and macrophages,

with particular emphasis on the roles of adenine phosphoribosyltransferase (APRT)

and the macrophage-restricted enzyme FAMIN/LACC1.

2. To identify genetic determinants of cordycepin resistance using haploid insertional

mutagenesis.

Using piggyBac gene-trap libraries in eHAP cells, this objective seeks to map

genes and pathways whose loss-of-function confers a survival advantage in cordy-

cepin, including nucleoside transport and salvage, RNA 3′-end processing, and

AMPK–mTOR–autophagy modules. Within this framework, a particular goal

is to highlight loci whose disruption could implicate candidate RNA targets of

cordycepin (RToC).

3. To compare the anti-inflammatory and signalling signatures of natural and syn-

thetic cordycepin and the ProTide NUC-7738.

Here, bulk RNA-seq is used to test whether fermentation-derived cordycepin, chem-

ically synthesised cordycepin, 3DI and NUC-7738 produce equivalent transcrip-

tional and pathway-level responses in LPS-stimulated RAW264.7 macrophages,

and to exclude preparation-specific contaminants as the primary drivers of activity.

4. To quantify poly(A)-tail remodelling induced by cordycepin and NUC-7738 at later

time points. Using Oxford Nanopore long-read sequencing, this objective examines

how 120-minute exposure to cordycepin or NUC-7738 reshapes genome-wide

poly(A)-tail length distributions and how these changes relate to altered transcript

abundance and pathway-level outputs.

5. To resolve the early temporal relationship between poly(A)-tail dynamics, tran-

script abundance and pathway repression.

By profiling poly(A)-tail length and gene expression at an early 15-minute time
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point, this objective aims to capture the proximal consequences of CPA inhi-

bition, distinguish primary from secondary responses, and narrow down a set

of cordycepin-sensitive transcripts that could serve as candidate RToC species

linking CPA disruption to PI3K/Akt/mTOR restraint.

Collectively, these aims are designed to connect the pharmacokinetics and metabolism

of cordycepin and 3DI to their effects on CPA, poly(A)-tail dynamics, inflammatory gene

expression, and growth-factor signalling, and to generate concrete, testable hypotheses

about RNA intermediates that mediate these effects.

1.9.2 Summary of findings

The experimental chapters converge on a coherent model in which cordycepin acts

primarily as an intracellular nucleoside analogue: it must be taken up, phosphorylated

to its nucleotide forms, and then perturbs CPA and downstream signalling in a way

that selectively restrains inflammatory and growth-factor pathways.

First, Cordycepin undergoes rapid deamination to 3′-deoxyinosine (3DI), a process

known to substantially constrain its biological efficacy. To delineate the metabolic fate

of cordycepin, we employed siRNA-mediated knockdown and pharmacological inhibition

of candidate enzymes that might reconvert 3DI to cordycepin. The resulting data

demonstrated that, unexpectedly, cordycepin activity in tissue culture is contingent upon

a previously unrecognized salvage pathway involving adenine phosphoribosyltransferase

(APRT) and, in macrophages, the enzyme FAMIN/LACC1. These enzymes appear to

direct the metabolism of adenine-conjugated 3′-deoxyribose, thereby facilitating the

production of CoTP and the suppression of LPS-induced inflammatory gene expression.

Results obtained with 3DI indicated potential distinctions between the dependence of

3DI and cordycepin on these salvage pathways; however, definitive interpretation was

impeded by the detection of cordycepin contamination in the 3DI preparations.

Second, a haploid piggyBac survival screen in eHAP cells identifies three broad

classes of resistance mechanisms. Loss-of-function insertions in ADK are the most
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robust and recurrent hits across doses and platforms, confirming that phosphory-

lation to cordycepin mono/di/triphosphates is required for cytotoxicity. A second

class comprises genes involved in RNA 3′-end formation, deadenylation and RNA

maturation (e.g. CNOT6, PARN, Integrator components), consistent with the role

of cordycepin as a polyadenylation inhibitor and indicating that the state of mRNA

3′-end processing modulates sensitivity. A third class includes genes in AMPK–mTOR

signalling, autophagy, mitophagy, ER–mitochondrial coupling and ubiquitin-dependent

proteostasis (e.g. PPP2R2B, ATG5, VPS41, UBE2D1, CASP8), pointing to integrated

stress-response and quality-control pathways that shape survival under cordycepin.

Within this screen, the long non-coding RNA LINC03121 (Lnc-PLA2G4A-4) emerges

as a striking, though platform-specific, hit: under hyPB at 200 µM cordycepin,

LINC03121 accounts for ≈ 10.86 % of insertions versus 0.21 % in DMSO controls.

This non-coding RNA has been documented to be involved in AKT signalling [88].

Third, comparative transcriptomics in LPS-stimulated RAW264.7 macrophages show

that natural and synthetic cordycepin induce highly similar gene-expression and pathway

signatures. Both preparations repress a broad panel of inflammatory transcripts and

down-regulate pathways linked to NF-κB, interferon signalling, PI3K/Akt/mTOR

and mTOR-dependent translation. The ProTide NUC-7738 reproduces these core

features when used at concentrations that generate comparable 3′-deoxyadenosine

nucleotide exposure, supporting the view that the shared active species is intracellular

CoTP/3′-dATP rather than preparation-specific contaminants, ruling out contaminants

as the primary drivers of activity.

Fourth, long-read nanopore sequencing reveals that cordycepin and NUC-7738 induce

rapid, genome-wide poly(A)-tail shortening at 120 minutes, with concomitant reductions

in the abundance of many inflammatory and growth-factor-linked transcripts. A smaller

subset of transcripts shows tail lengthening and relative sparing of abundance, often

enriched for mitochondrial and metabolic functions, suggesting selective stabilisation

of mRNAs that support cellular bioenergetics under stress. These data link CPA

inhibition directly to altered mRNA stability and provide a transcriptome-wide view of
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how cordycepin re-weights the post-transcriptional landscape.

Fifth, early-timepoint (15-minute) analyses demonstrate that cordycepin triggers

detectable poly(A)-tail remodelling and expression changes before wholesale transcrip-

tional re-programming occurs. Even at this short exposure, transcripts associated with

translation control, signal transduction and growth-factor signalling exhibit coordinated

shifts in tail length and abundance. These early changes support a model in which

interference with CPA and poly(A)-tail homeostasis is a proximal event that precedes,

and likely contributes to, the downstream repression of PI3K/Akt/mTOR signalling

and inflammatory gene induction.

Integrating these findings with the literature on translational inhibitors and Akt

activation, the thesis advances the hypothesis that suppression of PI3K/Akt/mTOR by

cordycepin is mediated by one or more non-coding RNAs whose polyadenylation-dependent

function is disrupted by CoTP. In particular, the convergence of (i) strong loss-of-function

enrichment of LINC03121 (Lnc-PLA2G4A-4) in the haploid screen, (ii) external evi-

dence that LINC03121 (Lnc-PLA2G4A-4) promotes p-EGFR/p-AKT signalling via a

miR-23b-3p/versican axis [88], and (iii) global evidence that cordycepin perturbs CPA

and poly(A)-tail dynamics, leads this thesis to propose LINC03121 (Lnc-PLA2G4A-4)

as a leading candidate RToC. This model—whereby cordycepin-induced disruption of

LINC03121’s polyadenylation and ceRNA function would relieve versican expression

and dampen EGFR → Akt signalling—is explicitly framed as a testable hypothesis in

the Conclusion and proposed as a focus for future mechanistic work rather than as a

mechanism already proven here.

In summary, the thesis links cordycepin’s pharmacokinetics and nucleoside rescue

metabolism to CPA inhibition, poly(A)-tail remodelling, and restrained PI3K/Akt/mTOR

signalling, and closes by nominating a specific non-coding RNA, LINC03121, as a plau-

sible RNA intermediate that could connect these layers.
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Chapter 2

Methods

2.1 Material and Methods Overview

This PhD project covers multiple fields, such as analytical chemistry, molecular biology,

and bioinformatics. As a result, a diverse set of methodologies have been employed,

including molecular biological techniques, cell culture experiments, haploid genetic

screening, RNA-Seq using Oxford Nanopore technology long reads, Dorado basecalling

to estimate and analyse Poly(A) tail lengths with NanopLen, and integrated chro-

matography and mass spectrometry protocols with targeted metabolomics analyses.

Reagents, chemicals, and media used throughout the project are detailed in table 2.1,

while computer software is documented in table 2.2.

Table 2.1: Reagents, chemicals and media used

Reagent/Material Use(s) Supplier

Reliaprep® RNA Cell Miniprep

System

RNA extraction - caterpillars Promega

- BL + TG buffer

- RNA wash solution

- DNase I

- Yellow core buffer

- MnCl2 (0.09M)

Continued on next page
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Table 2.1 – Continued from previous page

Reagent/Material Use(s) Supplier

- Column wash solution

SuperScript® III First-Strand Syn-

thesis System

Reverse transcription ThermoFisher

- Random hexamers

- dNTPs

- First Strand Buffer

- Dithiothreitol (DTT)

- Superscript III

GoTaq® qPCR Master Mix Quantitative polymerase chain

reaction (qPCR)

Promega

Distilled, deionised water (ddH2O) General use

Isopropanol (HPLC grade) RNA Extraction VWR

Methanol (LC-MS grade) LC-MS (sample preparation;

solvent)

VWR

Acetonitrile (LC-MS grade) LC-MS (phases) VWR

Ammonium Carbonate LC-MS (phases) VWR

Trypan Blue (0.4%) Cell counting ThermoFisher

Dimethyl sulfoxide (DMSO) Vehicle control Sigma-Aldrich

Foetal Bovine Serum (FBS) Cell culture Gibco

Phosphate-buffered saline (PBS) Cell culture ThermoFisher

Oligonucleotides/Primers qPCR SigmaAldrich /

Merck

DMEM Medium for RAW264.7 cells SigmaAldrich

Continued on next page
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Table 2.1 – Continued from previous page

Reagent/Material Use(s) Supplier

DMEM/F12 Medium for A549 cells SigmaAldrich

Iscove’s Modified Dulbecco’s

medium

Medium for eHAP cells SigmaAldrich

PrestoBlue Cell Viability Reagent Cell viability assays Invitrogen

Dharmacon specific siRNA oligonu-

cleotides

Gene knockdown Horizon Dis-

covery

Lipofectamine RNAiMAX Trans-

fection Reagent

Transfection Reagent - In Vitro

Delivery of siRNA

Invitrogen /

ThermoFisher

INTERFERin Transfection

Reagent

Transfection Reagent - In Vitro

Delivery of siRNA

Polyplus

Cordycepin (3′-deoxyadenosine) Cell treatments Carbosynth

(Biosynth

since 09 - 2022

3′-Deoxyinosine (3DI) Cell treatments Santa Cruze

Biotechnology

NUC-7738 Cell treatments NuCana (a

gift)

Lipopolysaccharide (LPS) Inflammatory stimulus Sigma-Aldrich

Tumor Necrosis Factor-α (TNF-α) Inflammatory stimulus ThermoFisher

62



Table 2.2: Computer software used

Software name Use

Microsoft Office Excel® 365 General data analysis and calculations

GraphPad Prism® 10 Visualization and statistical evaluation for

qPCR and siRNA data

R version 4.5.1 Advanced data statistics and figures (e.g.

DGE and heatmaps)

Python version 3.13.0 Advanced data processing, statistics, and

figures (e.g. NanopLen and volcano plots)

edgeR from Bioconductor Differential gene expression

IsoQuant ONT isoform and genes quantification

Dorado ONT basecalling

NanopLen Poly(A) tail analysis

pod5 Converting fast5 to pod5 for poly(A) esti-

mation

QIAGEN IPA Pathway analysis

ACD/Labs Spectrus Processor LC-MS/MS visualization

Thermo XCalibur® Overview of LC-MS on the (Q-)Exactive

mass spectrometer; operation of liquid chro-

matography method

2.2 Cell Culture and Maintenance

2.2.1 Cell Lines and Culture Conditions

The RAW264.7 macrophages were cultured in Dulbecco’s Modified Eagle Medium

(DMEM; Sigma; 6429) supplemented with 10% foetal bovine serum (FBS; Gibco;

11550356). Cells were passaged when confluency reached ≈ 70-80% in culture flasks
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at ratios of 1:12. For passaging; RAW264.7 macrophages were suspended in culture

media by scraping with sterile cell scrapers (Fisher Scientific; 11597692). RAW264.7

macrophages were used at passages ranging from 10 to 30 throughout this study. Prior

to treatments, RAW264.7 macrophages were incubated for 24 hours in DMEM media

supplemented with 0.5% FBS.

A549 cells were cultured in DMEM/F12 medium supplemented with 10% fetal bovine

serum (FBS; SigmaAldrich). Cells were passaged when they reached approximately

70-80% confluency in culture flasks, using a 1:5 ratio. For passaging, the A549 cells

were rinsed with sterile PBS before being detached from the flask by incubating for 5

minutes at 37°C with 5% CO2 in 1x Trypsin-EDTA in PBS (FisherScientific; 10779413).

Fresh culture medium was used to collect cells from the flask for passaging. A549 cells

used in this study were at passages between 30 and 40. A549 cells were maintained in

serum-free DMEM/F12 medium overnight prior to being treated with TNF.

eHAP cells were cultured in Iscove’s Modified Dulbecco’s medium supplemented

with 10% FBS and 1% penicillin/streptomycin. Cells were maintained at 37 °C in a

humidified environment with 5% CO2. The cells were split when they were 65-70%

confluent, with all experimental passages ranging from 6-30 in culture flasks.

The human breast adenocarcinoma cell line MCF-7 was maintained in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 10% % fetal bovine serum (FBS),

1% L-glutamine (Sigma; G7513) and 1% Penicillin/Streptomycin (Sigma; P4333).

Subculture was initiated when cell confluence reached approximately 70-80% within the

culture flasks, employing a split ratio of 1:3. For the passaging process, MCF-7 cells were

washed with sterile phosphate-buffered saline (PBS) prior to the detachment procedure,

which involved a 5-minute incubation at 37°C with 5% CO2 using 1x Trypsin-EDTA

in PBS (FisherScientific; 10779413). The cells were then harvested with fresh culture

medium to facilitate passaging. Throughout this study, MCF-7 cells were utilized in

passages ranging from 4 to 25.

Cells were incubated in serumfree media to synchronize in a quiescent state prior

to activation of inflammatory signaling cascades. Serum starvation stops cellular

proliferation and metabolism, allowing for a more controlled evaluation of the signaling
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responses induced by subsequent inflammatory triggers. This synchronization step helps

reduce the basal variability in inflammatory gene expression between samples.

2.3 Treatment Conditions

In this study, various bioactive compounds were used in differing concentrations based

on the cell line used. RAW264.7 macrophages and A549 cells were initially seeded at

predetermined cell densities using a hemocytometer. After a 24-hour period, the initial

culture medium was replaced, as detailed in section 2.2.1. The cells were then rinsed

with PBS and cultured for another 24 hours in a fresh medium containing reduced

FBS or no FBS (0.5% FBS for RAW264.7 macrophages and no FBS for A549 cells)

before undergoing treatment. To provoke an inflammatory response in RAW264.7

macrophages, bacterial lipopolysaccharide (LPS; Sigma; L4774) was used as outlined in

the figure captions. For A549 cells, the inflammatory response was stimulated using

Human Tumor Necrosis Factor - α (TNF; Sigma-Aldrich; H8916). MCF-7 cells were also

seeded at specific densities using a hemocytometer 24 hours before treatment, without

undergoing starvation.

The treatment concentrations used in this study are summarized in Table 2.3 and

detailed within the corresponding figure descriptions in the Results section. These

concentrations were validated through independent experiments that I performed

(described in Chapter 3) or confirmed based on established protocols from previous

research conducted in our laboratory. The subsequent sections specify the seeding

densities applied for each experimental condition.
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Table 2.3: Treatment compounds and concentrations

Compound Concentration

Range

Cell Line Treatment

Duration

Purpose

Cordycepin 20 µM (RAW264.7),

50–200 µM (A549,

eHAP)

RAW264.7,

A549, eHAP,

MCF-7

15 min–72 h Active compound

3′-

Deoxyinosine

200 µM A549,

RAW264.7

1 h Metabolite rescue

NUC-7738 200 µM RAW264.7 1 h ProTide com-

parator

LPS 1 µg/mL RAW264.7 1 h Inflammatory

stimulus

TNF-α 10 ng/mL A549 1 h Inflammatory

stimulus

DMSO 0.05–0.1% (v/v) RAW264.7,

A549, eHAP,

MCF-7

Matched to

compound

Vehicle control

2.4 Small Interfering RNA (siRNA) Transfection

2.4.1 siRNA Knockdown in RAW264.7 cells

The RAW264.7 macrophages were seeded in 6-wells at a density of 150000 cells per

well to restrict over-confluency, as this procedure requires an extra 24 hours of incu-

bation compared to other procedures. The cells were allowed to adhere for 24 hours.

Subsequently, the siRNA transfection complexes were prepared in a total volume of

300 µL of Opti-MEM medium for each siRNA condition. siRNA stock solutions were

prepared at a concentration of 100 µM and subsequently diluted to 10 µM by mixing

10 µL of the 100 µM siRNA stock with 90 µL of RNase-free water. Lipofectamine
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RNAiMAX (Thermo Fisher Scientific) was used as transfection reagent for all RAW264.7

experiments, following the manufacturer’s recommended protocol as follows Table 2.4.

Table 2.4: Transfection mixture composition

siRNA mixture Lipofectamine mixture

Optimem 145 µl Optimem 142.5 µl

siRNA 5 µl Lipofectamine 7.5 µl

The components were gently combined using slow vortexing for approximately 10

seconds, followed by incubation at room temperature for 5–10 minutes to facilitate the

formation of transfection complexes between siRNA and Lipofectamine. Meanwhile,

the culture medium in each well was replaced with 1.7 mL of fresh pre-warmed medium

containing 10% FBS. Subsequently, 300 µL of the prepared transfection mixture was

carefully added to each well (to give a final concentration of 25 nM siRNA in a medium

volume of 2 ml) and mixed with gentle swirling to ensure an even distribution. The

plate was then incubated for an additional 24 hours. On the third day, a new siRNA

mixture was prepared and incubated for 10 minutes as described above. During this

time, the medium was removed and the cells were rinsed with PBS before adding 1.7

mL of medium containing 0.5% FBS to each well. A further 300 µL of the siRNA

mixture was added and the cells were incubated for another 24 hours. The following

day, cells were treated with either cordycepin (20 µM) or 3DI (200 µM) for a total of

120 minutes; LPS was added 60 minutes after the start of compound treatment (i.e.

in the presence of the compound) and cells were stimulated for a further 60 minutes

before being harvested for RNA isolation.

The lipofectamine RNAiMAX transfection reagent (cat no 13778150) was purchased

from Thermo Fisher Scientific. SMARTpool: ON-TARGETplus Mouse Lacc1 siRNA

(cat no L-052159-01-0005), SMARTpool: ON-TARGETplus Aprt Mouse siRNA (cat

no L-042945-02-0005), and SMARTpool: ON-TARGETplus Adk Mouse siRNA (cat no

L-062728-00-0005) were purchased from Dharmacon.
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2.4.2 siRNA Knockdown in A549 cells

A549 lung carcinoma cells were seeded in 6-well plates at a density of 60000 cells

per well to restrict over-confluency, as this procedure requires an extra 24 hours of

incubation compared to other procedures. The cells were allowed to adhere for 24 hours.

Subsequently, the siRNA transfection complexes were prepared in a total volume of

208 µL of Opti-MEM medium for each siRNA condition. siRNA stock solutions were

prepared at a concentration of 100 µM and subsequently diluted to 2 µM by mixing

2 µL of the 100 µM siRNA stock with 98 µL of RNase-free water. INTERFERin

(Polyplus) was used as a transfection reagent for all A549 experiments, following the

manufacturer’s recommended protocol as follows:

siRNA mix per well:

• 194.5 µl Opti-MEM

• 5.5 µl siRNA at 2 µM concentration

• 8 µl INTERFERin (Polyplus) vortex it for 5 seconds and spin it down

The components were gently combined using slow vortexing for approximately 10

seconds, followed by incubation at room temperature for 10 minutes, not exceeding

30 minutes, to facilitate the formation of transfection complexes between siRNA and

INTERFERin. Meanwhile, the culture medium in each well was replaced with 2 mL of

fresh pre-warmed medium containing 10% FBS. Subsequently, 200 µL of the prepared

transfection mixture was carefully added to each well (to give a final concentration of 5

nM siRNA in 2.2 ml medium volume) and mixed by gentle swirling to ensure an even

distribution. The plate was then incubated for an additional 24 hours. On the third

day, a new siRNA mixture was prepared and incubated for 10 minutes as described

above. During this time, the medium was removed and the cells were rinsed with PBS

before adding 2 mL of serum-free medium to each well. A further 200 µL of the siRNA

mixture was added and the cells were incubated for another 24 hours. The following

day, cells were treated with either cordycepin (50 µM) or 3DI (200 µM) for a total of

120 minutes; TNF was added 60 minutes after the start of compound treatment (i.e.
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in the presence of the compound) and cells were stimulated for a further 60 minutes

before being harvested for RNA isolation.

The INTERFERin transfection reagent (cat no 101000028) was purchased from

Polyplus. SMARTpool: ON-TARGETplus Human FAMIN siRNA (cat no L-015653-

02-0005), SMARTpool: ON-TARGETplus APRT Human siRNA (cat no L-006328-00-

0005), SMARTpool: ON-TARGETplus ADK Human siRNA (cat no L-004733-00-0005),

SMARTpool: ON-TARGETplus ADSS2 Human siRNA (cat no L-009289-00-0005), and

ON-TARGETplus NT5C2 Human siRNA (cat no L-009420-01-0005) were purchased

from Dharmacon.

2.5 RNA Extraction, cDNA Synthesis, and Quantita-

tive Real-Time PCR (qPCR)

For the RAW264.7 cell line, 300,000 cells, and for the A549.7 cell line, 150,000 cells

were seeded in 6-well tissue culture plates, each in a maximum of 3 ml of cell culture

media. Total RNA was isolated from the cells using the ReliaPrep™ RNA Cell Miniprep

System (Cat. No. Z6012; Promega) according to the manufacturer’s protocol, with

the modification of extending the DNase treatment to 1 hour instead of 15 minutes.

The RNA was eluted in 15–20 µL of nuclease-free water into non-stick RNase-free

tubes supplied with the kit. RNA quantity and purity were assessed using a Nan-

oDrop 1000 spectrophotometer (Thermo Fisher Scientific). Samples exhibiting 260/280

ratios between 2.00 and 2.20 were considered of acceptable purity and suitable for

cDNA synthesis. Although the 260/230 ratio was documented to account for potential

downstream variability, it was not used as an exclusion criterion. Isolated RNA was

stored at -20 °C for short-term use and at -80 °C for long-term preservation to minimize

degradation.

cDNA was synthesised using the SuperScript III Reverse Transcriptase kit (Invit-

rogen, Cat. No. 10368252) following the manufacturer’s protocol, starting from 500

ng of RNA. For each 500 ng RNA reaction, RNA was first incubated at 65–70 °C for

5 minutes with 2 µL of random primers (30 ng/µL; Fisher Scientific Ltd., Cat. No.

69



10646313), 1 µL of dNTP mix (10 mM; Fisher Scientific Ltd., Cat. No. 11863933), and

nuclease-free water to a final volume of 14.5 µL. The mixture was then cooled on ice for

5 minutes before adding 4 µL of 5× First-Strand Buffer, 1 µL of DTT (100 mM), and

0.5 µL of SuperScript III enzyme to a final volume of 20 µL. The reverse transcription

reaction was carried out at 50 °C for 1 hour, followed by enzyme inactivation at 70

°C for 15 minutes. The resulting cDNA was diluted 1:10 with nuclease-free water for

subsequent qPCR analysis.

Relative mRNA levels were assessed using qPCR on a Qiagen Rotor-Gene Q qPCR

cycler, employing the GoTaq qPCR system (Promega, Cat. Number: A6002). The

GoTaq qPCR master mix was prepared by combining 5 µl of the GoTaq qPCR Mastermix

(2x), 2 µl of nuclease-free water, and 0.5 µl of gene-specific primer pairs (Forward and

Reverse primers at 20 µM). The primer sequences are provided in table 2.5. For each

target mRNA, a 10 µl reaction mixture was prepared, consisting of 2 µl of 1:10 diluted

cDNA and 8 µl of the GoTaq qPCR master mix, in triplicate.

The qPCR thermal cycling conditions on the Qiagen Rotor-Gene Q system began

with an initial denaturation at 95 °C for 5 minutes, followed by 40 amplification cycles

consisting of denaturation at 95 °C for 10 seconds, annealing at 60 °C for 20 seconds,

and extension at 72 °C for 20 seconds. Relative mRNA expression levels were measured

in triplicate, normalized to the GAPDH reference gene, and expressed as mean relative

values per target gene. Quantitative data analysis was performed using the comparative

fold-change method (2−∆∆Ct).

2.5.1 Designing qPCR primers for mature RNA (mRNA)

Primers targeting mRNA were designed using NCBI Primer-Blast, based on the mRNA

sequences retrieved from the NCBI database. The selected primer sets were subsequently

validated in NCBI Primer-Blast to confirm target specificity for the intended mRNA. The

expected amplicon length ranged between 150 and 250 nucleotides, with a maximum

allowable melting temperature (Tm) difference of 2 °C between primer pairs. The

guanine–cytosine (GC) content was maintained within 40–60%, and self-complementarity

or 3′-complementarity was minimized to prevent the formation of primer-dimers and

hairpin structures. The complete list of primer sequences employed in this study is
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provided in Table 2.5.

Table 2.5: qPCR primer sequences

Mouse (Mus musculus) Primers

Target RNA

(mature)

Strand Orienta-

tion

Primer Sequence (5’-3’)

Acod1 (Irg1 ) Forward ACTCCTGAGCCAGTTACCCT

Reverse CTGTGACAGACTTGAGCATCAT

Aprt Forward GGAGTATGGGAAGGCTGAG

Reverse CCAGGAGGTCATCCACAAT

Lacc1 Forward ACAGAACATTCAAGACCAGAA

Reverse CCAGCCAAGAACCTCATT

Adk Forward GTGGCTCAGTGGTTGATT

Reverse GCTCGTTCTGCTCATAGTAAT

Gapdh Forward AAGAAGGTGGTGAAGCAGGC

Reverse ATCGAAGGTGGAAGAGTGGG

Il1ß Forward AGATGAAGGGCTGCTTCCAAA

Reverse GGAAGGTCCACGGGAAAGAC

Rpl28 Forward TACAGCACGGAGCCAAATAA

Reverse ACGGTCTTGCGGTGAATTAG

Tnf Forward CTATGGCCCAGACCCTCACA

Reverse CCACTTGGTGGTTTGCTACGA

Human (Homo sapiens) Primers

Target RNA

(mature)

Strand Orienta-

tion

Primer Sequence (5’-3’)

CXCL1 Forward GATGCTGAACAGTGACAA

Continued on next page
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Table 2.5 – Continued from previous page

Target RNA

(mature)

Strand Orienta-

tion

Primer Sequence (5’-3’)

Reverse ACACATTAGGCACAATCC

CXCL8 Forward TAGGACAAGAGCCAGGAA

Reverse AAACTGCACCTTCACACA

NT5C2 Forward TGCGTCAGGTGGATACTAA

Reverse TCCCAACAGGTCACAGAT

ADSS2 Forward GGAACAACAGAGACAAGAACAAG

Reverse GGTCGCACATCCTGAGTC

ADK Forward GTGGCTCAGTGGATGATTCA

Reverse CTGCTCATTCTGCTCGTAGTAAT

FAMIN

(LACC1 )

Forward GAGAGGAGTCACAATAGCA

Reverse AGCATTCACTGTAGCCATA

APRT Forward GAGTACGGGAAGGCTGAG

Reverse ATCATCCACGACGACCAC

GAPDH Forward CCTCAAGATCATCAGCAATG

Reverse GAGTCCTTCCACGATACC

PITPNC1 Forward GCCTATCATGTGCTCCTAC

Reverse GCCTGTCTATGTCCAATCA

PNP Forward TCCGGATTCTCTGCTCTC

Reverse CTCTGACCTTTGCCAGGAG

RPL10A Forward ATCAAGCAGATTCCACGAA

Reverse CCAGACATAACACCTTCTTCAT

ADSL Forward CCCACATTAGGTTTCACACATT

Continued on next page
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Table 2.5 – Continued from previous page

Target RNA

(mature)

Strand Orienta-

tion

Primer Sequence (5’-3’)

Reverse ATCTCGGACACGCTTCAA

2.6 Liquid Chromatography – Mass Spectrometry

(LC-MS)

LC-MS analyses were performed with the assistance of Rakesh Jha at the Centre

for Analytical Bioscience (CAB), University of Nottingham, who operated the mass

spectrometer and provided guidance on instrument calibration and data acquisition.

Sample preparation, experimental design, data interpretation and all downstream

analyses were performed by the candidate.

The method selected to chemically evaluate the purity of the treatments used in this

thesis was liquid chromatography-mass spectrometry (LC-MS) analysis. Compared to

UV detection, LC-MS offers a more selective approach for identifying small molecules

and generally provides data with reduced background interference from solvents.

The instrumentation selected for this study consisted of a hydrophilic interaction

liquid chromatography (HILIC) column in conjunction with Thermo Exactive® Or-

bitrap mass spectrometer, accessible through CAB. This selection was based on the

high resolution and selectivity characteristics of this configuration, particularly for the

analysis of polar compounds.

2.6.1 Samples Preperation

Cordycepin (Carbosynth), cordycepin (phyproof Reference Substance; cat. no. PHL82505;

Merck) and 3′-deoxyinosine (Santa Cruz Biotechnology; cat. no. CAS 13146-72-0) were

dissolved in 50% methanol (MeOH:ddH2O, 1:1 v/v). Ten milligrams of cordycepin

compounds were dissolved in 3.98 mL of 50% MeOH to obtain 10,000 µM (10 mM)

stock solutions. The working standards were then prepared by serial dilution of the 10

mM stock solutions in 50% MeOH to yield concentrations of 1, 5, 10, 25, 50 and 100
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µM (≥ 500 µL per level to accommodate replicates and re-injections). Once prepared,

the samples were stored at -80°C until LC-MS analysis.

Immediately prior to injection, all standards were diluted 1:10 with 50% MeOH (1

part standard + 9 parts solvent), resulting in final injected concentrations ranging from

0.1 to 10 µM (100 to 10,000 nM).

The Quality-control (QC) pool was prepared as follows: A 200 µL QC mixture was

prepared by combining 40 µL from each of five 25 µM working solutions in 50% MeOH,

comprising phyproof cordycepin, synthetic cordycepin, cordycepin-601, 3′-deoxyinosine

(Santa Cruz) and 3′-deoxyinosine (Biosynth). This mixture contained 5 µM of each

analyte prior to injection. Consistent with analytical standards, the QC mixture was

further diluted 1:10 with 50% MeOH immediately before injection, producing 0.5 µM

(500 nM) of each analyte on-column.

For 3′-Deoxyinosine (Santa Cruz) samples, working solutions of 3′-deoxyinosine

(Santa Cruz) were prepared in 50% MeOH. For inclusion in the QC pool, a 25 µM

working solution was prepared as described above. When 3′-deoxyinosine (Santa

Cruz) was analysed as a standalone sample, it was prepared in the same solvent (50%

MeOH) and subjected to the identical 1:10 pre-injection dilution applied to all materials

(standards and QC), ensuring matrix consistency across injections.

2.6.2 Chromatography Conditions

Hydrophilic interaction liquid chromatography (HILIC) was utilized to separate com-

pounds prior to mass spectrometric analysis. The use of an eluent containing a high

proportion of organic solvent (100% acetonitrile) combined with a highly soluble aque-

ous buffer (20 mM ammonium carbonate) facilitated separation based on electrostatic

interactions among polar analytes and hydrophilic partitioning mechanisms. These

interactions occurred between the analytes and the stationary phase, which comprised

a polymer functionalized with a sulfobetaine group within the ZIC-pHILIC® column

(Sequant, Merck) [Merck: ZICpHILIC manual].

The chromatographic system was assembled in accordance with the manufacturer’s

specifications using an Accela® (Thermo Fisher) autosampler and LC pump. An

isocratic elution was performed with a 20 mM ammonium carbonate buffer (pH 9.1)
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(A) and 100% acetonitrile (B) at a ratio of 20:80. The flow rate was maintained at 300

µL/min, with the column oven temperature set to 45 °C. A 24-minute per-sample run

time was employed for each analysis, as previously described. [89] – as shown in table

2.6 and figure 2.1.
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Table 2.6: 24-minute LC method, through the ZIC®-pHILIC column.

Time (minutes) A (%) B (%)

0 20 80

15 95 5

17 20 80

24 100 0

Figure 2.1: 24-minute LC method, through the ZIC®-pHILIC column.
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2.6.3 Mass Spectrometry

The Thermo Exactive® Orbitrap mass spectrometer was used. Before use, mass

spectrometers were calibrated with modified versions of the Pierce ESI positive and

negative solutions (ThermoFisher).The mass spectrometers are detailed in 2.2

Figure 2.2: Following chromatographic separation of the analytes using the ZIC-pHILIC®
column, the eluent was introduced into the mass spectrometer. Ionisation was achieved via
electrospray ionisation (ESI) in the Exactive MS system. Charged droplets generated by ESI
were directed into a C-trap®, from which ions were transferred to the Orbitrap mass analyser
in rapid pulses. The Orbitrap, a type of Fourier transform ion trap (FTIT) analyser, operates
by confining ions in orbital motion around a central electrode. The resulting ion trajectories
generate an image current that is detected by external electrodes and subsequently transformed
into mass-to-charge (m/z) values.
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2.6.4 Configurations and Procedures for Conducting an LC-MS

Analysis – ZIC-pHILIC and Exactive MS

The LC-MS system was electronically operated via a connected desktop computer,

utilizing Thermo Tune® and Xcalibur® software (ThermoFisher). The experiments

were conducted using the Accela HPLC and Exactive MS system.

Sample preparation prior to LC-MS run is described in section 2.6.1. Throughout

the process, 50% LC-MS-grade methanol, diluted with ddH2O, served as the sample

solvent.

In general, the procedure for operating the LC-MS system, which includes the

Thermo Accela® LC system with a SeQuant ZIC®-pHILIC (Merck) column and

a Thermo Exactive® mass spectrometer, can be categorized into five primary steps.

These steps are: (i) preparing samples and phases; (ii) calibrating the mass spectrometer;

(iii) configuring HPLC settings and purging the system; (iv) conditioning the column;

and (v) setting up the sequence and initiating the run.

(i) Preparation of samples and mobile phases. The detailed procedures for sample

preparation have been outlined previously. All samples were maintained at -80 °C until

analysis by LC–MS. The mobile phases used in the HPLC system consisted of 20 mM

ammonium carbonate buffer (pH 9.1) as phase A and 100 % acetonitrile as phase B.

The system wash solution corresponded to phase A, and all solvent lines were configured

accordingly.

(ii) Calibration of the mass spectrometer was performed using modified Pierce ESI

positive and negative calibration solutions (Thermo Fisher). To extend the calibration

range and ensure accurate detection of low-mass metabolites, additional low-mass

contaminants were incorporated into the calibration mixture—specifically C2H6NO2

(m/z 76.0393) for the positive ion mode and C3H5O3 (m/z 89.0244) for the negative

ion mode. Calibration was conducted in both positive and negative ionization modes

using the Thermo Tune® software. A 500 µL Hamilton syringe delivered 10–20 µL of

calibration solution per minute into the mass spectrometer, and the calibration process

was finalized once the total ion count (TIC) decreased below 5%.
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(iii) HPLC configuration and system purging. The Accela HPLC parameters were

configured via Xcalibur® software. Autosampler tray and column oven temperatures

were maintained at 4 °C and 45 °C, respectively. Prior to each run, the injection needle

and syringe were thoroughly washed, and the system was purged to eliminate any

trapped air bubbles.

(iv) Column conditioning. Following purging, the ZIC®-pHILIC column was

connected and equilibrated under standard chromatographic conditions. The mobile

phase composition was maintained at 20% phase A and 80% phase B, with a constant flow

rate of 300 µL/ min for a minimum of 30 minutes before initiating LC-MS acquisition.

(v) Sequence setup and initiation of LC-MS runs. The final stage of the standard

operating procedure involved constructing the injection sequence within Xcalibur®.

Targeted analyses incorporated calibration standards containing cordycepin at 100, 500,

1000, 2500, 5000, and 10000 nM. Sample injection order followed the guidelines of [90]

and depicted in Figure 2.3, with QC samples interspersed after every five randomized

treatment samples and reinjected at the beginning of each run.

Figure 2.3: Sequence of samples used in LC-MS runs
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2.7 PrestoBlue™ HS Cell Viability Assay.

The metabolic activity of eHAP cells was measured using the PresotoBlue HS assay

(Invitrogen by ThermoFisher cat no P50200). Wild-type eHAP cells were seeded at

7,000 cells/well in a 96-well plate containing 100 µL of culture medium. Cordycepin

and 3′-deoxyinosine were administered over 24-72 hours at doses of 25-400 µM, as a

single dose over 24, 48 or 72 h or as multiple doses, twice every 24 h, over 24, 48 or 72

h to compensate for the degradation of cordycepin over time, as previously documented

[91]. Three technical replicates were tested and 10 µL of PrestoBlue was added to

100 µL of medium according to the manufacturer’s instructions. The PrestoBlue

reagent contains the cell-permeable compound resazurin, which is blue in color and

nonfluorescent. After addition to the cells, resazurin is reduced to resorufin by the

reducing environment of the viable cells. Resorufin is red in color and is highly fluorescent.

The conversion of resazurin to resorufin was detected using fluorescence or absorbance

measurements. This reduction is proportional to the number of living cells and allows

quantification of cell viability [92]. The fluorescence excitation/emission maxima for

resorufin were approximately 535–560 nm/590–615 nm, respectively. The maximum

absorption was approximately 570 nm. In our test, fluorescence was measured at an

excitation wavelength of 535 nm and emission wavelength of 590 nm using a Synergy

Plate Reader. The metabolic inhibition dose-response data informed the selection of

appropriate cordycepin concentrations for subsequent haploid genetic screening.

2.8 ONT long-read RNA-Seq and Bioinformatics Anal-

ysis

All bioinformatics analyses were conducted using the Unix high-performance computing

(HPC) facility at the University of Nottingham, within my user directory (/users/-

paxak6/). Analyses were executed either by logging into available workstations via SSH

or by submitting long-running jobs to the Condor job-scheduling system. For computa-

tional tasks requiring extended runtime or when Condor submission was incompatible

(as observed during Dorado basecalling), commands were executed using ‘nohup‘ in
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combination with background execution (‘&‘) to maintain process continuity. This ap-

proach ensured that long-running processes remained active and completed successfully

even when the VPN connection was interrupted or temporarily disconnected.

Total RNA extracted using the ReliaPrepTM RNA Cell Miniprep System as previ-

ously descibed. The quantity and quality of total RNA was assessed using the NanoDrop

1000 (ThermoFisher). In addition to this, the quality of RNA samples was assessed by

staff from the Deep Seq department at the University of Nottingham.

The RNA ScreenTape® System (Agilent) on the Agilent TapeStation® platform

was used to assess the quality and integrity of RNA samples — specifically to evaluate

how effective the RNA extraction method was. This analysis was carried out by Deep

Seq staff (University of Nottingham).

The TapeStation generates an electropherogram and gel-like image showing two

key ribosomal RNA (rRNA) peaks — the 28S and 18S rRNA. Ideally, high-quality

eukaryotic RNA should have a 28S:18S ratio of 2:1, indicating minimal degradation.

The RNA Integrity Number (RIN) — a quantitative algorithmic score from 1

(degraded) to 10 (intact) — was carried out and was sufficiently high. According to

Schroeder et al. 2006 [93], the RIN value integrates multiple electrophoretic features

beyond the simple 28S:18S ratio, providing a more robust and objective measure of

RNA quality.

2.8.1 120-minute data methodology (Run DS1457) by Deep Seq

staff, University of Nottingham

RNA samples were diluted 1/10 with nuclease-free water and the concentrations of the

diluted samples were measured using the using Qubit 4 Fluorometer (Thermo Fisher

Scientific) and the Qubit RNA BR Assay Kit (Thermo Fisher Scientific; Q10211). RNA

integrities were assessed using the Agilent 4200 TapeStation and the RNA ScreenTape

Assay (Agilent; 5067-5576 and 5067-5577) Figure 2.4.

Barcoded PCR-cDNA libraries were prepared using the Oxford Nanopore Technolo-

gies (ONT) PCR-cDNA Barcoding (ONT; SQK-PCB111.24) Library Prep Kit. The

library prep protocol (Version: PCB-9155-v111-revG-18May2022) was followed and 14
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cycles of PCR were used for cDNA amplification. The library prep input was 200 ng of

total RNA. The total volume of each sample was made up to 10 ul with nuclease-free

water. The first clean-up step was performed using Mag-Bind TotalPure NGS beads

(Omega BIO-TEK; M1378-01). The second purification step was performed using AM-

Pure XP beads (Beckman Coulter; A63882). Amplified cDNA samples were quantified

using the Qubit 4 Fluorometer (Thermo Fisher Scientific) and the Qubit 1X dsDNA

HS Assay Kit (Thermo Fisher Scientific; Q33231). Fragment-length distributions of the

amplified cDNA products were assessed using the Agilent 4200 TapeStation and the

High Sensitivity D5000 ScreenTape assay (Agilent; 5067-5592, 5067-5593). The eighteen

libraries were pooled in equal amounts prior to the addition of the rapid sequencing

adapter.

The final barcoded library pool was loaded onto an R9.4.1 PromethION flow cell

(Oxford Nanopore Technologies; FLO-PRO002) and run on the PromethION 24.

All samples exhibited high quality, rendering them suitable for subsequent down-

stream analyses.

2.8.2 15-minute data methodology (Run DS1402) by Deep Seq

staff, University of Nottingham

RNA concentrations and RNA integrities were assessed using the Agilent 4200 TapeS-

tation and the RNA ScreenTape Assay (Agilent; 5067-5576 and 5067-5577) 2.5.

Barcoded amplified-cDNA libraries were prepared using the Oxford Nanopore

Technologies (ONT) PCR-cDNA Barcoding Library Prep Kit (ONT; SQK-PCB114.24).

The library prep protocol (Version: PCB-9201-v114-revC-6Dec2023) was followed and

12 cycles of PCR were used for amplification. The library prep input was 500 ng of

total RNA.

The total volume of each sample was made up to 10 ul with nuclease-free water.

The first clean-up step was performed using Mag-Bind TotalPure NGS beads (Omega

BIO-TEK; M1378-01). The second purification step was performed using AMPure XP

beads (Beckman Coulter; A63882). Amplified cDNA samples were quantified using

the Qubit 4 Fluorometer (Thermo Fisher Scientific) and the Qubit 1X dsDNA HS
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Figure 2.4: RNA ScreenTape results for 120-minute set of RAW264.7 RNA extraction samples.
Each sample has a two clear bands representing the 28S:18S ratios for rRNA fragment.

Assay Kit (Thermo Fisher Scientific; Q33231). Fragment-length distributions of the

amplified cDNA products were assessed using the Agilent 4200 TapeStation and the

High Sensitivity D5000 ScreenTape assay (Agilent; 5067-5592, 5067-5593). The nine

libraries were pooled in equal amounts prior to the addition of the rapid sequencing

adapter.

The final barcoded library pool was loaded onto an R10.4.1M PromethION flow cell

(Oxford Nanopore Technologies; FLO-PRO114M) and run on the PromethION 24.

All samples exhibited high quality, rendering them suitable for subsequent down-
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stream analyses.

Figure 2.5: RNA ScreenTape results for 15-minute set of RAW264.7 RNA extraction samples.
Each sample has a two clear bands representing the 28S:18S ratios for rRNA fragment.

2.8.3 Quality Control of Fastq Files

Before analyzing the RNA-Seq output, quality control of the data was necessary to ensure

that the quality of the data of the replicates would not hinder the downstream output.

The LongQC pipeline (version 1.2.1) from GitHub (https://github.com/yfukasawa/LongQC)

[94] was used to perform quality control checks on the raw RNA-Seq sequence data

in the Fastq.gz files. For every Fastq.gz file; reports the length, GC content in json

and html summaries, coverage, and the fraction of reads which have no coverage are

generated in html format. RNA-Seq Fastq.gz files were taken forward to downstream

analysis based on these quality checks.

An example of the script used to run the LongQC pipeline is provided in Listing B.1
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(Appendix B).

2.8.4 Hapoloid Genetic Screening

I wish to express my profound gratitude to Dr. Keith Sprighs for his invaluable assistance

and guidance in the execution of this analysis. The progression of the genetic screening

analysis of haploids would not have been feasible without his esteemed mentorship and

insightful feedback.

A genome-wide haploid genetic screening was performed using eHAP cells harboring

PiggyBac (PB) transposon insertions to identify genes involved in the cordycepin

response. Two PiggyBac transposase systems were employed: hyperactive PiggyBac

(hyPB) and super PiggyBac (suPB). Cells were treated with either DMSO (vehicle

control), 150 µM cordycepin, or 200 µM cordycepin. The samples were processed and

sequenced using Oxford Nanopore Technology (ONT) long-read sequencing. Illumina

barcodes (01–08) were used to multiplex the experimental conditions, while the ONT

barcodes differentiated the seeding densities: ONT bc07 corresponded to 150 K cells per

well and ONT bc08 to 300 K cells per well. Therefore, each ONT barcode encompassed

eight unique Illumina barcodes (01–08).

The comprehensive haploid genetic screening pipeline that I developed is accessible

in my repository on GitHub at https://github.com/Ammar-Khamis/Haploid_screening.

The pipeline involve the following steps:

1. Initial Data Preparation: Raw ONT sequencing data were organized by barcode

(barcode07, barcode08, etc.) and concatenated for downstream processing.

cat barcode07/*fastq.gz >> reads_bc07.fastq | gzip

cat barcode08/*fastq.gz >> reads_bc08.fastq | gzip

The human reference genome (GRCh38 primary assembly) was obtained from

Ensembl and indexed using SAMtools [95] within biotools conda environment:

conda activate biotools

samtools faidx Homo_sapiens.GRCh38.dna.primary_assembly.fa

Gene annotations were obtained from Ensembl release 113 (GTF format). FASTA

file with barcode sequences was prepared barcodes_and_adapters.fa

2. Demultiplexing: Demultiplexing of ONT reads by Illumina barcode was performed
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using the LAST aligner (https://www.protocols.io/view/demultiplexing-nanopore-reads-

with-last-14egnxw4zl5d/v8). A custom training matrix was generated for each ONT

barcode to optimize alignment parameters for the specific barcode and adapter sequences:

last-train -Q1 -P4 barcodes_and_adapters reads.fastq.gz > training_matrix.mat

Reads were aligned to the barcode/adapter reference using the trained matrix with

split alignment enabled:
lastal --split -p training_matrix.mat -P4 barcodes_and_adapters reads.fastq.

gz

Alignments were converted to tabular format using maf-convert , and barcode assign-

ments were extracted. Reads were sorted and demultiplexed using the fastx-fetch.pl

script, generating separate FASTQ files for each Illumina barcode condition (01-08)

with directional information (left/right reads corresponding to 5’ and 3’ adapter orien-

tations). In order to mitigate potential conflicts with pre-existing packages within a

Unix operating system, a distinct computational environment, designated as last_env ,

was utilized for the installation and execution of LAST and associated Perl scripts.

This environment can be activated through the use of the conda package management

system, specifically via the command: conda activate last_env .

Figure 2.6 illustrates the architecture of the reads. Upon demultiplexing there will

be sixteen demultiplexing bins: eight configured for left IR (PB5) and eight for right IR

(PB3). The sequences for adapters, barcodes, and IRs align with the oligonucleotides

outlined in the adaptor table [3], with a 3 guanine added to finalize the IR motifs [3].

After trimming adapters using a specific script, all reads are anticipated to commence

with the standard TTAA sequence [3].
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Figure 2.6: Schematic representation of the expected sequencing read structure (not to
scale). The central red region denotes the human genomic insert of interest, flanked by
the P5 adapter, Illumina barcode, and left/right inverted repeat (IR) sequences used for
demultiplexing. Sixteen demultiplexing bins were defined: eight containing left IR (PB5) and
eight containing right IR (PB3). The adapter, barcode, and IR sequences correspond to the
oligonucleotides listed in the adaptor table [3], with an additional 3 guanine incorporated to
complete the IR motifs [3]. Following adapter trimming using a customized script, all reads
are expected to begin with the canonical TTAA sequence [3]. The figure was adapted from [3]
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3. Adapter Trimming: For each Illumina barcode, left and right reads were merged

into a single FASTQ file. Adapter sequences were identified by realigning reads to the

barcode/adapter reference using LAST with the same training parameters. The best

alignment for each read was identified based on alignment score, using a multi-step

filtering approach (Listing B.2, Appendix B).

Reads were trimmed using a custom Python script (Improved_trim_fastq.py) that

removes adapter sequences based on alignment coordinates, barcodes_and_adapters.fa ,

while preserving genomic insert sequences. A minimum read length threshold of 50 bp

was applied post-trimming to ensure adequate mappability. After trimming, all reads

should be expected to start with TTAA motifs.

4. TTAA Motif Filtering: PiggyBac transposons specifically insert at TTAA

tetranucleotide sites in the genome. To enrich for genuine transposon insertion reads, a

custom Python script (Filter_TTAA.py) was applied to filter reads start with TTAA

motifs after trimming in step 3. Reads passing the TTAA filter and minimum length

requirement (50 bp) were retained for genomic mapping.

5. Genome Mapping: Filtered reads were mapped to the GRCh38 reference genome

using minimap2 [96] v2.29 with ONT-specific presets (Listing B.3, Appendix B). Key

mapping parameters included the map-ont preset optimised for Oxford Nanopore reads,

suppression of secondary alignments (–secondary=no), and a minimum mapping quality

threshold of 10.

Mapped reads were sorted and indexed using SAMtools. Alignment statistics were

generated using samtools flagstat to assess mapping efficiency for each condition.

6. Insertion Site Extraction: Transposon insertion sites were extracted from aligned

BAM files using a custom Python script, (Extract_Insertion_Sites.py) . Only reads

with MAPQ 10 were processed. Insertion sites within a 5 bp window were merged

to account for ONT sequencing variability and represent unique insertion events. The

merging was performed using BEDTools merge [97]

bedtools sort -i sites.bed -g genome.txt | \

bedtools merge -c 4,6 -o sum,distinct

7. Downstream data analysis: Genes were pre-filtered to include only those showing
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higher normalized insertion frequencies in cordycepin-treated conditions compared to

DMSO controls using (filter_genes_fixed.py) . This filtering step is biologically jus-

tified because, in haploid screens, increased insertion frequency indicates loss-of-function

mutations that confer resistance to the selection pressure (cordycepin). Genes enriched in

cordycepin-treated samples are therefore candidates for cordycepin resistance/response

pathways.

For filtered gene sets, log2 fold changes (logFC) and statistical significance were

calculated using a unified analysis script (unified_logFC_for_IPA_v3.py) with preset

configurations for each experimental comparison

To account for differences in sequencing depth across conditions, library sizes

(total insertions per condition) were calculated. Normalized insertion frequencies were

calculated for each gene in each condition using a pseudocount approach

(Normalize_Matrix_Visualization_Enhanced_v2.py) :

Normalized_frequency = (raw_count + pseudocount) / (library_size +

pseudocount)

where pseudocount = 0.5 to avoid division by zero for genes with no insertions in a

given condition.

Log Fold Change: Calculated with sign inversion to align with gene expression

convention (more insertions = loss of function = down-regulation):

logFC = -log2(freq_treatment / freq_control)

For path-enrichment analysis, the filter gene lists with logFC values were uploaded

to Ingenuity Pathway Analysis (IPA, QIAGEN) for canonical pathway enrichment

analysis. IPA identifies significantly over-represented pathways using a right-tailed

Fisher’s exact test, comparing the proportion of genes from the input list in a given

pathway to the expected proportion by chance. The results of the Canonical Pathways

were exported from IPA as tab-delimited text files containing the path names, p-values,

z-scores (activation state) and gene lists. These tab-delimited text files were visualized

using customized scripts.

All analyses were performed on a Linux cluster with the following software:

- SAMtools
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- BEDTools

- minimap2

- LAST aligner

- Python with libraries:

- pandas (data manipulation)

- numpy (numerical computing)

- scipy (statistical tests)

- statsmodels (FDR correction)

- matplotlib (plotting)

- seaborn (statistical visualization)

- xlsxwriter (Excel output)

Conda environments were used for dependency management:

- biotools: SAMtools, BEDTools, minimap2

- last_env: LAST aligner and Perl scripts

All custom scripts and the complete analysis workflow are available at

https://github.com/Ammar-Khamis/Haploid_screening under MIT License © 2024

Ammar Sabah Khamis

2.8.5 Acquiring read counts and expression data for RNA se-

quencing

The typical RNA-Seq pipeline for analyzing differential gene expression from Fastq.gz

files is divided into four main steps: mapping to a genome, estimating gene-level

expression, normalizing the data, and comparing the normalized expression data [98].For

differencial gene expression analysis primary genome assembly files were obtained from

Gencode (Mouse genome, GRCm39) acoording to the recommendations [99].

IsoQuant pipeline from GitHub version 3.7.0 (https://github.com/ablab/IsoQuant)

[98] was used for gene quantification. The script used to run IsoQuant with the

recommended settings is provided in Listing B.4, together with the corresponding

HTCondor submit file in Listing B.5 (Appendix B).
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2.8.6 Converting Gene ID to Gene Name

The output generated by the IsoQuant pipeline is presented as a TXT file containing

gene identifiers (IDs). For enhanced utility in subsequent analytical processes, it is

more convenient to convert these gene IDs into gene names, thereby increasing the

interpretability of the data. The Ensemble blast process was not efficient in mapping

the gene ID to the gene name. A custom Python script was developed to parse gene

names from the GTF file and map them to the corresponding identifiers in the IsoQuant

output file (Listing B.6, Appendix B).

2.8.7 Differential Gene Expression Analysis for Long-Read RNA

Sequencing Data

For differential gene expression (DGE) analysis, the edgeR package from the Biocon-

ductor project was utilized [100] Normalization is achieved by employing the trimmed

mean of m values To account for variability in library sizes and RNA composition across

different samples [101]. The R script used for executing edgeR is provided in Listing B.7

(Appendix B).

2.8.8 Poly(A) Tail Length Analysis

A modified version of the NanopLen pipeline [4, 102] was employed for poly(A) tail length

estimation. The original NanopLen workflow utilizes outputs from the Guppy basecaller

and the Nanopolish software for poly(A) analysis [4]. In this study, the NanopLen

pipeline was forked and adapted (https://github.com/maragkakislab/nanoplen) to pro-

cess data generated by the Dorado basecaller ()https://github.com/nanoporetech/dorado,

which provides enhanced accuracy in poly(A) length estimation compared with the

legacy Guppy basecaller and Nanopolish-based implementation. Generally the following

steps were used:

1. Sample Preparation and Library Construction: cDNA libraries were prepared

using the Oxford Nanopore Technologies (ONT) PCR Barcoding Kit (SQK-PCB111-24)

according to the manufacturer’s protocol as described earlier in this chapter. Briefly,

total RNA was reverse transcribed to generate first-strand cDNA, followed by PCR
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amplification with barcoded primers to enable sample multiplexing. 18 samples were

pooled and loaded onto a PromethION flow cell (R9.4.1 chemistry) for sequencing.

2. Raw Data Conversion: Raw sequencing data in FAST5 format was converted

to POD5 format for efficient downstream processing using the pod5-file-format toolkit

(version 0.3.23) (https://github.com/nanoporetech/pod5-file-format). The conversion

maintained the original directory structure, with each barcode’s FAST5 files (approxi-

mately 436 files per barcode across 18 barcodes) converted to corresponding POD5 files

in separate subdirectories:

pod5 convert fast5 ./FAST5/*/*.fast5 --output ./POD5 --one-to-one ./FAST5/

3. Basecalling and Demultiplexing with Poly(A) Tail Estimation: POD5 files were

basecalled using Dorado (version 0.9.6; Oxford Nanopore Technologies) with the high-

accuracy DNA basecalling model (dna_r9.4.1_e8_hac@v3.3). Importantly, Dorado’s

integrated poly(A) tail estimation was enabled to computationally estimate poly(A)

tail lengths directly from the raw nanopore signal (Listing B.8, Appendix B). Key

basecalling parameters included: –kit-name SQK-PCB111-24 (PCR barcoding kit for

automatic demultiplexing), –estimate-poly-a (computational estimation of poly(A)

tail lengths from raw signal), –no-trim (preserving adapter sequences to maintain

poly(A) signal information), and –reference (alignment to the reference transcriptome

index during basecalling).

This generated a single BAM file containing all multiplexed reads with poly(A) tail

length information stored in the pt:i custom tag.

Following basecalling, reads were demultiplexed into individual samples using Do-

rado’s demultiplexing module with a sample sheet mapping barcodes to sample identifiers

(Listing B.9, Appendix B).

The sample sheet mapped 18 barcodes to sample identifiers encoding treatment

condition and biological replicate (e.g., barcode01 → DMSO_Rep1, barcode02 →

DMSO_LPS_Rep1). The demultiplexed BAM files were sorted by genomic coordinates

and indexed using samtools (within the biotools conda environment):

samtools sort -@ 8 -o sorted.bam unsorted.bam

samtools index sorted.bam
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The experiment included six treatment conditions with three biological replicates

each (n=18) Figure 2.7:

Figure 2.7: Caption for the image

Pairwise comparisons were performed between each treatment condition and the

DMSO_LPS control.

4. Read Alignment and Quality Control: Basecalled reads were aligned to the

reference transcriptome (Esenble vM34 for mouse) using the minimap2 aligner integrated

within Dorado basecaller. The minimap2 index was pre-built from the reference

transcriptome FASTA file:

minimap2 -d reference_index.mmi reference_transcriptome.fa

5. Poly(A) Tail Length Extraction: Poly(A) tail lengths were extracted from aligned

BAM files using a customized script, bam2nanoplen_dorado_v2.py . Quality filters were

applied to ensure high-confidence measurements: only reads with mapping quality ≥20

(99% alignment confidence) were retained, and poly(A) tails exceeding 400 nucleotides

were excluded as potential artifacts (Listing B.10, Appendix B).

This generated tab-separated files containing library ID (barcode identifier), tran-

script ID, and poly(A) tail length for each read.

6. Data Aggregation and Quality Control: Individual sample files from all 18 samples

were combined into a single dataset while preserving the header:

awk ’FNR>1 || NR==1’ *.tsv > all_samples.tsv

7. Experimental Design and Metadata: The experiment included six treatment

conditions with three biological replicates each (n=18 total samples):

A. DMSO (vehicle control without LPS stimulation): DMSO_Rep1, DMSO_Rep2,

DMSO_Rep3
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B. DMSO_LPS (vehicle control with LPS stimulation): DMSO_LPS_Rep1, DMSO_-

LPS_Rep2, DMSO_LPS_Rep3

C. 3DI_LPS (3-Deazaadenosine + LPS): 3DI_LPS_Rep1, 3DI_LPS_Rep2, 3DI_-

LPS_Rep3

D. CoR_LPS (Cordycepin + LPS): CoR_LPS_Rep1, CoR_LPS_Rep2, CoR_-

LPS_Rep3

E. NUC_LPS (Nucleoside analog + LPS): NUC_LPS_Rep1, NUC_LPS_Rep2,

NUC_LPS_Rep3

F. Synth_CoR_LPS (Synthetic Cordycepin + LPS): Synth_CoR_LPS_Rep1,

Synth_CoR_LPS_Rep2, Synth_CoR_LPS_Rep3

For differential analysis, pairwise comparisons were performed between each treat-

ment condition and the appropriate control (DMSO_LPS for all LPS-stimulated

conditions). Metadata files were created for each comparison, specifying the sample

identifiers and their corresponding condition labels (Listing B.11, Appendix B).

8. Statistical Analysis of Differential Poly(A) Tail Lengths: Differential poly(A) tail

length analysis was performed using the NanopLen R package to identify transcripts

with significant changes in absolute poly(A) tail length between conditions. For each

transcript, mean poly(A) tail lengths (in nucleotides) were calculated by pooling all

reads across biological replicates within each condition. The absolute difference in mean

tail length between treatment and control conditions was computed as:

Mean difference (L) = Mean tail lengthtreatment - Mean tail lengthcontrol

where positive values indicate longer poly(A) tails in the treatment condition and

negative values indicate shorter tails.

To account for replicate-level variation, a linear mixed-effects model (LMM) was

applied. This model corrects for batch-related variability by incorporating both fixed

effects (treatment condition) and random effects (library or replicate), thereby providing

a robust statistical framework that controls for technical and biological variability across

samples.

A linear mixed-effects model (LMM) was applied with log2 transformation of poly(A)

tail lengths prior to statistical testing (Listing B.12, Appendix B).
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The LMM accounts for both fixed effects (treatment condition) and random effects

(biological replicate variation). The log2 transformation normalizes the skewed poly(A)

tail length distribution, improving the validity of parametric statistical assumptions. A

change in tail length of at least 10 nucleotides with a false discovery rate (FDR) below

0.05 was considered significant Figure 2.8

9. Data Visualization: Poly(A) tail length distributions were visualized using two-

panel plots (ECDF and scatter) on linear scale. Genome-wide poly(A) tail length

changes were visualized using volcano plots (effect size vs. statistical significance)

and MA plots (effect size vs. mean expression). Plots were generated using absolute

change thresholds to identify transcripts with biologically meaningful changes in poly(A)

tail length (Listing B.13, Appendix B, summarises the command-line flags used in

the customised visualisation scripts developed to plot poly(A) tail distributions and

differential length changes across conditions.)

For the 15-minute dataset, poly(A) tail estimation followed the same analytical work-

flow, except that the updated sequencing chemistries natively generated high-efficiency

POD5 files, eliminating the need for conversion from FAST5. A revised basecalling

model, ‘dna_r10.4.1_e8.2_400bps_hac@v5.0.0‘, was employed to accommodate the

improved pore chemistry used in this experiment.

All custom scripts and the complete analysis workflow are available at (private

access): https://github.com/Ammar-Khamis/PolyA_120min
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Figure 2.8: Workflow schematic. Starting with two conditions, polyadenylated RNA is
extracted and sequenced with nanopores. The electrical signal for the poly(A) tail is distinct
from other nucleotides allowing the quantification of the poly(A) tail length. Following data
processing, the poly(A) tail lengths for all replicates of two conditions are fed into NanopLen for
differential length analysis adapted from [4] S. A. Dar, S. Malla, C. Belair, and M. Maragkakis,
“Differential poly(A) tail length analysis using nanopore sequencing,” Methods Mol. Biol., vol.
2723, pp. 267–283, 2024, doi: 10.1007/978-1-0716-3481-3_16.
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Chapter 3

Decoding 3′-Deoxyinosine Rescue

Pathways: siRNA Knockdowns

Identify 3′-Deoxyribose-Salvage

Requirements for Cordycepin Activity

3.1 Introduction

Prior work from the De Moor laboratory established that cordycepin represses LPS-

induced inflammatory gene expression in RAW264.7 macrophages through a mechanism

requiring nucleoside transport and adenosine kinase (ADK)-dependent phosphorylation

to cordycepin triphosphate (CoTP) [26, 28]. Additionally, Lee et al. demonstrated

that 3′-deoxyinosine (3DI), the major orally bioavailable metabolite of cordycepin,

can be converted to CoTP in RAW264.7 cells and retains some anti-inflammatory

activity at higher concentrations [1]. What remained unknown was which specific

enzymatic pathway(s) mediate the intracellular conversion of 3DI back to cordycepin

nucleotides—i.e. the identity of the “rescue” route—and whether the same pathway

operates in non-macrophage cells. This chapter addresses that gap by systematically

testing three candidate salvage routes using siRNA knockdown.

Cordycepin (3′-deoxyadenosine) shows broad anti-inflammatory and therapeutic

97



potential, yet its oral use is thought to be limited by rapid deamination by adenosine

deaminase (ADA) to 3′-deoxyinosine (3DI) in blood and gut, which markedly lowers

circulating cordycepin after dosing [1, 5, 6]. In several preclinical pharmacokinetic

studies, cordycepin is often undetectable in plasma after oral administration, whereas

3DI appears systemically at high levels; co-treatment with ADA inhibitors such as

pentostatin stabilises cordycepin in vitro and in vivo [1, 5, 6]. These pharmacokinetic

observations have long raised the question of which enzymes mediate efficacy after oral

dosing.

Recent work provides a mechanistic foothold. Macrophage-like RAW264.7 cells can

generate cordycepin triphosphate (CoTP) from 3DI, and both equilibrative nucleoside

transporters (ENT1/ENT2) and adenosine kinase (ADK) are required for cellular

responses to cordycepin [1, 103]. Together with clinical and preclinical data on the

cordycepin ProTide NUC-7738 [29], these findings support a model in which intracellular

CoTP is the principal active metabolite of cordycepin, and in which nucleoside transport

and phosphorylation are key control points.

Guided by that model, this chapter describes testing of three candidate 3′-deoxyribose-

salvage routes for 3DI bioactivation (Figures 3.9, 3.11, 3.12):

1. Phosphorylation/amination route (NT5C2/ADSS2 branch). By analogy

to the activation of 2′,3′-dideoxyinosine (ddI) to ddATP, 3DI could in principle

be phosphorylated to a monophosphate (e.g. 3dIMP) and then aminated to

3dAMP via adenylosuccinate synthetase (ADSS2) and adenylosuccinate lyase

(ADSL)—canonical steps that convert IMP→AMP in purine metabolism. NT5C2

(cytosolic 5′-nucleotidase II) is included as a regulator of purine-monophosphate

pools that can shape analogue activation [104–108].

2. PNP-mediated 3′-deoxyribose salvage route. Purine nucleoside phospho-

rylase (PNP) catalyses reversible phosphorolysis of inosine and deoxyinosine

to base + (deoxy)ribose-1-phosphate. In this scenario, 3DI would be cleaved

to hypoxanthine plus 3′-deoxyribose-1-phosphate, followed by salvage (e.g. via

HGPRT/APRT) and re-attachment of adenine onto a 3′-deoxyribose phosphate

intermediate to regenerate cordycepin or its nucleotides through the reversible
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PNP reaction [109–111]. From a ribose-centric perspective, this and the third

route below are both 3′-deoxyribose rescue pathways, differing mainly in the

chemical form of the sugar at the point of coupling.

3. Adenine-linked 3′-deoxyribose salvage (APRT ± FAMIN/LACC1).

APRT converts adenine + PRPP to AMP in the purine salvage pathway, providing

adenylate nucleotides that can support re-adenylation of (3′-)deoxyribose pools.

In macrophages, FAMIN/LACC1 enables a purine nucleotide cycle connecting

adenosine, IMP and adenylosuccinate, positioning it to influence adenine-linked

3′-deoxyribose rescue [112, 113].

To evaluate these mechanisms, this chapter uses targeted siRNA knockdowns aligned

to the above hypotheses in A549 lung epithelial cells and RAW264.7 macrophages,

reading out TNF/LPS-induced inflammatory gene responses under cordycepin or 3DI

treatment [28] [26] [27] [19]. late-stage LC–MS/MS analysis of nucleoside identity and

purity is included to contextualise the knockdown data.

In this chapter, repression of TNF/LPS-induced inflammatory gene expression

is used as a functional proxy for intracellular CoTP, because direct metabolomic

quantification of CoTP was not technically feasible in these experiments . Overall, this

chapter describes an investigation of whether the anti-inflammatory activity of 3DI and

cordycepin can arise via specific cellular 3′-deoxyribose–salvage pathways, and which

enzymes are necessary in epithelial versus macrophage contexts.

Experimental and analytical frameworks. A549 cells and RAW264.7 macrophages

were treated with the test compounds for 2 h; TNF (for A549 cells) or LPS (for RAW264.7

macrophages) was added after 1 h of compound treatment (i.e. in the presence of the

compound) and cells were stimulated for a further 1 h to induce a defined early inflam-

matory program. Subsequently, cells were lysed and total RNA was extracted. The

experimental time schemes for both protocols are summarised in Figure 3.1.
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Figure 3.1: Experimental time schemes used in this chapter. (A) Standard treatment
protocol: cells were treated with compound (cordycepin, 3DI, or DMSO vehicle) for a total of
2 h; TNF-α (A549) or LPS (RAW264.7) was added after 1 h of compound treatment (i.e. in
the presence of the compound) and cells were stimulated for 1 h before harvesting for RNA
extraction and RT-qPCR. (B) siRNA knockdown protocol: cells were transfected with 5 nM
siRNA targeting the indicated gene for 48 h, then treated with compound for 2 h, with TNF-α
or LPS added during the final hour (in the presence of compound) before RNA extraction.
Total experimental duration: 2 h (standard) or 50 h (siRNA).
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Figure 3.2: The fate of orally administered cordycepin. Cordycepin is rapidly deaminated
by adenosine deaminase (ADA) in the gut brush border and systemic circulation, yielding
3′-deoxyinosine (3DI) as the main circulating species [1, 5, 6]. Several studies nevertheless
report detection of cordycepin triphosphate in blood despite 3DI predominating, implying a
metabolic rescue pathway that converts circulating 3DI back to cordycepin nucleotides.
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3.2 Results

3.2.1 Baseline anti-inflammatory activity of 3DI and cordycepin

To establish the conditions for investigating the metabolism of 3DI and cordycepin, we

first defined the concentration-dependent suppression of inflammatory gene expression

in epithelial and macrophage models, and used this to select working doses. In A549

cells, CXCL1 and CXCL8 were chosen as readouts because previous work from the De

Moor lab showed that these chemokines are robustly induced by TNF and selectively

repressed by cordycepin in a polyadenylation-dependent manner [19]. In RAW264.7

macrophages, Acod1 and Il1b were used as sentinel genes for LPS-induced inflammatory

activation based on a prior studies [26, 28].

A549 epithelial cells were treated for 2 h with DMSO (0.4% v/v vehicle control),

cordycepin (50 µM) as documented in previous work from the De Moor lab [19], or

3DI (12.5–400 µM); TNF-α (10 ng/ml) was added after 1 h of compound treatment

(i.e. in the presence of the compound) and cells were stimulated for a further 1 h. Both

compounds dose-dependently suppressed TNF-induced CXCL8 and CXCL1 expression,

with 3DI showing significant effects at concentrations ≥100 µM (Figure 3.3). Cordycepin

at 50 µM achieved comparable suppression to 3DI at 400 µM (****p < 0.0001 for both

CXCL8 and CXCL1, Dunnett’s test vs TNF alone, n = 3 biological replicates).

Similar anti-inflammatory activity was observed in RAW264.7 macrophages stimu-

lated with LPS (1 µg/ml). Cordycepin (20 µM), as used previously in this system [26],

and 3DI (50–400 µM) significantly reduced Acod1 and Il1b induction (Figure 3.4). These

dose–response patterns established working concentrations for subsequent knockdown

experiments: 50 µM cordycepin in A549, 20 µM cordycepin in RAW264.7, and 200 µM

3DI in both cell types.

As an additional control for nucleoside-analogue responsiveness, NUC-7738, a clini-

cally advanced cordycepin ProTide, was tested in RAW264.7 macrophages under LPS

stimulation. NUC-7738 showed potent suppression of Acod1 and Il1b over a similar

concentration range (Figure 3.5), confirming the responsiveness of the experimental

system to nucleoside analogues that generate intracellular cordycepin triphosphate [29].
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Figure 3.3: Selecting a working concentration of 3′-deoxyinosine (3DI) in A549 cells. Cells
were stimulated with TNF (10 ng/ml) for 1 h in the presence of increasing concentrations of
3DI (0–200 µM). CXCL1 (blue circles) and CXCL8 (pink squares) mRNA levels were measured
by RT-qPCR and normalised to GAPDH. Both transcripts show a concentration-dependent
decrease, with suppression plateauing above ∼100 µM. A 3DI concentration of 200 µM was
selected for subsequent experiments as the dose that produced robust suppression of both
inflammatory markers while remaining within the solubility and DMSO vehicle constraints
(0.4% v/v maximum). Data are mean ± SD of three biological replicates.
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Figure 3.4: Selecting a working concentration of 3′-deoxyinosine (3DI) in RAW264.7
macrophages. Cells were stimulated with LPS (1 µg/ml) for 1 h in the presence of in-
creasing concentrations of 3DI (0–200 µM). Il1b (blue circles) and Acod1 (pink squares)
mRNA levels were measured by RT-qPCR and normalised to Gapdh. Il1b showed a steep
decline that was already pronounced at 12.5 µM, whereas Acod1 decreased more gradually.
A 3DI concentration of 200 µM was selected for subsequent experiments as the highest dose
that produced an anti-inflammatory effect approaching that of cordycepin (20 µM) without
exceeding the DMSO vehicle tolerance (0.4% v/v). Data are mean ± SD of three biological
replicates.
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Figure 3.5: NUC-7738 dose–response in RAW264.7 macrophages. Cells were stimulated with
LPS (1 µg/ml) for 1 h in the presence of increasing concentrations of NUC-7738 (0–200 µM).
Il1b (blue circles) and Acod1 (pink squares) mRNA levels were measured by RT-qPCR and
normalised to Gapdh. NUC-7738 produced potent, concentration-dependent suppression of
both transcripts, with Il1b declining sharply by 5 µM and Acod1 following a similar but
more gradual trend. These data confirm that the experimental system responds to a ProTide
nucleoside analogue that generates intracellular cordycepin triphosphate independently of
ENT1 transport, ADA-mediated degradation and ADK phosphorylation [29]. Data are mean
± SD of three biological replicates.
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3.2.2 Testing the NT5C2/ADSS2 Phosphorylation-Amination

Pathway

To Determine whether cytosolic 5′-nucleotidase (NT5C2) and adenylosuccinate syn-

thetase (ADSS2) mediate 3DI conversion to cordycepin monophosphate, analogous to

dideoxyinosine metabolism.

Based on the known metabolism of the antiretroviral drug dideoxyinosine [114]

[115] [116] [117], we hypothesized that NT5C2 could phosphorylate 3DI, followed by

amination via ADSS2 and ADSL to yield cordycepin monophosphate (Figure 3.6).

To test this pathway, we performed siRNA knockdowns of NT5C2 and ADSS2 in

A549 cells. NT5C2 knockdown achieved >80% reduction in target mRNA but did not

significantly affect the anti-inflammatory efficacy of either cordycepin or 3DI (Figure 3.7

A-E). When normalized within each siRNA group to remove basal knockdown effects

(Treated/[DMSO+TNF]), neither compound showed significant changes in efficacy

(Figure 3.7 C,E; paired t-tests: all p>0.05, n=3). Similarly, ADSS2 knockdown (>90%

target reduction) did not significantly impair the activity of either compound (Figure

3.8 A-E). The efficacy of cordycepin remained at 110.1% (CXCL1) and 107.3% (CXCL8)

relative to control siRNA. For 3DI, efficacy was retained at 98.0% (CXCL1) and 77.4%

(CXCL8) of control levels, with no significant differences (paired t-tests: all p>0.05).

The NT5C2/ADSS2 phosphorylation-amination pathway does not appear to be a

major route for 3DI bioactivation under these experimental conditions. Although it

is possible that sufficient protein persists under these conditions, it appears less likely

that this is a key pathway for 3DI bioactivation.
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Figure 3.6: Based on prior knowledge that the antiretroviral drug dideoxyinosine is phospho-
rylated by cytosolic 5′-nucleotidase and subsequently aminated by adenylosuccinate synthetase
and lyase, we hypothesized that analogous enzymes may metabolize cordycepin and its deriva-
tive 3′-deoxyinosine. We propose that cytosolic 5′-nucleotidase can similarly phosphorylate
3′-deoxyinosine, followed by amination of the phosphorylated intermediate by adenylosuccinate
synthetase and adenylosuccinate lyase to yield cordycepin monophosphate. This putative
metabolic pathway connecting 3′-deoxyinosine to active cordycepin triphosphate was hypothe-
sized by extrapolating known pathways. The chemical structures were drawn using ChemSketch
from the ACD Lab, and the figure was created using ChemDraw.
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Figure 3.7: Effect of NT5C2 knock-down on Cordycepin and 3′-Deoxyinosine responses (A,
B, D) A549 epithelial cells were transfected with 5 nM siRNA targeting ADSS2 (siADSS2) or
a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No Tx) or exposed to
Cordycepin 50 µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF (10 ng/ml)
added 1 h after the start of compound treatment (i.e. in the presence of the compound) for a
1 h stimulation. qPCR data for NT5C2, CXCL1, and CXCL8 were normalised to GAPDH
and expressed relative to the TNF + siCTRL condition (n = 3 biological replicates). Bars
show mean ± SEM; dashed line indicates the TNF baseline. Significance: ordinary one-way
ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not significant.
(C,E) Same experiments, but ratios were further normalised within each siRNA group to their
corresponding DMSO + TNF value (Treated / [DMSO + TNF] in the same siRNA group),
removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siNT5C2
for each drug. Colour code: blue = siCTRL, red = siNT5C2.
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Figure 3.8: Effect of ADSS2 knock-down on Cordycepin and 3′-Deoxyinosine responses (A,
B, D) A549 epithelial cells were transfected with 5 nM siRNA targeting ADSS2 (siADSS2)
or a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No Tx) or exposed
to Cordycepin 50 µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF (10
ng/ml) added 1 h after the start of compound treatment (i.e. in the presence of the compound)
for a 1 h stimulation. qPCR data for ADSS2, CXCL1, and CXCL8 were normalised to GAPDH
and expressed relative to the TNF + siCTRL condition (n = 3 biological replicates). Bars
show mean ± SEM; dashed line indicates the TNF baseline. Significance: ordinary one-way
ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not significant.
(C, E) Same experiments, but ratios were further normalised within each siRNA group to their
corresponding DMSO + TNF value (Treated / [DMSO + TNF] in the same siRNA group),
removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siADSS2
for each drug.Colour code: blue = siCTRL, red = siADSS2.
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3.2.3 Evaluating the PNP-Mediated Salvage Pathway

To test whether purine nucleoside phosphorylase (PNP) could cleave 3DI into hy-

poxanthine and 3′-deoxyribose-1-phosphate, enabling salvage via hypoxanthine and

3′-deoxyribose recycling, we induced a metabolic state favouring inosine use as a carbon

source and then examined 3DI responses under PNP upregulation [109–111, 118].

We proposed that PNP could cleave 3DI into hypoxanthine and 3′-deoxyribose-1-

phosphate, which could then be converted to 3′-deoxyribose-5-phosphate and recom-

bined via hypoxanthine-phosphoribosyltransferase (HPRT) to regenerate 3′-deoxyinosine

monophosphate (Figure 3.9). To test whether upregulating PNP by glucose deprivation

[118] would augment 3DI activity, we cultured A549 cells in glucose-free medium for 24

hours before drug treatment.

Although 50-100 µM 3DI showed increased anti-inflammatory effects under glucose

deprivation, the basal inflammatory response was itself dampened in glucose-free

conditions (Figure 3.10 B-C). This global suppression of inflammatory markers made it

impossible to determine whether any PNP-dependent mechanism specifically enhanced

3DI bioactivation. PNP expression levels were measured (Figure 9A) but the overall

experimental design yielded inconclusive results.

No definitive inference on a PNP requirement for 3DI activation can be drawn

under these conditions due to the confounding effect of globally reduced inflammatory

responses in glucose-free media.
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Figure 3.9: Proposed metabolic pathway for 3′-deoxyinosine involving purine nucleoside
phosphorylase (PNP). This hypothesized route entails PNP-mediated enzymatic cleavage of
3′-deoxyinosine into hypoxanthine and 3′-deoxyribose-1-phosphate. 3’-deoxyribose-1- phosphate
can then be converted to 3′-deoxyribose-5-phosphate and combined with hypoxanthine by
hypoxanthine-phosphoribosyl transferase to generate 3′-deoxyinosine monophosphate. To
test this pathway, PNP was suppose to be stimulated upon glucose starvation in A549 cells;
however, this did not affect the anti-inflammatory activity of 3′-deoxyinosine (In my experiment
glucose starvation reduced the basal inflammatory response despite there is an article argued
that glucose starvation trigger an inflammatory response and shifting the cells to use inosine
as a carbon source), suggesting that this proposed route is not utilized for 3′-deoxyinosine
metabolism. The chemical structures were drawn using ChemSketch from the ACD Lab, and
the figure was created using ChemDraw.
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Figure 3.10: A549 cells were cultured in glucose-free medium for 24 h before treatment with
cordycepin (50 µM) or 3′-deoxyinosine (200 µM) for 2 h, with TNF (10 ng/ml) added 1 h after
the start of compound treatment (i.e. in the presence of the compound) for a 1 h stimulation.
Total RNA was extracted and cDNA was synthesized, followed by qPCR. Ct values of qPCR
for A) the inflammatory genes CXCL1 and CXCL8, and B) PNP were analyzed by the 2−∆∆Ct

method using GAPDH as a reference gene. Relative mRNA expression of the tested genes
is shown as a fold-change compared to TNF in glucose-containing medium (red dashed line).
The results are presented as the mean ± SD of three independent experiments.
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3.2.4 Adenine Salvage Pathways Show Promise

To investigate whether endogenous adenine combines with 3′-deoxyribose moieties from

3DI to regenerate cordycepin via salvage enzymes. I hypothesized two related pathways

involving adenine salvage (Figures 3.11 3.12):

1. Direct combination of adenine with 3′-deoxyribose via methylthioadenosine

phosphorylase (MTAP) or FAMIN/LACC1

2. Phosphoribosyl transfer via APRT after conversion of 3′-deoxyribose to 5-phospho-

3′-deoxyribosyl-1-pyrophosphate

To test whether adenine availability limits 3DI activity, A549 cells were co-treated

with adenine (800 µM) for 1 h before adding cordycepin or 3DI. Adenine supplementation

significantly enhanced 3DI’s suppression of CXCL1 (***p<0.001) and showed a trend

toward enhancement for CXCL8 (*p<0.05) (Figure 3.13 A-B). However, interpretation

is complicated by adenine’s own anti-inflammatory properties [119], making it difficult

to distinguish synergistic from additive effects.
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Figure 3.11: Proposed metabolic pathway for the conversion of 3′-deoxyinosine to cordycepin
involving adenine and 3′-deoxyribose recycling. This hypothetical route entails an endogenous
adenine reacting with the 3′-deoxyribose moiety released from 3′-deoxyinosine. Enzymes
such as methylthioadenosine phosphorylase (MTAP) or FAMIN can combine adenine with
3′-deoxyribose to generate 3′-deoxyadenosine (cordycepin). The chemical structures were
drawn using ChemSketch from the ACD Lab, and the figure was created using ChemDraw.
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Figure 3.12: Proposed metabolic pathway for 3′-deoxyinosine conversion to cordycepin
monophosphate involving adenine salvage. This hypothetical route entails 3′-deoxyribose-1-
phosphate first being cleaved from 3′-deoxyinosine and then converted to 3′-deoxyribose-5-
phosphate by phosphopentomutase (PGM2). 3′-deoxyribose-5-phosphate can then be converted
to 5-phospho-3′-deoxyribosyl-1-pyrophosphate by phosphoribosyl pyrophosphate synthetase 1
(PRPS1). Finally, endogenous adenine reacts with 5-phospho-3′-deoxyribosyl- 1-pyrophosphate,
catalyzed by adenine phosphoribosyltransferase (APRT) to generate 3′-deoxyadenosine
monophosphate (cordycepin monophosphate).
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Figure 3.13: Effects of cordycepin and 3′-deoxyinosine on inflammatory gene expression after
adenine treatment. A549 cells were treated with adenine (800 µM) for one hour then with
0.4% v/v DMSO, cordycepin (50 µM), or 3′-deoxyinosine (200 µM) for 2 h, with TNF (10
ng/ml) added 1 h after the start of compound treatment (i.e. in the presence of the compound)
for a 1 h stimulation. The graph shows the mean ± standard deviation of the three biological
replicates. Statistical significance was determined by unpaired t-tests at *P < 0.05, **P <
0.01, ***P < 0.005, and ****P < 0.0001****.
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3.2.5 APRT is Required for Cordycepin and 3DI Activity

To determine whether adenine phosphoribosyltransferase (APRT) is necessary for the

anti-inflammatory effects of cordycepin and 3DI, I conducted APRT knockdown

APRT knockdown in A549 cells (>95% reduction) did not significantly affect 3DI

efficacy on CXCL1 (103.1% efficacy retained) or CXCL8 (68.2% retained). However,

cordycepin’s efficacy was significantly reduced for CXCL8 (63.2% retained, **p<0.01),

though not for CXCL1 (51.5% retained, p=0.08) (Figure 3.14 A-E). The requirement for

APRT was more pronounced in RAW264.7 macrophages. Aprt knockdown significantly

impaired both cordycepin and 3DI activity across both inflammatory readouts (Figure

3.15 A-E):

Cordycepin efficacy reduced to 66.0% (Acod1, *p<0.05) and 64.1% (Il1B, **p<0.01)

3DI efficacy dramatically reduced to 23.9% (Acod1, **p<0.01) and 44.2% (Il1B,

**p<0.01)

APRT is required for the anti-inflammatory activity of both compounds, with

stronger dependency in macrophages than epithelial cells.
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Figure 3.14: Effect of APRT knock-down on Cordycepin and 3′-Deoxyinosine responses (A,
B, D) A549 epithelial cells were transfected with 5 nM siRNA targeting APRT (siAPRT) or
a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No Tx) or exposed to
Cordycepin 50 µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF (10
ng/ml) added 1 h after the start of compound treatment (i.e. in the presence of the compound)
for a 1 h stimulation. qPCR data for APRT, CXCL1, and CXCL8 were normalised to GAPDH
and expressed relative to the TNF + siCTRL condition (n = 3 biological replicates). Bars
show mean ± SEM; dashed line indicates the TNF baseline. Significance: ordinary one-way
ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not significant.
(C, E) Same experiments, but ratios were further normalised within each siRNA group to their
corresponding DMSO + TNF value (Treated / [DMSO + TNF] in the same siRNA group),
removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siAPRT for
each drug.Colour code: blue = siCTRL, red = siAPRT.
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Figure 3.15: Effect of siAprt knock-down on Cordycepin and 3′-Deoxyinosine responses (A,
B, D) RAW264.7 macrophages were transfected with 5 nM siRNA targeting Aprt (siAprt)
or a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No Tx) or exposed
to Cordycepin 20 µM (Cpn 20) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with LPS (1
µg/ml) added 1 h after the start of compound treatment (i.e. in the presence of the compound)
for a 1 h stimulation. qPCR data for Aprt , Acod1, and Il1B were normalised to Gapdh
and expressed relative to the LPS + siCTRL condition (n = 3 biological replicates). Bars
show mean ± SEM; dashed line indicates the LPS baseline. Significance: ordinary one-way
ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not significant.
(C, E) Same experiments, but ratios were further normalised within each siRNA group to their
corresponding DMSO + LPS value (Treated / [DMSO + LPS] in the same siRNA group),
removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siAprt for
each drug.Colour code: blue = siCTRL, red = siAprt.
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3.2.6 FAMIN/LACC1 Shows Cell-Type-Specific Requirements

To test whether FAMIN/LACC1, a purine 5′-nucleotidase implicated in inflammatory

regulation, participates in 3DI bioactivation, I conducted a FAMIN/Lacc1 knockdown.

In A549 cells, FAMIN knockdown (>70% reduction) did not significantly affect

the efficacy of either compound. Cordycepin retained 128.9% (CXCL1) and 107.7%

(CXCL8) of control efficacy, while 3DI showed variable retention (Figure 3.16 A-E; all

paired t-tests p>0.05).

In contrast, in RAW264.7 macrophages, Lacc1 knockdown significantly affected the

activity of both compounds (Figure 3.17 A-E):

Cordycepin efficacy reduced to 80.5% (Acod1, *p<0.05) and 72.6% (Il1B, **p<0.01)

3DI efficacy reduced to 63.0% (Acod1, *p<0.05) and 53.1% (Il1B, **p<0.01)

FAMIN/LACC1 is required for cordycepin and 3DI activity specifically in macrophages,

suggesting cell-type-specific metabolic requirements.
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Figure 3.16: Effect of FAMIN knock-down on Cordycepin and 3′-Deoxyinosine responses (A,
B, D) A549 epithelial cells were transfected with 5 nM siRNA targeting FAMIN (siFAMIN) or
a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No Tx) or exposed to
Cordycepin 50 µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF (10 ng/ml)
added 1 h after the start of compound treatment (i.e. in the presence of the compound) for a
1 h stimulation. qPCR data for FAMIN, CXCL1, and CXCL8 were normalised to GAPDH
and expressed relative to the TNF + siCTRL condition (n = 3 biological replicates). Bars
show mean ± SEM; dashed line indicates the TNF baseline. Significance: ordinary one-way
ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not significant.
(C, E) Same experiments, but ratios were further normalised within each siRNA group to their
corresponding DMSO + TNF value (Treated / [DMSO + TNF] in the same siRNA group),
removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siFAMIN
for each drug. Colour code: blue = siCTRL, red = siFAMIN.
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Figure 3.17: Effect of Lacc1 (Famin) knock-down on Cordycepin and 3′-Deoxyinosine
responses (A, B, D) RAW264.7 macrophages were transfected with 5 nM siRNA targeting
Lacc1 (siLacc1) or a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No
Tx) or exposed to Cordycepin 20 µM (Cpn 20) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h,
with LPS (1 µg/ml) added 1 h after the start of compound treatment (i.e. in the presence of
the compound) for a 1 h stimulation. qPCR data for Lacc1 , Acod1, and Il1B were normalised
to Gapdh and expressed relative to the LPS + siCTRL condition (n = 3 biological replicates).
Bars show mean ± SEM; dashed line indicates the LPS baseline. Significance: ordinary
one-way ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not
significant. (C, E) Same experiments, but ratios were further normalised within each siRNA
group to their corresponding DMSO + LPS value (Treated / [DMSO + LPS] in the same
siRNA group), removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL
vs. siLacc1 for each drug. Colour code: blue = siCTRL, red = siLacc1.
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3.2.7 Additional Metabolic Nodes Show Variable Effects

Adenosine kinase (ADK) phosphorylates adenosine and related nucleosides to their

monophosphate forms and is required for intracellular CoTP generation from cordycepin

[2, 17, 29, 45, 120].

Remarkably, adenosine kinase (ADK) knockdown revealed opposite effects on the

two compounds (Figure 3.18 A-E). In A549 cells:

Cordycepin efficacy was significantly reduced for both CXCL1 (27.4% retained,

*p<0.05) and CXCL8 (54.8% retained, *p<0.05)

3DI efficacy was enhanced for CXCL8 (260% of control, *p<0.05) with no significant

effect on CXCL1

Similar divergent effects were observed in RAW264.7 cells (Figure 3.19 A-E), where

Adk knockdown reduced cordycepin efficacy to 50.7% (Acod1, **p<0.01) and essentially

abolished it for Il1B (-1.8% efficacy, **p<0.01), while partially reducing 3DI efficacy.

ADK is required for cordycepin activity but may limit 3DI bioactivation, suggesting

distinct metabolic processing of these compounds.
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Figure 3.18: Effect of ADK knock-down on Cordycepin and 3′-Deoxyinosine responses (A,
B, D) A549 epithelial cells were transfected with 5 nM siRNA targeting ADK (siADK) or
a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No Tx) or exposed to
Cordycepin 50 µM (Cpn 50) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with TNF (10
ng/ml) added 1 h after the start of compound treatment (i.e. in the presence of the compound)
for a 1 h stimulation. qPCR data for ADK, CXCL1, and CXCL8 were normalised to GAPDH
and expressed relative to the TNF + siCTRL condition (n = 3 biological replicates). Bars
show mean ± SEM; dashed line indicates the TNF baseline. Significance: ordinary one-way
ANOVA with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not significant.
(C, E) Same experiments, but ratios were further normalised within each siRNA group to their
corresponding DMSO + TNF value [(Treated / [DMSO + LPS] in the same siRNA group],
removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siADK for
each drug. Colour code: blue = siCTRL, red = siADK.
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Figure 3.19: Effect of siAdk knock-down on Cordycepin and 3′-Deoxyinosine responses (A,
B, D) RAW264.7 macrophages were transfected with 5 nM siRNA targeting Adk (siAdk) or
a non-targeting control (siCTRL) for 48 h. Cells were left untreated (No Tx) or exposed
to Cordycepin 20 µM (Cpn 20) or 3′-Deoxyinosine 200 µM (3DI 200) for 2 h, with LPS (1
µg/ml) added 1 h after the start of compound treatment (i.e. in the presence of the compound)
for a 1 h stimulation. qPCR data for Adk, Acod1, and Il1B were normalised to Gapdh and
expressed relative to the LPS + siCTRL condition (n = 3 biological replicates). Bars show
mean ± SEM; dashed line indicates the LPS baseline. Significance: ordinary one-way ANOVA
with Tukey post-test, P < 0.05 (*), < 0.01 (**),< 0.001 (***), ns = not significant. (C,
E) Same experiments, but ratios were further normalised within each siRNA group to their
corresponding DMSO + LPS value (Treated / [DMSO + LPS] in the same siRNA group),
removing basal knock-down effects. Paired two-tailed t-tests compare siCTRL vs. siAdk for
each drug.Colour code: blue = siCTRL, red = siAdk.

125



3.2.8 Carbosynth Cordycepin Purity Analysis

To ensure that the pathway dependencies observed in the knockdown experiments were

not confounded by impurities in the cordycepin reagent, I next verified the identity

and purity of the Carbosynth cordycepin stock by LC-MS on a Thermo Exactive with

SeQuant® ZIC®-pHILIC separation, visualised in ACD/Labs Spectrus Processor.

The Carbosynth cordycepin ("cordycepin 601") eluted as a single dominant peak

at tR ≈ 7.28-7.31 min in the extracted ion chromatogram (XIC) at m/z 252.1, with

software-reported Single XIC area = 100% (Figure 3.20 A). The MS spectrum at the

chromatographic apex (tR = 7.279 min) showed a base peak at [M+H]+ = 252.109

(Mass(Amax) = 252.113) with Δmass = 0.004 Da, consistent with the molecular

formula C10H13N5O3. Additional labeled ions included m/z 218.215 ([M+H-34]+),

246.243 ([M+H-6]+), and a [M+Na]+ adduct. The software confidence was reported as

"Excellent" (Figure 3.20 B).

The positive-ion MS pattern at the chromatographic apex documented diagnostic

ions supporting cordycepin identification (Figure 3.21). The base peak [M+H]+ at m/z

252.109 (Mass(Amax) = 252.113) dominated the spectrum, with low-level adduct and

neutral-loss ions annotated by the software including [M+H-34]+ = 218.215, [M+H-6]+

= 246.244, [M+Na]+, and m/z 253.113. Minor ions at m/z 118.090, 130.166, 136.071,

148.105, and 212.095-212.097 were also visible in the zoomed view (Figure 3.21 B).

The calibration curve analysis using Phyproof cordycepin (Merck) as standard

determined that the purity of Carbosynth cordycepin was 99.08% with R² = 0.9813 (y

= 1E-06x - 1004.4) (Figure 3.22).
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Figure 3.20: A (top): Overlaid chromatograms: TIC (ESI+, red trace) and XIC at m/z
252.1 (green, shaded) across a 24-min run on a SeQuant ZIC-pHILIC column. A single, sharp
XIC peak is centered at tR ≈ 7.28–7.31 min and is annotated “Cordycepin.” Minor features
at the solvent front ( ≈ 0.34–0.50 min) and late elution ( ≈ 23.6–23.8 min) are visible in the
TIC but do not appear in the XIC. Ion mode: ESI+ (labelled at top right). B (bottom): MS
spectrum for the tR = 7.279 min peak with automatic component assignment in ACD/Labs
Spectrus Processor. Base peak [M+H]+= 252.109 (Mass(Amax) = 252.113), elemental formula
C10H13N5O3, and Mass difference = 0.004 (Da). Additional labelled ions include 218.215
([M+H–34]+), 246.243 ([M+H–6]+), 253.113, and a [M+Na]+ adduct (labelled). Software
confidence tile reads “Excellent.” The component table shows tR = 7.279 min, neutral mass
251.102, [M–H]− = 250.095 (reported), and Single XIC area = 100.00% for both ESI polarities;
TIC area = 15.26% (ESI+) and 30.02% (ESI-) with All tRs(min) reported as TIC (ESI+) =
7.28, XIC = 7.28, TIC (ESI-) = 6.43, XIC = 7.29 (values as displayed in the figure). The
chromatogram generated from the Thermo Exactive LC-MS employing the SeQuant ZIC-
pHILIC column (Merck). The analysis was conducted over a 24-minute runtime. Visualization
of the LC-MS/MS data was performed using the Spectrus Processor from ACD/Labs.
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Figure 3.21: Mass spectrum for cordycepin. A (top): ESI+ MS spectrum at tR = 7.279 min,
annotated with [M+H]+ and neutral-loss/adduct assignments. The base peak is [M+H]+ =
252.113/252.109, with visible signals at 218.215 ([M+H–34]+), 246.244 ([M+H–6]+), 219.215,
253.113, and a labelled [M+Na]+ adduct. B (bottom): Replicate/zoomed ESI+ MS view for
the same tR, emphasizing the dominant [M+H]+ = 252.109 peak and nearby low-abundance
ions (e.g., 118.090, 130.166, 136.071, 148.105, 212.095–212.097). Axes: m/z (x) and relative
intensity (y). Ion mode: ESI+ (right-hand label). The chromatogram generated from the
Thermo Exactive LC-MS employing the SeQuant ZIC-pHILIC column (Merck). The analysis
was conducted over a 24-minute runtime. Visualization of the LC-MS/MS data was performed
using the Spectrus Processor from ACD/Labs.
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Figure 3.22: Cordycepin (Phyproof) calibration curve. Phyproof Cordycepin from Merck
was used as standard to estimate the purity of cordycepin (Carbosynth) and the purity of
synthetic cordycepin. The y-axis represents the concentration, expressed in nanomolar (nM),
and the x-axis represents the area. The purity of cordycepin (Carbosynth), according to the
calibration curve is 99.08% and the purity of synthetic cordycepin is 100%.
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3.2.9 Synthetic Cordycepin Purity Analysis

Synthetic cordycepin produced identical chromatographic behaviour to Carbosynth

cordycepin, with a single XIC peak at tR = 7.280 min and [M+H]+ = 252.109 (apex

mass 252.115; ∆ = 0.005 Da), supporting 100% purity for the synthetic standard (Figure

3.23). The centroid ESI+ mass spectrum at the apex showed the base peak [M+H]+ at

m/z 252.115 with characteristic diagnostic ions including m/z 218.215, 212.100, 198.210,

219.215, 246.244, 253.113, 136.071, and 130.166, plus a sodium adduct [M+Na]+ (Figure

3.24). The mass table confirmed Mass(A0) 251.102, [M-H]- = 250.095, and molecular

formula C10H13N5O3 with mass difference of 0.005 Da, supporting 100% purity for the

synthetic standard.
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Figure 3.23: A (top): TIC (ESI+, red trace) overlaid with the extracted-ion chromatogram
(XIC, m/z 252.1; beige/filled) for synthetic cordycepin; apex at tR = 7.280 min. Below, centroid
MS at the peak apex and the identification table. B (bottom): Replicate view of the TIC/XIC
overlay with the integrated XIC peak at tR = 7.280 min and the same identification table.
The chromatogram generated from the Thermo Exactive LC-MS employing the SeQuant ZIC-
pHILIC column (Merck). The analysis was conducted over a 24-minute runtime. Visualization
of the LC-MS/MS data was performed using the Spectrus Processor from ACD/Labs.
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Figure 3.24: Mass spectrum for synthetic cordycepin. A (top): Centroid ESI+ mass spectrum
at tR = 7.280 min annotated with adduct/neutral-loss labels provided by the software. B
(bottom): Replicate/zoomed view of the apex spectrum. The chromatogram generated from
the Thermo Exactive LC-MS employing the SeQuant ZIC-pHILIC column (Merck). The
analysis was conducted over a 24-minute runtime. Visualization of the LC-MS/MS data was
performed using the Spectrus Processor from ACD/Labs.
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3.2.10 3′-Deoxyinosine Stock Contamination

Critical contamination was discovered in the 3′-deoxyinosine stock (Santa Cruz Biotech-

nology). LC-MS/MS analysis revealed two distinct peaks: cordycepin at RT ≈ 7.282

min ([M+H]+ observed 252.109, Δ ≈ 5 mDa) and 3DI at RT ≈ 8.008 min ([M+H]+

observed 253.093, Δ ≈ 1 mDa) (Figure 25A). The ACD/Labs component table listed

both components with formulas consistent with cordycepin ( C10H13N5O3 ) and 3DI

( C10H12N4O4 ) with sub-10 mDa mass errors. The zoomed chromatogram confirmed

baseline separation of these two peaks under the 24-minute HILIC method (Figure 3.25

B).

MS/MS analysis at RT 8.008 min confirmed 3′-deoxyinosine identity with the

expected [M+H]+ 253.0935 and characteristic fragments including m/z 214.094, 171.128,

118.090, and 104.0735 (Figure 3.26 A-B). While this confirmed the presence of 3DI in

the stock, the cordycepin contamination represents a critical confounding factor.

The contamination level could not be quantified because integrated peak areas

and calibration-based response factors for both compounds in the same run were not

determined. Therefore, we report presence of cordycepin contamination in the 3DI

stock but cannot specify the exact percentage.

While cordycepin stocks (both Carbosynth and synthetic) showed high purity (99-

100%), the Santa Cruz 3DI stock contained measurable cordycepin contamination. This

finding constrains interpretation of all 3DI-specific effects in this study and highlights

the critical importance of comprehensive purity analysis for all reagents in metabolic

pathway studies.
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Figure 3.25: A (top): Chromatogram + component table from ACD/Labs Spectrus Processor
visualization showing two resolved components in the 3DI stock: cordycepin at RT ≈ 7.282 min
and 3DI at RT ≈ 8.008 min. Accurate-mass matches are annotated in positive ESI: cordycepin
[M+H]+ calc 252.115, obs 252.109 (Δ ≈ 5mDa); 3DI [M+H]+ calc 253.094, obs 253.093 (Δ
≈ 1 mDa). B (bottom): Zoomed chromatogram view of the same injection highlighting the
two peaks attributed to cordycepin and 3DI. The chromatogram generated from the Thermo
Exactive LC-MS employing the SeQuant ZIC-pHILIC column (Merck). The analysis was
conducted over a 24-minute runtime. Visualization of the LC-MS/MS data was performed
using the Spectrus Processor from ACD/Labs.
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Figure 3.26: Mass spectrum for 3DI. A (top): MS spectrum at RT 8.008 min in ESI+,
showing precursor [M+H]+ 253.0935 with characteristic fragments (e.g., m/z 214.094, 171.128,
118.090, 104.0735). B (bottom): Replicate/expanded MS view from the same retention-time
window, again dominated by the 253.093 ion. The chromatogram generated from the Thermo
Exactive LC-MS employing the SeQuant ZIC-pHILIC column (Merck). The analysis was
conducted over a 24-minute runtime. Visualization of the LC-MS/MS data was performed
using the Spectrus Processor from ACD/Labs.

3.3 Discussion

In this chapter, siRNA knockdown and pharmacological manipulation of enzymes

proposed to participate in 3DI and cordycepin metabolism were used to dissect candidate

rescue pathways in A549 epithelial cells and RAW264.7 macrophages. Three routes

were investigated: (i) direct phosphorylation and amination of 3DI via NT5C2/ADSS2,

analogous to didanosine activation; (ii) PNP-mediated cleavage of 3DI followed by

re-attachment of adenine to 3′-deoxyribose or 3′-deoxyribose phosphate; and (iii) adenine-

linked 3′-deoxyribose salvage via APRT with or without FAMIN/LACC1. Across both

cell systems, the dependency pattern is most consistent with adenine/3′-deoxyribose
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salvage–coupled routes rather than a direct NT5C2/ADSS2 phosphorylation–amination

mechanism or a clearly demonstrable PNP-mediated pathway.

In RAW264.7 macrophages, Aprt knockdown reduced the anti-inflammatory activity

of both cordycepin and 3DI (Acod1 and Il1b readouts), indicating a requirement for

adenine phosphoribosyltransferase in the active-metabolite supply chain (Figure 3.15).

In A549 epithelial cells, APRT loss primarily blunted cordycepin efficacy (CXCL8), with

more modest effects on 3DI (Figure 3.14). Famin/Lacc1 knockdown reduced the efficacy

of both nucleosides in RAW264.7 but had little impact in A549 (Figures 3.16, 3.17).

Together with the enhancement of 3DI responses by adenine co-supplementation in A549

(Figure 3.13), these data support a model in which adenine-dependent 3′-deoxyribose

salvage is required for full cordycepin activity, and in which macrophage-specific FAM-

IN/LACC1 activity boosts this salvage throughput [112, 113].

Mechanistically, this fits canonical salvage biochemistry: APRT converts adenine

to AMP and HPRT converts hypoxanthine to IMP—two major entry points that

feed adenylate pools and downstream nucleotide formation [121]. In macrophages,

FAMIN/LACC1 has been shown to integrate adenosine, inosine and adenylosuccinate

interconversions into a purine nucleotide cycle that couples purine flux to cellular

metabolism [113, 122]. Under this framework, 3′-deoxyribose released from 3DI (via

PNP or related enzymes) can be re-adenylated through APRT- and FAMIN/LACC1-

dependent pathways, regenerating cordycepin nucleotides. External systems-level work

showing that adenine and inosine are particularly effective precursors for tissue nucleotide

repletion is consistent with such adenine-linked rescue routes in vivo [123].

In contrast, the NT5C2/ADSS2 “didanosine-analogue” route, which had been pro-

posed in a previous publication by Lee et al. [1], found little support. Knockdown of

NT5C2 or ADSS2 did not measurably affect cordycepin or 3DI responses in A549 cells

under the conditions used here, and NT5C2 is biochemically a 5′-nucleotidase rather

than a kinase [108, 124]. Although it is possible that sufficient NT5C2/ADSS2 protein

persists under these knockdown conditions, making a complete exclusion impossible,

the combination of these negative data and the known enzymology makes it unlikely

that direct phosphorylation–amination of 3DI to 3′-deoxyadenosine monophosphate is a
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major activation route in this system.

The PNP-mediated pathway could not be evaluated definitively. Glucose restriction

was used to increase reliance on inosine as an alternative carbon source [118], thereby

increasing flux through PNP-dependent inosine metabolism, with the aim of testing

whether 3DI bioactivation is enhanced when PNP-mediated cleavage to hypoxanthine

and 3′-deoxyribose-1-phosphate is favoured [125, 126]. To maximise sensitivity to

such an effect, lower 3DI concentrations were used under glucose restriction; based

on the dose–response relationship under normal glucose, these doses were expected to

produce anti-inflammatory responses comparable to the higher concentrations used

in earlier experiments. However, the combined effects of glucose restriction and the

associated changes in PNP-dependent inosine metabolism dampened basal inflammatory

responses and did not yield an interpretable, PNP-specific enhancement or loss of 3DI

activity. Under these conditions (glucose restriction to enhance PNP-dependent inosine

metabolism), the experiments were therefore inconclusive with respect to a requirement

for PNP-mediated 3′-deoxyribose re-attachment, and the present data do not support a

firm conclusion on this route.

ADK knockdown revealed a useful contrast between cordycepin and 3DI. In both

cell types, ADK was required for full cordycepin activity, consistent with the need

to phosphorylate cordycepin to 3′-deoxy-AMP en route to CoTP [2, 29, 45]. By

contrast, partial ADK loss in A549 cells actually enhanced 3DI responses in some

readouts, suggesting that ADK can limit 3DI bioactivation while remaining essential

for cordycepin. This “ADK paradox” argues that not all 3DI effects are due solely

to cordycepin contamination in the 3DI stock, and supports the idea that 3DI and

cordycepin experience distinct, pathway-specific bottlenecks even when they converge

on shared adenine/3′-deoxyribose salvage nodes [1, 25, 28].

LC–MS characterisation at the end of the project established high purity for both the

Carbosynth and synthetic cordycepin stocks but revealed measurable cordycepin con-

tamination in the Santa Cruz 3DI preparation. This contamination confounds absolute

estimates of 3DI potency and dose–response, and means that the present data cannot

cleanly separate “pure 3DI” effects from those of co-delivered cordycepin. However, the
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patterns of pathway dependence remain informative, particularly where siRNA effects

are similar for cordycepin and 3DI (e.g. APRT and FAMIN/LACC1 in RAW264.7) or

diverge between them (e.g. ADK). These contrasts, together with external evidence

for cordycepin’s triphosphate-dependent signalling repression and anti-inflammatory

activity in vivo [25, 26, 28], support a central conclusion: intracellular CoTP levels—and

thus cordycepin’s pharmacology—are dependent on 3′-deoxyribose–salvage capacity.

Conclusions

1. NT5C2/ADSS2 phosphorylation–amination route. Under the knockdown

conditions used here, NT5C2 and ADSS2 did not measurably affect cordycepin or

3DI responses in A549 cells, and NT5C2 is a nucleotidase rather than a kinase

[108, 124]. While residual protein may persist, these data make it unlikely that

direct phosphorylation–amination of 3DI is a major contributor to bioactivation

in this system.

2. PNP-mediated 3′-deoxyribose salvage. Experiments performed under glucose

restriction did not yield interpretable PNP-specific effects on 3DI activity, and

physiological PNP activity is generally biased toward nucleoside breakdown to

base + sugar-1-phosphate [125, 126]. The present data therefore do not allow a

firm conclusion on PNP-mediated 3′-deoxyribose re-attachment.

3. APRT ± FAMIN/LACC1 3′-deoxyribose salvage. APRT and FAM-

IN/LACC1 knockdown markedly reduced the anti-inflammatory activity of both

cordycepin and 3DI in RAW264.7 macrophages, with more modest but consistent

effects in A549 cells, and adenine co-supplementation enhanced 3DI activity in

A549. Combined with external evidence that adenine/inosine are privileged pre-

cursors for nucleotide repletion [103, 123], these findings support a novel model in

which adenine-linked 3′-deoxyribose salvage is required for full cordycepin activity

and for efficient rescue of 3DI to cordycepin nucleotides.

Future work

• Confirm the extent of protein depletion for each siRNA target (NT5C2, ADSS2,
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APRT, FAMIN/LACC1, ADK) by immunoblotting or activity assays, to ensure

that negative or partial phenotypes are not due to residual enzyme.

• Re-run key functional datasets with verified pure 3DI and internal LC–MS stan-

dards to remove the contamination confound and quantify 3DI→cordycepin

conversion.

• Perform tracer metabolomics with uniformly-labeled [U-13C]adenine or suitably la-

belled 3′-deoxyribose/3DI to quantify adenine-coupled rescue into 3′-dAMP/3′-dATP/CoTP

pools.

• Conduct orthogonal validation of the FAMIN/APRT axis (e.g. rescue by cDNA

re-expression, enzyme-activity assays) to test whether restoring these nodes can

normalise cordycepin/3DI responses.

• Implement time-resolved purine-pool profiling under defined knockdown condi-

tions (APRT, FAMIN/LACC1, ADK), measuring AMP/IMP/ATP and 3′-deoxy-

nucleotides including CoTP, to directly connect genetic nodes to 3′-deoxyribose–salvage

efficiency.

Overall, these data suggest that the efficacy of cordycepin in both epithelial and

macrophage models is constrained not only by transport and phosphorylation, but also

by the capacity of adenine-linked 3′-deoxyribose salvage pathways to sustain intracellular

CoTP levels.
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Chapter 4

A Haploid Genetic Screen Identifies

Three Classes of Resistance

Mechanisms to Cordycepin

4.1 Introduction

Cordycepin (3′deoxyadenosine) is a fungal nucleoside analog whose cytotoxic and sig-

nalling effects in mammalian cells depend on intracellular phosphorylation to cordycepin

mono-, di- and triphosphate, a step predominantly catalysed by adenosine kinase (ADK)

[6, 103]. The major phosphorylated species detected in cells is cordycepin triphos-

phate, placing nucleoside salvage and phosphorylation at the centre of cordycepin

metabolism [6, 103]. Cordycepin triphosphate inhibits mRNA 3′-end formation by

interfering with canonical cleavage and polyadenylation and reduces cap-dependent

translation via repression of PI3K/Akt/mTOR signalling and 4E-BP phosphorylation,

with secondary consequences for global protein synthesis and cellular energy balance

[13, 19, 46, 127–129]. In different experimental systems these changes are accompanied

by altered expression of endoplasmic reticulum stress and integrated stress response

genes, autophagy and mitophagy regulators, and innate immune sensors [130–135].

Despite decades of study, the way in which cordycepin metabolism, poly(A)-tail

control and growth-factor signalling are wired together to determine whether a given cell

dies or survives remains incompletely defined. Current data indicate that cordycepin
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acts as a nucleotide analogue whose toxicity depends on intracellular metabolism and on

its effects on poly(A) tail formation and signalling, but a systematic map of the genes

and pathways that modulate these processes in human cells is still lacking [6, 13, 46, 103].

Defining the genetic determinants that control cordycepin activation, mRNA 3′-end

processing and PI3K/mTOR–AMPK signalling is important both for clarifying its

mechanism of action and for guiding the development of cordycepin analogues with

improved pharmacological properties.

Haploid insertional genetics to map resistance

Despite initial expectations that haploidy would be incompatible with normal mam-

malian cell function, haploid cell lines have proven surprisingly viable and phenotypically

normal. Unlike the genomic instability typically observed in aneuploid tumour cells,

haploid embryonic stem cells (haESCs) can be expanded in vitro for extended periods

while maintaining stable karyotypes and genomic integrity [136] [137]. Haploid human

cell lines (HAP1 / eHAP) allow recessive loss-of-function phenotypes to emerge from a

single, easily detected insertion event, increasing power and interpretability for chemo-

genetic screens [138, 139]. The piggyBac transposon system provides high-efficiency

integration at TTAA sites with a reproducible bias toward accessible chromatin, yielding

broad genomic coverage in practice [140–142]. Two engineered transposase variants are

commonly used: hyPBase, a hyperactive mutant carrying seven amino-acid substitutions

that increase transposition efficiency approximately tenfold over the wild-type enzyme

[142], and suPBase (suPB), a codon-optimised variant that also achieves high transposi-

tion rates but through a distinct set of sequence modifications [139]. Both recognise the

same TTAA target sites and inverted terminal repeats, and both support the gene-trap

configuration described below, but their differing mutational spectra mean that each

may favour a partly different subset of genomic loci and thereby provide complementary

coverage of the insertion landscape. In a gene-trap configuration (PBDGTV), insertion

into an expressed gene introduces a splice-acceptor–poly(A) cassette that prematurely

terminates transcription and disrupts gene function, as illustrated in Figure 4.1. These

properties make piggyBac-based mutagenesis an attractive approach for identifying

genes whose loss confers resistance to small-molecule inhibitors in an unbiased fashion.
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We performed parallel mutagenesis with the PBDGTV piggyBac gene trap and

either hyPBase or suPBase transposases (hyPB and suPB) in eHAP cells and applied

two cordycepin doses (150 and 200 µM). These concentrations were chosen on the basis

of dose–response experiments (see Section 4.2.2 and Figure 4.4): 150 µM produced a

moderate but sustained reduction in metabolic activity under repeated dosing, while

200 µM imposed a stronger selection bottleneck, together spanning the range in which

resistant mutants could plausibly survive while sensitive wild-type cells were eliminated.

Seeding density was optimised to maximise insertional complexity while maintaining

the haploid state of the culture; we ultimately used 150,000 cells per T75 flask, as

supported by the library performance analyses presented later in this chapter [139].

Because piggyBac’s open-chromatin preference can subtly weight gene discovery, we later

compared platforms (hyPB vs. suPB) and dose conditions and assessed chromosome-

group distributions to rule out gross chromosomal bias [140, 141].

Study aims

This haploid screen was designed to define genetic determinants of resistance to cordy-

cepin. I asked which hypotheses on the metabolism and mechanism of action of

cordycepin are suggested by a genetic screen and if the target of cordycepin can be

identified.

4.2 Results

4.2.1 Loss-of-function logic of the haploid resistance screen

The interpretation of the haploid screen is based on a simple loss-of-function logic. In

a resistance screen, enrichment of disruptive transposon insertions in a gene among

survivors indicates that loss of that gene’s function confers a selective advantage in

the presence of the drug. In other words, disruption of the gene helps cells survive

cordycepin treatment. This is distinct from expression-based analyses: we are not

assessing whether a pathway is transcriptionally up- or down-regulated, but rather

which gene knockouts improve survival.

Resistance can arise at multiple levels of the drug’s action, from cordycepin uptake
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Figure 4.1: PiggyBac (PB) transposon system. (a) Original PB elements contain the
transposase gene (orange) and inverted terminal repeats (ITRs, yellow arrows). (b) Binary PB
system used for gene delivery in plasmids: a transposase expression helper plasmid (HyPBase or
SuPBase) driven by a promoter (gray arrow) and a donor plasmid containing the gene-trapping
cassette PBDGTV (light blue) and a puromycin selection marker flanked by ITRs. (c) The
transposon carrying the cassette is excised from the donor plasmid and integrated into the
chromosome at TTAA sites. (d) Insertion of PBDGTV between exons (navy) can disable
a gene by prematurely terminating transcription via the splice-acceptor–poly(A) element
(SA–polyA), truncating transcript expression (exons 1–2). Figure created with BioRender.com.
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and metabolism, through the direct molecular targets, to signalling pathways that

mediate toxicity and pathways that buffer downstream consequences for proteostasis

and metabolism. ADK serves as an internal conceptual control: as the primary kinase

that phosphorylates cordycepin to active nucleotides, ADK loss-of-function is expected

to reduce formation of cordycepin triphosphate and to confer resistance [6, 103]. For

more complex pathways that include both positive and negative regulators, directionality

is inferred gene by gene and then synthesised at the pathway level.

4.2.2 Screen design, mutagenesis and selection strategy

To systematically identify genetic determinants of cordycepin resistance, we performed

a genome-wide haploid gene-trap screen in the eHAP cell line. This haploid human cell

line provides a powerful platform for recessive loss-of-function screens, because a single,

easily detected insertion can unmask a phenotype that would otherwise be buffered

in a diploid background [138, 139]. We used the piggyBac-based gene-trap system

(PBDGTV) described above (Figure 4.1), in which the transposase recognises inverted

terminal repeats flanking the cassette and inserts it at genomic TTAA sites; the splice-

acceptor–poly(A) module within PBDGTV can prematurely terminate transcription

and disrupt gene expression when integrated into the genes [140–142].

The overall experimental workflow is summarised in Figure 4.2. eHAP cells were

co-transfected with the PBDGTV vector and either hyPBase or suPBase transposase

(hyPB and suPB), then selected with puromycin to enrich for cells carrying transposon

insertions. The resulting mutant libraries were exposed to cordycepin at 150 or 200 µM

using a repeated dosing paradigm, and surviving cells were harvested. Genomic DNA

from these survivors was extracted for mapping of transposon–genome junctions by

Splinkerette PCR and next-generation sequencing (see below). By comparing insertion

profiles between the cordycepin-resistant populations and unselected controls, I identified

genes whose disruption confers resistance to cordycepin.

Optimisation of selection parameters

A critical step in the screen design was optimisation of the selection parameters to

ensure efficient enrichment of cordycepin-resistant mutants. This involved determining
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Figure 4.2: Overview of haploid genetic screening. eHAP cells were transfected with
the PiggyBac gene-trapping vector PBDGTV along with transposase expression plasmids
(HyPBase or SuPBase), resulting in genomic integration and gene disruption across the
genome. Cells were then selected with puromycin at 2 µg/mL for 3 days to enrich for cells
with transposon insertions. The surviving mutant cell libraries were treated with cordycepin
at 150 µM or 200 µM for 72 h (twice every 24 h) to select mutants resistant to metabolic
inhibition by cordycepin. Dr. Alexander Kondrashov, Dr. Emilie Daniel and Davor Kresnik
conducted the transfected library preparations and puromycin selection; I performed the
cordycepin selection using the PrestoBlue™ HS Cell Viability Assay to monitor metabolic
activity as the primary readout. Surviving resistant clones were then harvested for genomic
DNA extraction, Splinkerette PCR amplification of transposon–genome junctions, and next-
generation sequencing to identify the disrupted genes (see Figure 4.7). Figure created with
BioRender.com.
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the puromycin concentration for selecting transfected cells, establishing the cordycepin

dose and dosing schedule, and evaluating 3′deoxyinosine (3DI) as a potential alternative

selection agent. Puromycin selection, library preparation and Splinkerette PCR for

amplification of insertion sites were carried out by Dr. Alexander Kondrashov, Dr. Emilie

Daniel and Davor Kresnik; I performed the cordycepin and 3DI selection experiments

and conducted the computational analyses.

Puromycin selection and library enrichment. To determine the puromycin

concentration that efficiently eliminated untransfected eHAP cells while preserving

PBDGTV-transfected cells, we performed a puromycin kill-curve on wild-type eHAP. A

concentration of 2 µg/mL puromycin resulted in near-complete death of wild-type cells

while allowing survival of the transfected population (Figure 4.3). After transfection,

cells were allowed to recover for 24 h and were then selected in 2 µg/mL puromycin for

3 days. This regimen provided a mutant library that was highly enriched for PBDGTV

insertions and of sufficient complexity for the subsequent cordycepin screen.

Figure 4.3: Effect of different puromycin concentrations on eHAP cell viability, wild type vs.
transfected. Wild-type eHAP and PBDGTV-transfected eHAP cells were treated with the
indicated puromycin concentrations for 3 days. The 2 µg/mL condition eliminated wild-type
cells while sparing most transfected cells, and was therefore used for library enrichment.

Cordycepin dosing paradigm. To define the cordycepin regimen for the screen,

I performed dose–response experiments using PrestoBlue to monitor metabolic activity.

eHAP cells were treated with 25–400 µM cordycepin for 24–72 h, comparing a single

dose with repeated dosing every 24 h. Repeated dosing produced a stronger and more

sustained reduction in metabolic activity than a single application, consistent with

the known degradation of cordycepin over time [91], and these effects were mirrored
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in a crystal-violet clonogenic assay (Figure 4.4 and Figure 4.5). On the basis of these

optimisation experiments, we selected 150 µM and 200 µM cordycepin, administered

twice daily for 3 days, as the selection conditions for the haploid screen.

Figure 4.4: Metabolic inhibition of eHAP cells by single versus repeated cordycepin treatments.
eHAP cells were treated with 25–400 µM cordycepin either as a single dose or with repeated
dosing every 24 h for 3 days. Cell viability was measured using the PrestoBlue assay. Repeated
doses produced stronger inhibition than a single dose, probably because cordycepin degrades
over time with a single application. X indicates the total number of cordycepin doses applied
across the specified time.

3′-Deoxyinosine dose–response as an alternative selection agent. We

also evaluated the nucleoside analogue 3′deoxyinosine (3DI), a related metabolite of

cordycepin, as a potential selection agent. eHAP cells were treated with 25–400 µM

3DI using the repeated dosing paradigm, and metabolic activity was measured with

PrestoBlue. Even at the highest concentrations tested, 3DI produced only about 20 %
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Figure 4.5: Crystal-violet clonogenic assay showing that multiple cordycepin doses reduce
eHAP colony formation more than a single dose. Representative images show eHAP cells
treated with a single dose of 150 or 200 µM cordycepin for 72 h (left) or with multiple doses of
150 or 200 µM cordycepin twice daily over 3 days (right). After treatment, cells were fixed and
stained with crystal violet in 10-cm Petri dishes (bottom). Repeated dosing markedly reduced
clonogenic growth compared with a single dose, supporting the choice of the repeated-dosing
paradigm for the genetic screen.
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maximal inhibition of metabolic activity (Figure 4.6). This limited potency indicated

that 3DI could not impose a sufficiently strong selection pressure to enrich resistant

mutants, so we did not pursue 3DI further and used cordycepin as the sole selection

agent for the screen.

Figure 4.6: Metabolic inhibition of HAP1 cells by 3′deoxyinosine. HAP1 cells were treated
with 25–400 µM 3′deoxyinosine using repeated dosing every 24 h for 3 days. Cell viability
was measured using the PrestoBlue assay. 3′Deoxyinosine achieved a maximal inhibition of
approximately 20 % across the tested concentration range, indicating that it is a weak inhibitor
under these conditions.

4.2.3 Mapping of transposon insertion sites

Following selection of cordycepin-resistant cells, the next step was to map the genomic

locations of the piggyBac insertions. We used Splinkerette PCR, a ligation-mediated

PCR method that allows specific amplification of genomic DNA sequences flanking
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integrated transposons [3, 7]. Genomic DNA from resistant cell populations was

fragmented, and a Splinkerette adapter was ligated to the fragment ends.

Separate PCR reactions were then performed for each end of the transposon (PB5

and PB3), using transposon-specific primers in combination with Splinkerette-specific

primers. The design of the Splinkerette adapter and primers prevents amplification

from Splinkerette to Splinkerette, thereby enriching specifically for fragments that

contain a transposon–genome junction [3, 7]. The resulting PCR products, which

carry the piggyBac inverted terminal repeat (ITR) and adjacent genomic sequence,

were subjected to next-generation sequencing. Sequencing reads were mapped to the

human genome to identify precise insertion sites. This mapping workflow, summarised

in Figure 4.7, yielded a genome-wide map of transposon insertions in the cordycepin-

resistant populations.

Figure 4.7: Overview of mapping piggyBac insertion sites in cordycepin-resistant cells.
The surviving mutant cell library after puromycin selection, which contained transposon
insertions, was treated with cordycepin to select mutants resistant to metabolic inhibition
by cordycepin. Genomic DNA was extracted from cordycepin-resistant cells, fragmented and
ligated to Splinkerette adapters [3, 7]. Two rounds of PCR (PB5 and PB3) were performed
with transposon- and Splinkerette-specific primers to amplify regions flanking transposon
insertion sites. These samples were sequenced to identify insertion sites and the disrupted
genes. Dr. Alexander Kondrashov, Dr. Emilie Daniel and Davor Kresnik carried out the
transfected library preparations and puromycin selection. Figure created with BioRender.com.
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4.2.4 Computational analysis

I analysed the sequencing data from Splinkerette PCR libraries using a custom pipeline

(GitHub: https://github.com/Ammar-Khamis/Haploid_screening). Briefly, reads were

adapter-trimmed, mapped to the human genome, and used to call transposon insertion

sites, which were then annotated to nearby genes. The number of independent insertion

events per gene was counted and compared between cordycepin-treated and control

samples to identify genes enriched for insertions in the cordycepin-resistant populations.
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4.3 Library Performance and Coverage

The success of a genetic screen depends on the complexity and evenness of the insertion

library. To assess whether the piggyBac-mutagenised eHAP libraries were suitable

for mapping recessive resistance phenotypes, I compared the total number of unique

insertions across seeding densities and examined their distribution across chromosome

groups.

4.3.1 Insertion counts at different seeding densities

Mutant libraries were generated at two seeding densities, 150,000 (150K) and 300,000

(300K) cells per T75 flask, for both hyPB and suPB transposases under DMSO control

and 150 µM / 200 µM cordycepin selection, as well as library-only controls. I then

counted the number of unique mapped insertion sites in each library (Figures 4.8 and

4.9).

At 150K, insertion counts ranged from 9,341 (hyPB_Library_1) to 51,053 (hyPB_-

Cordycepin_200 µM), with cordycepin-treated libraries generally showing higher in-

sertion numbers than their DMSO counterparts. At 300K, counts ranged from 11,390

(hyPB_Library_1) to 39,218 (hyPB_Cordycepin_150 µM). Thus, for the strongest

selection condition (hyPB, 200 µM cordycepin), the 150K seeding density produced

substantially more unique insertions than 300K.

Because 150K consistently delivered equal or higher insertion totals in the cordycepin-

treated conditions while using fewer starting cells, I used 150K libraries for all down-

stream analyses (chromosome-group coverage, gene-level enrichment and pathway

analysis). A lower seeding density helps maintain a high haploid fraction and reduces

diploidisation-related confounds in HAP1/eHAP cells [139, 143], while robust insertion

counts satisfy the coverage requirements for piggyBac-based insertional mutagenesis

screens [140, 142, 144, 145].

4.3.2 Chromosome-group distribution

To test whether piggyBac insertions were broadly distributed across the genome and to

exclude large-scale chromosomal biases, I grouped the autosomes and sex chromosomes
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Figure 4.8: Total unique insertions by condition at 150K seeding density (T75, eHAP).
Bar chart of mapped insertion sites for hyPB and suPB libraries under DMSO or cordycepin
(150 µM, 200 µM), plus library-only controls. Each bar represents one library; bar height
and the number above each bar indicate the total number of unique insertion sites in that
condition (range 9,341–51,053).
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Figure 4.9: Total unique insertions by condition at 300K seeding density (T75, eHAP). As
in Figure 4.8, but for libraries generated at 300K. Each bar represents one library; bar height
and the number above each bar indicate the total number of unique insertion sites (range
11,390–39,218).
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into four categories (Large: 1–5; Medium: 6–12; Small: 13–22; Sex: X, Y) and calculated,

for each condition at 150K, the percentage of total insertions falling into each group.

Figure 4.10 shows these percentages for hyPB and suPB libraries under DMSO and

cordycepin selection.

Across all conditions, the profiles overlapped closely and shared the ordering Large

> Medium > Small > Sex. Cordycepin treatment did not introduce new biases relative

to DMSO controls. This pattern is consistent with the known integration behaviour

of piggyBac, which targets TTAA sites and shows a preference for open, gene-dense

chromatin rather than specific chromosomes [140, 141, 146]. The absence of chromosome-

scale distortion supports the use of these libraries for genome-wide identification of

resistance loci.

Figure 4.10: Normalized insertion distribution by chromosome group at 150K. For each
condition, the percentage of total insertions falling into Large (1–5), Medium (6–12), Small
(13–22) and Sex (X, Y) chromosome groups is shown. Colours encode conditions, and the
profiles across conditions overlap closely with the ordering Large > Medium > Small > Sex,
indicating no gross chromosome-scale bias specific to hyPB or suPB at 150K.

4.4 Gene-Level Enrichment under Cordycepin

With high-quality libraries established, I next asked which gene knockouts conferred

resistance to cordycepin. For each platform (hyPB, suPB) and dose (150 µM, 200 µM),

I compared the frequency of insertions per gene between cordycepin-treated and DMSO

control populations and expressed this as the percentage of total insertions in that
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condition. The most strongly enriched genes are visualised as heatmaps (Figures 4.11

and 4.12).

4.4.1 150 µM cordycepin

At 150 µM cordycepin (Figure 4.11), both suPB and hyPB screens showed clear

enrichment of ADK insertions in the cordycepin-treated libraries relative to DMSO

controls. In the suPB panel, ADK accounted for 0.88 % of total insertions under

cordycepin versus 0.24 % in the DMSO control; in the hyPB panel, ADK represented

0.83 % versus 0.19 %. These changes indicate that loss of ADK function provides a

strong survival advantage under cordycepin at this dose, consistent with its role as the

primary kinase that phosphorylates cordycepin to active nucleotides [6, 103].

Beyond ADK, hyPB at 150 µM highlighted genes such as EGLN1 and MTMR3,

with increased insertion percentages in cordycepin-treated cells relative to DMSO.

EGLN1 encodes a prolyl hydroxylase that regulates HIF1α stability and links to

hypoxia and energy signalling, while MTMR3 encodes a phosphatase implicated in

PI(3)P turnover and autophagy regulation [127–129]. In the suPB panel, PSAT1

(phosphoserine aminotransferase 1), a component of serine/one-carbon metabolism,

showed marked enrichment (2.70 % vs 0.10 %). Several additional entries are long

non-coding RNAs or poorly characterised loci; given piggyBac’s TTAA/open-chromatin

preferences [140, 141, 146], these are interpreted cautiously unless they recur across

conditions.

Overall, at 150 µM cordycepin, the strongest and most consistent signal across both

platforms is ADK, with additional platform-specific hits pointing toward hypoxia/energy

signalling (EGLN1 ), autophagy-related lipid turnover (MTMR3 ), and amino-acid

metabolism (PSAT1 ).

156



(a) suPB, 150 µM cordycepin vs. DMSO control. (b) hyPB, 150 µM cordycepin vs. DMSO control.

Figure 4.11: Gene-level insertion enrichment under 150 µM cordycepin. Each heatmap
panel shows one transposase platform: suPB (a, left) or hyPB (b, right). Rows correspond to
individual genes (labelled by HGNC symbols), columns to treatment or control, and each cell
is annotated with the percentage of total insertions in that condition mapped to that gene.
The colour scale encodes this percentage (lighter to darker indicating lower to higher values).
Column labels use the abbreviations suPB and hyPB for the two transposases; “cordycepin_150”
denotes repeated dosing with 150 µM cordycepin and “Control_DMSO” denotes the vehicle-
treated library. Abbreviations: suPB, SuPBase transposase; hyPB, hyperactive piggyBac
transposase; DMSO, dimethyl sulfoxide vehicle control.
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4.4.2 200 µM cordycepin

At 200 µM cordycepin (Figure 4.12), ADK enrichment became even more pronounced,

especially in the suPB screen. In suPB, ADK accounted for 4.48 % of total insertions

under cordycepin compared with 0.24 % in the DMSO control; in hyPB, ADK rose

to 1.28 % vs 0.19 %. The dose-dependent increase in ADK enrichment across both

platforms reinforces the conclusion that ADK-dependent phosphorylation of cordycepin

is required for its cytotoxicity [6, 103].

The hyPB panel at 200 µM also contained several genes linked to AMPK–mTOR

signalling and autophagy, including PPP2R2B (PP2A B55 regulatory subunit), ATG5

and VPS41, as well as EGLN1 [13, 127–129, 147, 148]. In the suPB panel, enriched

genes included UBE2D1 (ubiquitin-conjugating enzyme E2), EDEM3 (ER-associated

degradation), PSAT1, TPK1 (thiamine pyrophosphokinase 1) and CASP8. Enrichment

of CASP8, a key initiator caspase, is consistent with cordycepin inducing CASP8-

dependent apoptosis in eHAP cells, because loss of CASP8 function increases survival

under treatment [130, 133, 134].

Notably, the lncRNA locus LINC03121 was highly represented in hyPB at 200 µM

(10.86 % vs 0.21 % in DMSO). Given piggyBac’s strong bias toward TTAA sites in

accessible chromatin and the architecture of some lncRNA loci, this spike is treated

with caution; its potential biological significance is considered in the Discussion rather

than inferred directly from the screen.
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(a) suPB, 200 µM cordycepin vs. DMSO control. (b) hyPB, 200 µM cordycepin vs. DMSO control.

Figure 4.12: Gene-level insertion enrichment under 200 µM cordycepin. Layout and colour
coding as in Figure 4.11: each heatmap panel shows one transposase platform, suPB (a) or
hyPB (b), with rows for genes and columns for treatment conditions. Each cell is annotated
with the percentage of total insertions in that condition mapped to that gene; “cordycepin_200”
denotes repeated dosing with 200 µM cordycepin. Abbreviations as in Figure 4.11.
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4.5 Cross-Condition Recurrence

To identify resistance determinants that were robust across dose and platform, I

compared normalized insertion percentages for a common panel of genes across all

eight libraries (suPB and hyPB; DMSO, 150 µM and 200 µM cordycepin; library-only

controls). Figure 4.13 summarises these data as a bar chart, and Figure 4.14 shows the

same values as a heatmap.

Across conditions, ADK showed the most consistent and largest increases in insertion

percentage under cordycepin relative to DMSO. For example, ADK rose from 0.24 % in

the suPB DMSO control to 0.88 % at 150 µM and 4.48 % at 200 µM; in hyPB, it increased

from 0.19 % in DMSO to 0.83 % (150 µM) and 1.28 % (200 µM). These cross-condition

patterns firmly establish ADK loss-of-function as a major resistance mechanism and

support the conclusion that ADK-dependent phosphorylation of cordycepin to its

nucleotide forms is required for toxicity [6, 103].

Other genes also showed recurrent enrichment, though with lower effect sizes than

ADK. In hyPB, PPP2R2B, ATG5, VPS41 and EGLN1 were preferentially enriched

at 200 µM cordycepin, consistent with roles for PP2A regulatory subunits, autophagy

machinery and hypoxia signalling in determining survival under treatment [13, 127–

129, 147, 148]. In suPB, UBE2D1, EDEM3, PSAT1, TPK1 and CASP8 were recurrently

enriched under cordycepin, pointing to contributions from ubiquitin–proteasome func-

tion, ER-associated degradation, amino-acid and cofactor metabolism, and apoptosis

[130, 133, 134]. The screen itself does not specify whether these genes act “downstream”

of ADK or in parallel; their smaller effect sizes may reflect partial redundancy or fewer

potential TTAA intergration sites rather than a lesser mechanistic importance.

Because piggyBac preferentially inserts at TTAA sites in open chromatin, local

TTAA density and chromatin accessibility can inflate insertion counts at specific loci,

especially long non-coding RNAs such as LINC03121 [140, 141, 146]. For this reason,

interpretation focuses on genes that are enriched across multiple independent conditions

(e.g., ADK) rather than on single-condition spikes, which may be more susceptible to

technical artefacts.
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Figure 4.13: Top genes across conditions (normalised percentage of total insertions). Bar
chart comparing the same set of enriched genes across all eight libraries (hyPB and suPB;
DMSO, 150 µM and 200 µM cordycepin; library-only controls). Each coloured bar represents
the percentage of total unique insertions in one condition mapped to the indicated gene;
this normalisation allows direct comparison between libraries of different absolute size. The
plot highlights the strong and dose-dependent enrichment of ADK, the pronounced spike of
LINC03121 in hyPB_cordycepin_200, and recurrent enrichment of genes such as PSAT1 and
UBE2D1 in suPB cordycepin conditions.
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Figure 4.14: Heatmap of normalised insertion percentages for recurrent genes across condi-
tions. Each row corresponds to a gene and each column to one library (hyPB or suPB; DMSO,
150 µM or 200 µM cordycepin; library-only controls). Cells are coloured by, and annotated
with, the percentage of total insertions in that condition mapped to the gene. Normalisation
was performed by expressing the number of unique insertion sites in each gene as a percentage
of the total unique insertions in that library, allowing direct comparison across libraries that
differ in absolute insertion count. The “Library” columns represent the unselected mutant
libraries (i.e. no cordycepin or DMSO treatment), which serve as a baseline for insertion
frequency before any drug selection. The heatmap makes cross-condition patterns explicit,
with ADK showing the most consistent enrichment under cordycepin and additional clusters
of genes enriched preferentially in hyPB or suPB under higher-dose selection.
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4.6 Pathway-Level Analyses (IPA; LoF Interpreta-

tion)

To organise the gene-level resistance hits into broader processes, I used Ingenuity

Pathway Analysis (IPA) on the insertion-enriched genes from the 200 µM cordycepin

conditions. Within the loss-of-function (LoF) framework established above, enrichment

of a canonical pathway means that disruptive insertions in one or more of its compo-

nents increase survival in cordycepin, i.e. the intact pathway normally contributes to

cordycepin sensitivity. Here I focus on the suPB and hyPB 200 µM datasets, which

provide the strongest selection and clearest pathway structure (Figs. 4.15–4.18).

suPB LoF pathways at 200 µM

In the suPB_CoR_200 versus suPB_DMSO comparison, IPA identifies a set of nucle-

oside/nucleotide salvage pathways (“Adenine and Adenosine Salvage VI”, “Nucleotide

salvage”, “Ribavirin ADME”) that all contain ADK, consistent with the requirement

for ADK-mediated phosphorylation of cordycepin for toxicity [6, 103]. LoF insertions

in ADK therefore act as a resistance mechanism by reducing formation of cordycepin

mono/di/triphosphate.

Beyond ADK, the most molecule-rich pathways in the suPB dataset map to au-

tophagy, ER–mitochondria contacts, mitochondrial quality control, ubiquitin-dependent

proteostasis, innate RNA sensing, and RNA processing (Figs. 4.15, 4.16). Autophagy

and mitophagy modules (“Autophagy”, “Macroautophagy”, “Mitophagy”) are supported

by LoF insertions in ATG12 and ATG5. ER–mitochondrial communication pathways

(“ER-Mitochondrial Communication Signaling Pathway”, “Cellular response to mito-

chondrial stress”, “Mitochondrial biogenesis”) are backed by hits in VPS13D, YME1L1

and NCOA1, implicating mitochondrial turnover and biogenesis in shaping cordycepin

sensitivity [147, 149–151].

Proteostasis- and innate-immunity-related terms are also prominent. “Protein Ubiq-

uitination Pathway” and “Deubiquitination” contain UBE2D1, PSMB2, UBR2, TRRAP

and USP3, while “DDX58/IFIH1-mediated induction of interferon-alpha/beta” and “Role

of PKR in interferon induction and antiviral response” include ATG12, ATG5, CASP8
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and UBE2D1. LoF of these components indicates that intact ubiquitin-coupled stress

signalling, RIG-I-like receptor pathways and PKR/ISR outputs promote cordycepin

toxicity in this system [130–135].

Finally, several enriched pathways involve RNA maturation and translation capacity.

These include “Processing of Capped Intron-Containing Pre-mRNA”, “Regulation of

mRNA stability by proteins that bind AU-rich elements”, “rRNA modification in the

nucleus and cytosol”, and “tRNA splicing”, with hits in NUP160, TCERG1, PSMB2,

RCL1 and PDE11A. LoF of these factors indicates that normal co-transcriptional

processing, rRNA/tRNA maturation and ARE-mediated decay contribute to cordycepin

sensitivity, and that reducing RNA processing and ribosome production can be protective

under drug exposure [20, 44, 152–156].

Taken together, the suPB 200 µM IPA results show that resistance arises from LoF

in (i) nucleoside/nucleotide salvage containing ADK, (ii) autophagy/mitophagy and

ER–mitochondrial communication, (iii) ubiquitin-dependent proteostasis and innate

RNA sensing, and (iv) RNA processing and translation-related pathways.
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Figure 4.15: Ingenuity Pathway Analysis of suPB cordycepin-resistant clones (200 µM vs
DMSO). Horizontal bar plot of Ingenuity Canonical Pathways enriched in the suPB_CoR_200
population relative to the matched suPB DMSO control at 150K seeding density. Bar length
represents the number of insertion-enriched genes (x-axis) mapped to each pathway (y-axis),
and gene symbols inside each bar identify those genes as reported by IPA. eHAP libraries
were selected with repeated 200 µM cordycepin dosing for 72 h (twice daily) before mapping
of insertion sites; pathway enrichment criteria and thresholds are described in the Methods.
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Figure 4.16: Insertion support for IPA pathways in suPB cordycepin-resistant clones (200 µM).
Lollipop plot showing, for each IPA canonical pathway enriched in suPB_CoR_200 versus
DMSO (y-axis), the total number of unique transposon insertion sites in genes belonging
to that pathway (x-axis, log scale). Unlike the bar chart in Figure 4.15, which counts the
number of distinct genes, this plot shows the cumulative insertion-site evidence supporting
each pathway, reflecting both the number of contributing genes and the frequency of insertions
in each gene.
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hyPB LoF pathways at 200 µM

Cordycepin requires ADK-dependent phosphorylation for activity and has been shown

to inhibit polyadenylation and alter mRNA 3′-end formation, with downstream con-

sequences for AMPK–mTOR signalling [6, 19, 46, 103, 127]. In the hyPB_CoR_200

versus hyPB_DMSO dataset, IPA highlights three major groups of resistance pathways

(Figs. 4.17, 4.18).

First, multiple enriched pathways centre on RNA 3′-end formation and mRNA

stability. “Deadenylation-dependent mRNA decay”, “mRNA 3 Prime End Processing

Signaling Pathway” and “Inhibition of ARE-Mediated mRNA Degradation Pathway”

contain CNOT6, PARN and LSM3. The LoF of these deadenylase and 3′-end processing

components is consistent with reduced poly(A) removal and altered 3′-end processing,

which could compensate for maintaining poly(A) tail length and mRNA stability when

cordycepin inhibits polyadenylation [19, 20, 44, 46, 152]. Additional RNA-related

pathways (“RNA polymerase II transcribes snRNA genes”, “Processing of Capped

Intron-Containing Pre-mRNA”, “Major pathway of rRNA processing in the nucleolus

and cytosol”, “tRNA splicing”) include INTS3, LSM3, NUP35, RCL1, WDR12, WDR18,

PDE3B and PDE7A, indicating that LoF in snRNA 3′-end formation, pre-mRNA

processing, ribosome biogenesis and tRNA maturation can also increase resistance

[155–158].

Second, a set of enriched pathways implicates energy-sensing and autophagy. “AMPK

Signaling”, “Energy dependent regulation of mTOR by LKB1–AMPK” and “mTOR

Signaling” include PPM1A and PPP2R2B, phosphatase regulators of AMPK–mTOR

crosstalk [13, 103, 127–129]. “Macroautophagy”, “Microautophagy Signaling Pathway”,

“Mitochondrial biogenesis” and “Cellular response to hypoxia” include ATG5, MTMR3,

SEC24D, VPS41, GABPA, NCOA6, EGLN1 and UBE2D1 [147, 148, 150, 151, 159]. LoF

of these nodes indicates that intact AMPK–mTOR checkpointing, autophagy/mitophagy,

mitochondrial biogenesis and hypoxia signalling contribute to cordycepin-induced loss

of viability in hyPB cells.

Third, hyPB survivors show LoF enrichment in proteostasis and innate-signalling

pathways. “Unfolded protein response”, “ATF4 activates genes in response to endoplas-
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mic reticulum stress”, “Deubiquitination” and “DDX58/IFIH1-mediated induction of

interferon-alpha/beta” include PDIA6, PARN, USP14, USP16, IFIH1 and UBE2D1

[130–135]. LoF in these components indicates that the unfolded protein response, inte-

grated stress response and ubiquitin-linked RIG-I-like receptor signalling all modulate

cordycepin sensitivity, and that attenuating these pathways can improve survival when

protein synthesis is reduced by cordycepin [46].

As in the suPB screen, ADK appears in “Adenine and Adenosine Salvage VI”

and “Nucleotide salvage”, providing a positive control that confirms the requirement

for phosphorylation of cordycepin to active nucleotides [6, 103]. Overall, the hyPB

IPA results define a resistance landscape built from LoF in (i) 3′-end processing and

deadenylation, (ii) AMPK–mTOR/autophagy and mitochondrial pathways, and (iii)

UPR/ISR and ubiquitin-dependent innate signalling.
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Figure 4.17: Ingenuity Pathway Analysis of hyPB cordycepin-resistant clones (200 µM vs
DMSO). Horizontal bar plot of Ingenuity Canonical Pathways enriched in the hyPB_CoR_200
population relative to the matched hyPB DMSO control at 150K seeding density. Bar length
represents the number of insertion-enriched genes (x-axis) mapped to each pathway (y-axis),
and gene symbols inside each bar identify those genes as reported by IPA. Libraries were
selected with repeated 200 µM cordycepin dosing for 72 h (twice daily) before mapping of
insertion sites; enrichment criteria and thresholds are described in the Methods.

169



Figure 4.18: Insertion support for IPA pathways in hyPB cordycepin-resistant clones (200 µM).
Lollipop plot showing, for each IPA canonical pathway enriched in hyPB_CoR_200 versus
DMSO (y-axis), the total number of unique transposon insertion sites in genes belonging to
that pathway (x-axis, log10 scale). As in Figure 4.16, this plot complements the bar chart
(Figure 4.17) by showing cumulative insertion-site evidence rather than the number of distinct
genes.
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Section summary

Across the 200 µM datasets, IPA of the LoF hits converges on three broad classes

of resistance mechanisms. First, nucleoside/nucleotide salvage pathways containing

ADK are repeatedly enriched, confirming that phosphorylation of cordycepin to its

nucleotide forms is required for toxicity and that reducing ADK activity is a robust route

to resistance [6, 103]. Second, hyPB in particular highlights RNA 3′-end processing,

deadenylation and RNA maturation pathways (CNOT/PARN complexes, Integrator,

rRNA and tRNA processing), indicating that components of mRNA processing and decay

modulate cordycepin sensitivity in line with its established role as a polyadenylation

inhibitor [13, 19, 46]. Third, both platforms implicate metabolic and quality-control

pathways regulated by AMPK and mTOR—autophagy and mitophagy, mitochondrial

biogenesis and hypoxia signalling, ubiquitin-dependent proteostasis, ER stress and

innate RNA-sensing—consistent with a drug response in which changes in protein

synthesis, protein degradation and mitochondrial function influence survival [13, 127–

130, 133, 134].

Platform-specific patterns are superimposed on this shared architecture. hyPB

emphasises RNA 3′-end and AMPK–mTOR/autophagy modules, with recurrent LoF

in CNOT6, PARN, ATG5, PPP2R2B, VPS41 and EGLN1, whereas suPB emphasises

ubiquitin/proteasome, ER–mitochondrial communication and innate sensors, with LoF

in UBE2D1, EDEM3, CASP8, NEDD4L and VPS13D. Together with the gene-level

enrichment analyses (Figs. 4.11–4.12) and cross-condition recurrence (Figs. 4.13, 4.14),

these pathway-level data show that cordycepin resistance in eHAP is shaped by (i)

conversion of cordycepin to its nucleotide forms via ADK, (ii) the state of mRNA 3′-end

formation and poly(A) tail metabolism, and (iii) metabolic and proteostasis pathways

regulated by AMPK/mTOR, autophagy and ER/mitochondrial crosstalk. Subsequent

chapters return to these three classes of pathways using independent approaches.

To visualise how the enriched pathways and their constituent molecules are connected

within each platform, IPA graphical summaries were generated for the suPB (Figure 4.19)

and hyPB (Figure 4.20) 200 µM cordycepin datasets. These network diagrams illustrate

the predicted activation or inhibition states and the causal relationships among the
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top-level biological functions and upstream regulators identified by IPA, providing an

integrated overview of the resistance landscape for each transposase platform.
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Figure 4.19: IPA graphical summary of the suPB_CoR_200 versus suPB_DMSO dataset
(200 µM cordycepin, 150K seeding density). The network shows predicted relationships
among key biological functions and upstream regulators. Node colours and arrow styles as in
Figure 4.20. The suPB network centres on TGFB1 signalling, with transcriptional regulation by
E2F1 and GATA1 and downstream effects on cell movement, formation of cellular protrusions
and developmental viability (thoracic hypoplasia, perinatal death). The predicted inhibition
of TGFB1 and cell motility functions is consistent with the suPB platform’s enrichment of
ubiquitin–proteasome, ER–mitochondrial communication and innate immune sensing pathways.
Generated using the QIAGEN IPA Graphical Summary tool.
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Figure 4.20: IPA graphical summary of the hyPB_CoR_200 versus hyPB_DMSO dataset
(200 µM cordycepin, 150K seeding density). The network shows predicted relationships among
key biological functions and upstream regulators identified by Ingenuity Pathway Analysis.
Nodes coloured blue indicate predicted inhibition, orange indicates predicted activation, and
grey indicates neutral or no prediction. Solid arrows represent direct interactions and dashed
arrows represent inferred interactions. The hyPB network centres on cell movement and
invasion of tumour cell lines, with predicted inhibition of ANGPT2 (angiogenesis), TNFSF11
(RANKL; transcriptional activation) and ESR1 (oestrogen receptor signalling), consistent
with the loss-of-function enrichment of genes in AMPK–mTOR, autophagy and RNA 3′-end
processing pathways described above. Generated using the QIAGEN IPA Graphical Summary
tool.

To complement the network-level view provided by the IPA graphical summaries

and quantify the coverage of each enriched canonical pathway in the screen datasets,

horizontal stacked bar charts were generated in QIAGEN IPA for the suPB and hyPB

cordycepin-resistant libraries (Figures 4.21 and 4.22). Each bar represents an IPA

canonical pathway, with the bar length reflecting the proportion of the pathway’s

total molecules that were recovered from the dataset. Within each bar, red segments

indicate upregulated genes and green segments indicate downregulated genes, while the

numeric label to the right of each bar gives the total number of molecules annotated to

that pathway in the IPA knowledge base. These stacked bar views provide a direct,

quantitative complement to the z-score and lollipop plots presented earlier in this

section.
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Figure 4.21: IPA canonical pathway coverage for the suPB_CoR_200 versus suPB_DMSO
dataset (200 µM cordycepin, 150K seeding density). Horizontal stacked bars show, for each
enriched canonical pathway, the proportion of pathway molecules recovered in the suPB
dataset; the number to the right of each bar is the total number of molecules annotated to
that pathway in the IPA knowledge base. Red segments indicate upregulated genes and green
segments indicate downregulated genes within each pathway. Generated using the QIAGEN
IPA Stacked Bar Chart tool.

Figure 4.22: IPA canonical pathway coverage for the hyPB_CoR_200 versus hyPB_DMSO
dataset (200 µM cordycepin, 150K seeding density). Horizontal stacked bars show, for each
enriched canonical pathway, the proportion of pathway molecules recovered in the hyPB
dataset; the number to the right of each bar is the total number of molecules annotated to
that pathway in the IPA knowledge base. Red segments indicate upregulated genes and green
segments indicate downregulated genes within each pathway. Generated using the QIAGEN
IPA Stacked Bar Chart tool.
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4.7 Discussion

The experiments in this chapter were designed as a pilot haploid genetic screen to

establish the piggyBac gene-trap system, seeding density, and cordycepin selection

conditions in eHAP cells. Although we recovered tens of thousands of unique insertions

per condition, the libraries were far from saturation: piggyBac recognises TTAA motifs,

of which there are on the order of tens of millions (approximately 20 million) in the

human genome, and any given insertion set will contain duplicated sites due to cell

proliferation and PCR amplification. The data therefore provide a structured, but

incomplete, view of the resistance landscape.

We used haploid eHAP cells with piggyBac gene-trap mutagenesis to expose recessive

loss-of-function phenotypes and selected survivors under repeated cordycepin dosing. In

this framework, enrichment of disruptive insertions in a gene among survivors indicates

that loss of that gene improves viability under cordycepin; it does not imply transcrip-

tional up-regulation of the corresponding pathway. ADK, the kinase that phosphorylates

cordycepin to its mono- and triphosphate forms, serves as an internal positive control

for this interpretation: disruptive insertions in ADK are reproducibly enriched in both

hyPB and suPB libraries at 150 µM and 200 µM cordycepin (Figures 4.11–4.12, 4.13,

4.14). This is exactly what is expected if ADK-dependent phosphorylation is required

for toxicity [6, 103].

The dose and selection paradigm were optimised to provide a strong but interpretable

bottleneck. Repeated dosing (twice daily for three days) produced deeper and more sus-

tained metabolic inhibition than a single dose (Figure 4.4) and yielded a clear reduction

in clonogenic survival (Figure 4.5). By contrast, 3′-deoxyinosine (3DI), a deamination

product of cordycepin, reached only approximately 20 % inhibition of metabolic activity

even at 400 µM under the same repeated-dosing paradigm (Figure 4.6). This limited

potency is consistent with the observation that 3DI is not efficiently phosphorylated by

ADK and therefore cannot generate the triphosphate species responsible for cordycepin’s

cytotoxic effects. Because a resistance screen requires a strong selection bottleneck that

eliminates wild-type cells while permitting survival of resistant mutants, the shallow
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dose–response of 3DI made it unsuitable as a selection agent; accordingly, cordycepin

was used as the sole selection compound for the screen. Insertions were mapped by

splinkerette PCR and next-generation sequencing (Figure 4.7). Library-quality metrics

favoured the 150K seeding condition, which produced higher insertion counts (e.g.

51,053 insertions in hyPB 200 µM cordycepin) than 300 K and showed a broadly uniform

distribution across chromosome groups (Large > Medium > Small > Sex; Figures 4.8,

4.9, 4.10).

Taken together, the gene-level and pathway-level analyses support three main classes

of resistance mechanisms: (i) reduced metabolic activation of cordycepin via nucle-

oside/nucleotide salvage, centred on ADK; (ii) modulation of mRNA 3′-end processing

and decay, in line with cordycepin as a polyadenylation inhibitor; and (iii) re-wiring

of cellular metabolism, protein synthesis and degradation, and mitochondrial function

through mTOR–AMPK signalling and organelle quality-control pathways. Below we

discuss each class and how it connects to published models of cordycepin action.

Class 1: Reduced metabolic activation of cordycepin

Across all cordycepin doses and both transposase platforms, ADK is the most consistent

resistance determinant. In suPB at 200 µM, ADK accounts for 4.48 % of all insertions in

survivors versus 0.24 % in DMSO controls; in hyPB at 200 µM the corresponding values

are 1.28 % versus 0.19 % (Figures 4.11–4.12, 4.13, 4.14). IPA groups these insertions into

nucleoside/nucleotide salvage pathways such as “Adenine and Adenosine Salvage VI”,

“Nucleotide salvage” and “Ribavirin ADME” (Tables 4.1, 4.2). Within our loss-of-function

framework, this pattern confirms that cordycepin must be phosphorylated to kill cells and

strengthens the case that cordycepin triphosphate (CoTP) is the key toxic metabolite

[6, 103]. Rather than treating ADK simply as a technical control, these data place

ADK-dependent metabolism at the top of the resistance hierarchy and anchor the

subsequent pathway interpretation.

Class 2: mRNA 3′-end processing, deadenylation and RNA turnover

The most mechanistically informative hits in the hyPB screen are in RNA 3′-end pro-

cessing and deadenylation. IPA terms such as “Deadenylation-dependent mRNA decay”,

“mRNA 3 Prime End Processing Signaling Pathway”, “Inhibition of ARE-Mediated
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mRNA Degradation Pathway”, “Processing of Capped Intron-Containing Pre-mRNA”,

“Major pathway of rRNA processing in the nucleolus and cytosol”, “tRNA Splicing” and

“RNA polymerase II transcribes snRNA genes” are all driven by genes that encode com-

ponents of the deadenylase machinery or closely linked RNA-processing factors (CNOT6,

PARN, LSM3, RCL1, WDR12, WDR18, INTS3, NUP35, NUP160) (Table 4.2). These

genes converge on control of poly(A) tail length, 3′-end formation and ribosome/tRNA

production [20, 44, 155–158].

In a loss-of-function screen, enrichment of CNOT6 and PARN strongly suggests

that reducing deadenylation and ARE-mediated mRNA decay can buffer cells against

cordycepin-induced inhibition of polyadenylation. Stabilising short-lived, stress-responsive

mRNAs when poly(A) addition is compromised is a plausible way to maintain essen-

tial gene expression programmes [152–154]. The appearance of nucleoporins (NUP35,

NUP160, and in the suPB pathways NUP160/TCERG1) implies that altering nuclear

export offers a parallel adaptation: most mRNAs require a poly(A) tail for efficient

export, so tuning nuclear pore components may partially compensate when tails are

shortened or absent.

Several proteasome-linked factors, including PSMB2, are annotated in RNA stability

pathways such as “Regulation of mRNA stability by proteins that bind AU-rich elements”

in the suPB dataset (Table 4.1). This is consistent with reports linking components

of the proteasome and deadenylation machinery, and raises the possibility that such

factors may have dual roles in proteostasis and RNA decay [44, 155].

A note on terminology is important here. Throughout this thesis, the term “RNA

target of cordycepin” (RToC) refers to an mRNA (or other polyadenylated RNA)

whose stability, processing or translational efficiency is altered as a downstream conse-

quence of cordycepin triphosphate (CoTP) inhibiting the cleavage and polyadenylation

(CPA) machinery. An RToC is therefore not an RNA that is directly bound by the cordy-

cepin molecule in the way that a small-molecule ligand binds a riboswitch; rather, it is

an RNA whose poly(A)-dependent fate—export, translation, or turnover—is disrupted

because CPA is compromised. This distinction is important because the screen identi-

fies genes involved in poly(A)-tail metabolism (CNOT6, PARN, NUP35/160) whose
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loss-of-function buffers cells against CPA inhibition, implying that the downstream

RNA targets of this inhibition are central to cordycepin toxicity.

Overall, the enrichment of deadenylases and associated processing factors is one

of the most convincing signals in the screen and fits well with the established role of

cordycepin as a polyadenylation inhibitor [13, 19].

Class 3: Metabolic re-wiring, protein synthesis/degradation and mitochon-

drial control

A third set of resistance mechanisms involves metabolic and proteostasis pathways con-

trolled by mTOR and AMPK. In hyPB, IPAs such as “AMPK Signaling”, “Energy-dependent

regulation of mTOR by LKB1–AMPK”, “mTOR Signaling”, “Macroautophagy”, “Mi-

croautophagy Signaling Pathway”, “Mitochondrial biogenesis” and “Cellular response to

hypoxia” are driven by PPM1A, PPP2R2B, ATG5, MTMR3, SEC24D, VPS41, GABPA,

NCOA6, EGLN1 and UBE2D1 (Table 4.2). In suPB, related terms such as “Macroau-

tophagy”, “Mitophagy”, “Cellular response to mitochondrial stress”, “Mitochondrial bio-

genesis”, “Cellular response to hypoxia”, “Protein Ubiquitination Pathway”, “Deubiquiti-

nation”, “E3 ubiquitin ligases ubiquitinate target proteins” and “DDX58/IFIH1-mediated

induction of interferon-alpha/beta” are supported by ATG12, ATG5, YME1L1, NCOA1,

UBE2D1, NEDD4L, USP3 and CASP8 (Table 4.1).

Taken together, these patterns suggest that cordycepin-treated cells are under

combined energy and proteotoxic stress and that resistance can be achieved by damp-

ening both autophagic and ubiquitin-dependent degradation. ATG5/ATG12 and

ATG5/MTMR3 insertions indicate that macroautophagy and mitophagy contribute

to cell death under the chosen treatment, because disrupting these pathways improves

survival [127–129, 147]. This is consistent with the idea that, when protein synthesis

is strongly reduced, further degradation of existing proteins by autophagy can be

maladaptive. Protein synthesis is one of the largest ATP consumers in proliferating

cells; the combination of reduced translation (via mTOR/4E-BP signalling [46]) and

reduced degradation (via attenuated autophagy and ubiquitin-proteasome pathways)

would stabilise the remaining proteome and limit energy expenditure.

The mitochondrial hits (YME1L1, NCOA1, GABPA, EGLN1) point to altered
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mitochondrial biogenesis and quality control [147, 148, 150, 151]. Loss of NCOA1 or

NCOA6 would be expected to decrease PGC-1–driven biogenesis, lowering ATP demand,

while YME1L1 loss may shift mitochondrial proteostasis and apoptotic thresholds.

EGLN1 loss stabilises HIF-1α and favours glycolytic metabolism, another way to

adapt to cordycepin-induced energetic stress [127, 148]. Our data do not distinguish

whether mitochondria are a primary target of cordycepin or whether these changes

are secondary to AMPK–mTOR signalling; both possibilities are compatible with the

observed resistance profile.

Proteostasis and innate immune signalling are tightly interwoven in the suPB

dataset. Hits in UBE2D1, NEDD4L, USP3, USP14, USP16 and PSMB2 underlie

enrichment of “Protein Ubiquitination Pathway”, “Deubiquitination” and related IPA

terms, while IFIH1, ATG5, CASP8 and UBE2D1 support “DDX58/IFIH1-mediated

induction of interferon-alpha/beta” and “Role of PKR in Interferon Induction and

Antiviral Response” [130–135, 149]. A reasonable interpretation is that dampening

RIG-I-like receptor and PKR signalling, and loosening the coupling between misfolded

proteins and their degradation, helps cells avoid excessive ISR activation and apoptosis

when RNA metabolism and translation are already compromised. Some individual

annotations (for example, PDGFC in mitochondrial biogenesis or CASP8 in multiple

pathways) are clearly pleiotropic and should not be over-interpreted on their own; they

are best viewed as components of broader proteostasis and stress-signalling modules.

UPR/ISR-related hits (e.g. PDIA6; PARN in “ATF4 activates genes in response

to endoplasmic reticulum stress”) are more difficult to interpret, because cordycepin

has been reported to inhibit aspects of the UPR [130, 135]. Loss of these nodes could

either blunt a pro-death arm of the UPR or perturb negative feedback. At present

the screen cannot resolve these alternatives, and these genes remain candidates for

follow-up rather than firm mechanistic anchors.

Platform-specific features and the LINC03121 signal

Although hyPB and suPB recover a shared core of resistance mechanisms, each platform

also highlights distinct modules. HyPB at 200 µM cordycepin shows pronounced

enrichment of LINC03121 (10.86% vs 0.21% in control), together with PPP2R2B,
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ATG5, VPS41 and EGLN1. The long noncoding RNA hit is noteworthy: lincRNAs

are increasingly recognised as regulators of transcription, nuclear architecture and

post-transcriptional control [160], and prior work from the de Moor laboratory showed

that cordycepin treatment can induce a broad set of noncoding RNAs in breast cancer

cell lines [161]. Given piggyBac’s TTAA/open-chromatin bias [141], we cannot exclude

technical inflation of counts at a single lncRNA locus, but the magnitude of the

LINC03121 signal makes it an interesting candidate for targeted follow-up rather than

something to be dismissed outright.

In contrast, suPB emphasises ubiquitin–proteasome, ER stress and apoptosis modules

(UBE2D1, EDEM3, CASP8, PSAT1, TPK1), pointing towards proteostasis adjustment

and metabolic rewiring. These differences are best viewed as complementary slices

through the same stress-response network, shaped by coverage differences between

transposase variants, rather than as conflicting mechanisms.

Screen limitations and strength of the pathway assignments

Several caveats temper the interpretation of the pathway-level analyses. First, although

we obtained up to 50,000 mapped insertions in the richest condition, this is still orders

of magnitude below the total number of potential TTAA sites in the genome, and some

insertions will be clonally related or PCR duplicates. Many IPA pathways in Tables 4.1

and 4.2 are driven by one or two genes; such categories are inherently fragile and should

be treated as labels for recurrent genes rather than as fully validated pathways. The

deadenylases (CNOT6, PARN) and core RNA-processing factors are supported by

multiple, independent pathways and by strong prior biology [13, 19, 20, 44], and we

consider these the most robust findings. Other entries, especially those based on a

single pleiotropic gene (e.g. PDGFC), are better regarded as hypotheses.

Second, the screen was performed under a single cell line and dosing regime; mecha-

nisms of resistance in other genetic backgrounds or under different schedules may differ.

Notably, some proposed mechanisms of cordycepin action from the literature—stress

kinase cascades, adenosine receptors, PARP/DNA damage signalling [13] —do not

emerge as prominent hits here, suggesting that they are not major determinants of

survival in eHAP cells under our conditions. Conversely, genetic deletion of AMPK has
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been shown to reduce sensitivity to cordycepin [103], but AMPK itself does not appear

as a strong hit; instead, our screen recovers phosphatases and upstream/downstream

modulators (PPM1A, PPP2R2B, mitochondrial and proteostasis genes), implying that

AMPK–mTOR signalling is adjusted indirectly rather than ablated.

Finally, because piggyBac integrates only at TTAA sites and favours open chro-

matin, some genes will be effectively invisible to this approach, and others (including

lncRNA loci) may be over-represented. These biases reinforce the need to combine

haploid genetics with orthogonal approaches such as CRISPR knock-out/knock-down,

phosphoproteomics and direct metabolite measurements.

Implications for cordycepin mechanism of action

Despite these limitations, the three classes of resistance discussed above can be

integrated into a mechanistic cascade: ADK-dependent phosphorylation generates

cordycepin triphosphate, which inhibits polyadenylation and alters mRNA 3′-end

processing; these RNA-level changes propagate through mTOR–AMPK signalling

to reduce protein synthesis, engage autophagy and remodel mitochondrial function

[6, 19, 46, 103, 127, 128]. The resistance mechanisms uncovered here can therefore

be understood as ways of intercepting this cascade at different levels: loss of ADK

prevents formation of toxic nucleotides, loss of deadenylases and related processing

factors stabilises critical transcripts when poly(A) addition is compromised, and loss

of selected autophagy, ubiquitin-proteasome and mitochondrial regulators reduces the

energetic and proteostatic burden when protein synthesis is curtailed. Some signals,

particularly in UPR-related pathways, remain difficult to reconcile with current models

and require targeted follow-up. Subsequent chapters return to these findings using

independent transcriptomic and metabolomic approaches.
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Table 4.1: Prioritized IPA pathways from the suPB cordycepin-resistance screen (exact
pathway names from IPA).

Ingenuity Canonical Pathways Molecules
Adenine and Adenosine Salvage VI ADK
Nucleotide salvage ADK
Ribavirin ADME ADK
Macroautophagy ATG12, ATG5
Mitophagy ATG12, ATG5
ER-Mitochondrial Communication Signaling
Pathway

CASP8, VPS13D, YME1L1

Cellular response to mitochondrial stress YME1L1
Mitochondrial biogenesis NCOA1
Cellular response to hypoxia PSMB2, UBE2D1
Protein Ubiquitination Pathway NEDD4L, PSMB2, UBE2D1,

UBR2, USP3
Deubiquitination PSMB2, TRRAP, UBE2D1,

USP3
E3 ubiquitin ligases ubiquitinate target proteins UBE2D1
DDX58/IFIH1-mediated induction of
interferon-alpha/beta

ATG12, ATG5, CASP8,
UBE2D1

Role of PKR in Interferon Induction and Antivi-
ral Response

CASP8, PDGFC

Autophagy ATG12, ATG5
tRNA Splicing PDE11A
rRNA modification in the nucleus and cytosol RCL1
Regulation of mRNA stability by proteins that
bind AU-rich elements

PSMB2

Processing of Capped Intron-Containing
Pre-mRNA

NUP160, TCERG1

Mitochondrial Division Signaling Pathway CASP8, PDGFC
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Table 4.2: Prioritized IPA pathways from the hyPB cordycepin-resistance screen (exact
pathway names from IPA).

Ingenuity Canonical Pathways Molecules
Deadenylation-dependent mRNA decay CNOT6, LSM3, PARN
mRNA 3 Prime End Processing Signaling Path-
way

CNOT6

Inhibition of ARE-Mediated mRNA Degradation
Pathway

CNOT6, PARN, PPP2R2B,
TNFSF4

Adenine and Adenosine Salvage VI ADK
Nucleotide salvage ADK
AMPK Signaling CHRNB4, GNAO1, PPM1A,

PPP2R2B
Energy-dependent regulation of mTOR by
LKB1–AMPK

PPM1A

mTOR Signaling PPP2R2B
Macroautophagy ATG5, MTMR3
Microautophagy Signaling Pathway COL24A1, SEC24D, VPS41
Mitochondrial biogenesis GABPA, NCOA6
Cellular response to hypoxia EGLN1, UBE2D1
tRNA Splicing PDE3B, PDE7A
Processing of Capped Intron-Containing
Pre-mRNA

LSM3, NUP35

Major pathway of rRNA processing in the nucle-
olus and cytosol

RCL1, WDR12, WDR18

ATF4 activates genes in response to endoplasmic
reticulum stress

PARN

Unfolded protein response PDIA6
RNA polymerase II transcribes snRNA genes INTS3
DDX58/IFIH1-mediated induction of
interferon-alpha/beta

ATG5, IFIH1, UBE2D1

Deubiquitination IFIH1, UBE2D1, USP14,
USP16
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Chapter 5

Transcriptomic analysis indicates

cordycepin is the active ingredient of

natural cordycepin preparations

5.1 Introduction

Cordycepin (3′deoxyadenosine) is the main bioactive nucleoside associated with the

species Cordyceps and has long been recognised for its broad anti-inflammatory and

antiproliferative effects. Mechanistically, cordycepin and other adenosine analogue

triphosphates can interfere with 3′ end formation and poly(A) tail synthesis, a control

point that selectively constrains the induction of inflammatory transcripts, placing

mRNA polyadenylation as a tractable anti-inflammatory target [19] [45]. Furthermore,

unpublished data in the De Moor lab indicate that the knockdown of polyadenyla-

tion factors produces similar effects to cordycepin on inflammatory markers [26] [27].

Complementing these cellular findings, in vivo work has shown the analgesic and disease-

modifying activity of cordycepin in rodent osteoarthritis models, with macrophage-linked

mechanisms [28]. A systematic review also concludes that cordycepin consistently damp-

ens PI3K / AKT / mTOR and ERK signaling while repressing inflammatory outputs

in various models [13]. Together, these observations motivate a pathway-anchored,

transcriptome-level dissection of cordycepin’s actions in macrophage inflammation.

Despite extensive study, two practical uncertainties remain central for translation
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and for interpreting the literature. First, the biological effects reported for natural

(fermentation-derived) preparations could be confounded by co-purified contaminants,

which are remarkably similar across commercial preparations, probably because the

protocols are similar [162]; this underpins the need to demonstrate the equivalence

between natural and chemically synthesised cordycepin. Second, the behaviour of clini-

cally orientated cordycepin comparators in acute innate immune settings is incompletely

defined, including whether they recapitulate cordycepin’s suppression of inflammatory

responses. NUC7738, a ProTide 5′aryloxy phosphoramidate of 3′deoxyadenosine, was

designed to bypass extracellular deamination by adenosine deaminase (ADA) and

the requirement for equilibrative nucleoside transporters, thus improving intracellular

monophosphate delivery and subsequent formation of 3′dATP [29] [2]. In addition,

pharmacokinetic studies show that orally administered cordycepin is rapidly deami-

nated to 3′deoxyinosine (3DI), which is systemically bioavailable and can be reconverted

intracellularly to cordycepin triphosphate, suggesting a “nucleoside rescue” route for

oral efficacy [1]. These developments make NUC7738 and 3DI mechanistically relevant

comparators when comparing cordycepin macrophage actions.

This chapter addresses both uncertainties by (i) establishing the functional equiv-

alence of natural versus synthetic cordycepin in an acute macrophage inflammation

model and (ii) comparing cordycepin with NUC7738 and 3DI under matched LPS

challenge conditions. Global differential expression (DE) profiling and pathway-level

interpretation are applied throughout. Oxford Nanopore cDNA sequencing provides

whole-transcriptome coverage; gene-level quantification uses IsoQuant with Trimmed

Mean of M-values (TMM) normalisation, and DE is tested using edgeR generalised

linear models with Benjamini–Hochberg (BH) FDR control (prespecified thresholds

| log2 FC| ≥ 1; FDR ≤ 0.05; n = 3 per group). Compound exposures were selected to

give broadly comparable suppression of a small panel of LPS-induced inflammatory

genes measured by RT-qPCR: cordycepin was applied at 20 µM, as informed by pre-

vious studies [26] [1], while NUC7738 and 3DI were used at 200 µM, based on earlier

potency assessments for 3DI [26] and preliminary experimental trials for NUC7738 in

this macrophage LPS model (Chapter 3).
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Rationale for the set of molecules Cordycepin is used as the reference entity

because it has been extensively researched, with many different preparations showing

similar biological effects over decades, and because it directly probes the RNA-centric

control of inflammation (polyadenylation / 3′ end processing) [19] [13]. At pharmacologi-

cally relevant exposures, cordycepin also modulates growth factor signaling programmes

that interface with innate immune amplification [25]. NUC7738 represents a clinically

advanced and metabolically protected form of cordycepin that overcomes ADA-mediated

deamination and transporter bottlenecks; it is active in vitro and in a first study in

humans, with evidence of conversion to 3′dATP in patients [29]. Finally, 3DI is included

because it is the predominant bioavailable species after oral cordycepin and can be an

intracellular source of active 3′deoxyadenosine triphosphate in macrophages [1]. Compar-

ing these three molecules under identical stimulation and analysis conditions decouples

issues of source purity (natural versus synthetic) from delivery- and metabolism-driven

pharmacology (cordycepin vs. NUC7738 vs. 3DI).

Important methodological caveat. A limitation of the Oxford Nanopore cDNA

sequencing approach used here and in subsequent chapters (Chapters 6–7) should

be noted at the outset. The library preparation relies on oligo(dT)-primed reverse

transcription, which requires a poly(A) tail for capture, and the nanopore poly(A)-tail

measurement depends on a free 3′-OH for adapter ligation [163]. Because cordycepin

(3′-deoxyadenosine) lacks a 3′-OH group, transcripts whose poly(A) tails terminate in a

cordycepin residue may be under-represented in the sequencing library and refractory

to tail-length estimation. This chemistry-dependent bias means that the most severely

affected transcripts—those with cordycepin-terminated tails—could be missed in the

poly(A) analysis, although their altered abundance would still be detectable through read

counting. However, this artefact is unlikely to be a major driver of the observed patterns

for two reasons. First, Kondrashov et al. demonstrated that cordycepin-terminated tails

are transient and rare at steady state, as evidenced by similar tail-length distributions

obtained from both 3′- and 5′-end labelling approaches [19]. Second, the overall

transcriptional signatures reported here closely recapitulate those detected by microarray

[26, 164] and Illumina RNA-seq [27] in nearly identical RAW264.7/LPS experimental
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systems—platforms whose library chemistries do not share the same poly(A) 3′-OH

dependency. This cross-platform concordance supports the interpretation that the

differential expression patterns primarily reflect true changes in RNA abundance.

Nonetheless, this limitation should be borne in mind when interpreting both the

differential expression and the poly(A)-tail analyses presented in this and the following

chapters.

Experimental and analytical frameworks. RAW264.7 macrophages are treated

with test compounds for 2 h; LPS is added 1 h after the start of compound treatment

(i.e. in the presence of the compound) and cells are challenged for a further 1 h to

trigger a defined early inflammatory programme. Transcriptomes are profiled by ONT

cDNA sequencing and analysed as described above. The experimental time scheme is

summarised in Figure 5.1.

Figure 5.1: Experimental time scheme for the transcriptomic analysis. RAW264.7
macrophages were treated for 2 h with natural cordycepin (20 µM), synthetic cordycepin
(20 µM), NUC-7738 (200 µM), 3′-deoxyinosine (200 µM), or DMSO vehicle (0.02%). LPS
(1 µg/ml) was added after 1 h of compound treatment (i.e. in the presence of the compound)
and cells were stimulated for 1 h. Total RNA was extracted at 2 h and processed for Oxford
Nanopore cDNA sequencing.
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5.2 Platform overview (ONT long-read profiling)

To establish a robust methodological framework for differential expression and pathway

analyses, Oxford Nanopore Technologies (ONT) sequencing was employed as the primary

approach for transcriptomic profiling. The objective of this section was to confirm the

analytical suitability and reliability of the ONT sequencing platform for downstream

molecular analyses. ONT sequencing detects transcript sequences by monitoring ionic

current fluctuations as nucleic acids pass through nanopores embedded in a synthetic

membrane (Figure 5.2). Briefly, this method utilizes a motor protein to regulate the

translocation speed of nucleic acid strands through a nanopore, guided by an applied

positive electrode. As successive k-mers traverse the nanopore’s constriction zone,

they generate distinct ionic current signatures continuously captured and recorded.

Computational decoding of these raw current signals via basecalling algorithms converts

electrical patterns into nucleotide sequences, which serve as the foundational data for

all analyses presented herein [165] (Figure 5.2).

The key advantage of the ONT platform—its capacity to produce exceptionally long

reads—enabled isoform-level transcript quantification, which is challenging to achieve

using short-read sequencing technologies [165]. Sequencing reads were processed using

IsoQuant to perform transcript-level quantification, providing sufficient resolution to

discriminate closely related transcript isoforms accurately. These isoform-specific quan-

tifications subsequently underwent differential expression testing using edgeR, enabling

precise identification of expression changes across different experimental conditions.

Collectively, these results validated ONT sequencing as a reliable method for isoform-

level expression analysis and established a rigorous analytical foundation for subsequent

differential expression studies. It should be noted that ONT sequencing has a higher

per-read error rate and lower per-run throughput than short-read platforms such as

Illumina, which can reduce sensitivity for lowly expressed transcripts and introduce

basecalling noise [165]. To mitigate these limitations, gene-level quantification (rather

than single-nucleotide resolution) was used throughout, and the differential expression

signatures reported here are consistent with those obtained from microarray [26, 164]
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and Illumina RNA-seq [27] studies using nearly identical RAW264.7/LPS experimental

systems, providing cross-platform validation of the main findings. With this sequencing

methodology validated, the next section characterises the global expression landscape

through hierarchical clustering, offering insights into overall transcriptomic structure

and reproducibility across experimental replicates.
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Figure 5.2: Nanopore sequencing principle used to generate the RNA seq dataset. Schematic
overview of Oxford Nanopore Technology (ONT) sequencing used to produce the transcriptome
data analyzed in this chapter. A motor protein unwinds the nucleic acid and drives a single
strand through a biological nanopore toward the positive side of the membrane; each base
produces a characteristic change in ionic current that is decoded to sequence. The graphic
illustrates strand translocation, current modulation, and base calling at a high level; it is not
drawn to scale. The figure was adapted from BioRender.
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5.3 Global transcriptional landscape across conditions

To provide a comprehensive replicate-level overview of transcriptional responses across

all experimental conditions, hierarchical clustering was performed on the top 50 most

variable genes identified by Oxford Nanopore cDNA sequencing. Expression counts were

derived using IsoQuant and TMM-normalised in edgeR prior to heat-map generation

(Methods). The resulting heat map showed that LPS stimulation (DMSO+LPS)

induced a broad increase in inflammatory gene expression relative to DMSO controls,

visible as elevated normalised counts (high-intensity shading) across DMSO+LPS

replicates (Figure 5.3). This LPS-driven pattern was largely preserved in the presence

of 3′deoxyinosine (3DI, 200 µM). In contrast, natural cordycepin (20 µM), synthetic

cordycepin (20 µM), and the prodrug NUC-7738 (200 µM) all produced reduced

expression values (low-intensity shading) across the LPS-induced inflammatory gene

set, consistent with attenuated transcriptional activation (Figure 5.3).

The hierarchical clustering further resolved these patterns at the sample level.

Replicates treated with natural cordycepin, synthetic cordycepin, or NUC-7738 clus-

tered together and away from the DMSO+LPS and 3DI+LPS groups, indicating a

reproducible suppression of LPS-induced inflammatory gene expression by all three

cordycepin-derived entities. By contrast, the transcriptional profile of 3DI-treated

samples clustered more closely with DMSO+LPS than with any cordycepin-containing

condition, supporting only modest anti-inflammatory activity at the tested dose. Overall,

the top-50 heat map indicates that both natural and synthetic cordycepin, and NUC-

7738 at higher exposure, consistently dampen LPS-induced transcriptional programmes

across biological replicates, whereas 3DI largely tracks the DMSO+LPS profile. These

global patterns motivated more granular gene-level comparisons using volcano plots for

natural versus synthetic cordycepin (Figure 5.4) and NUC-7738 versus 3′deoxyinosine

(Figure 5.9).
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Figure 5.3: Heat map for differential gene expression across different conditions for RAW264.7
cells. Illustrating the top 50 variable genes in RAW264.7 murine macrophage cells under
different treatment conditions. Cells were treated for 120 minutes with vehicle (DMSO),
3′deoxyinosine (3DI, 200 µM), cordycepin (CoR, 20 µM), synthetic cordycepin (Synth CoR,
20 µM), or NUC-7738 (NUC, 200 µM); lipopolysaccharide (LPS, 1 µg/mL) was added 60
minutes after the start of compound treatment (i.e. in the presence of the compound) and
cells were stimulated for a further 60 minutes. RNA was isolated, converted to cDNA, and
sequenced using Oxford Nanopore technology. Gene expression quantification and analysis
were performed with IsoQuant and EdgeR using the pre-specified thresholds. Values shown
represent normalised counts.
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5.4 Source equivalence: natural vs synthetic cordy-

cepin (20 µM)

Gene-level differential expression (volcano)

To test whether natural and synthetic cordycepin preparations exert equivalent anti-

inflammatory effects, we performed differential expression analysis in RAW264.7 macrophages

treated with either compound at 20 µM for 2 h, with LPS (1 µg/mL) added after 1 h

of compound treatment (i.e. in the presence of the compound) and cells stimulated for

a further 1 h. Both preparations were processed through the same analytical workflow:

RNA was profiled by Oxford Nanopore cDNA sequencing, quantified with IsoQuant,

and normalised using TMM in edgeR, with differential expression called using the

prespecified thresholds (|log2FC| ≥ 1; FDR ≤ 0.05). Natural cordycepin downregulated

373 genes and upregulated 29, while synthetic cordycepin downregulated 352 genes and

upregulated 17 (Figure 5.4).

In both volcano plots, differentially expressed genes clustered predominantly on

the negative log2FC axis, with many transcripts exceeding the FDR threshold and

encoded as green (downregulated) points, whereas relatively few red (upregulated) genes

were detected. The close match in the number of DE genes, the magnitude of fold

changes and the strong bias towards repression in both treatments support functional

equivalence between natural and synthetic cordycepin at 20 µM. Having established

this equivalence at the gene level, we next examined whether the same convergence is

observed at the level of biological pathways using IPA category enrichment analysis.
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(a) Cordycepin volcano plot (b) Synthetic cordycepin volcano plot

Figure 5.4: Cordycepin (natural or synthetic, 20 µM) broadly represses LPS-induced tran-
scription. Volcano plots show differential expression in RAW264.7 cells treated with cordycepin
(20 µM) or 0.02% DMSO for 2 h, with LPS (1 µg/mL) added 1 h after the start of com-
pound treatment (i.e. in the presence of the compound) and cells stimulated for a further
1 h. Data: ONT cDNA sequencing → IsoQuant → edgeR (TMM). Testing: edgeR GLM
(glmFit) + LRT (glmLRT) with BH FDR; thresholds: | log2 FC| ≥ 1; FDR < 0.05; n = 3
per group. Panel A (natural cordycepin): 373 downregulated (green) and 29 upregulated
(red) genes. Panel B (synthetic cordycepin): 352 down and 17 up. The x-axis shows the log2
fold change (log2 FC), defined as log2(compound+LPS/DMSO+LPS), so that negative values
indicate genes repressed by the compound relative to LPS-only control. The y-axis shows
− log10(FDR). Grey points denote genes not meeting significance thresholds.
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Category enrichment

To compare the effects of natural and synthetic cordycepin on biological pathways,

Ingenuity Pathway Analysis (IPA) [166] category enrichment was performed on the

differentially expressed gene lists derived from Figure 5.4. Both datasets were analysed

with identical significance thresholds and plotting parameters to allow direct compar-

ison. In each case, immune and cytokine-related categories were strongly enriched

and exhibited predominantly negative z-scores, consistent with broad suppression of

inflammatory programmes in LPS-stimulated macrophages.

The stacked bubble charts in Figure 5.5 illustrate this convergence. For natural

cordycepin (panel A), immune system categories cluster at high log10(p-value) with

large blue bubbles, indicating strong negative regulation. Synthetic cordycepin (panel B)

shows a closely matching pattern, with similar immune, cytokine and related categories

enriched to comparable significance and direction. Both treatments also enriched signal

transduction and growth factor signalling pathways under the same colour scale and

axis limits, facilitating like-for-like comparison of effect size and direction. These

observations prompted a more explicit assessment of pathway directionality using IPA

activation z-scores.
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(a) Natural cordycepin

(b) Synthetic cordycepin

Figure 5.5: IPA bubble chart of (A) natural cordycepin and (B) synthetic cordycepin. The
bubble size represents the number of genes overlapping each pathway, while the color indicates
the pathway activation z-score (blue for negative/inhibited, orange for positive/activated, grey
for neutral/no significant activation).
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Pathway directionality (IPA z-scores)

To assess the directionality and consistency of pathway-level effects between natural

and synthetic cordycepin, IPA activation z-scores were computed from the differentially

expressed gene lists using an FDR threshold of 0.05 and the predefined fold-change

cut-off. This provided a quantitative summary of predicted pathway activation or

inhibition under identical experimental and analytical conditions. Both preparations

produced highly coherent negative z-scores across multiple inflammatory signalling

pathways, with closely aligned pathway rankings and effect sizes, indicating functional

equivalence at the pathway direction level.

The stacked bar charts in Figure 5.6 illustrate these inhibitory patterns. For natural

cordycepin (panel A), key inflammatory modules, including the Inflammasome pathway,

IL-6 signalling, cGAS–STING signalling, type I interferon (IFN-α/β) signalling, NF-

κB activation by viruses, and TNFR1/TNFR2 signalling, show prominent red bars

extending to the left, indicating predicted inhibition. Synthetic cordycepin (panel B)

closely mirrors these profiles, with similar inhibitory z-scores across the same pathways.

Grey bars near zero indicate pathways that are significantly enriched but lack sufficient

directional evidence for a reliable activation state prediction. Tables 5.1 and 5.2 list

these pathways and the contributing genes. Taken together with the category-level

enrichment in Figure 5.5, these z-score data show that natural and synthetic cordycepin

are functionally equivalent in their ability to inhibit central inflammatory signalling

modules.

Overall, these analyses indicate that cordycepin, irrespective of source, consistently

suppresses immune and cytokine response categories alongside key signal transduction

pathways in LPS-stimulated RAW264.7 macrophages. Given this close match, any

residual contaminants in the natural preparation [162] are unlikely to make a major con-

tribution to the observed biological effects. Having established this source-independent

effect profile, we next applied the same pathway analysis framework to NUC-7738

and 3’-deoxyinosine (3DI) (Figures 5.9, 5.10 and 5.11) to compare the breadth and

directionality of their biological effects.
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(a) Natural cordycepin

(b) Synthetic cordycepin

Figure 5.6: IPA canonical pathway activation z-scores for (A) natural cordycepin and (B)
synthetic cordycepin (both 20 µM) in LPS-stimulated RAW264.7 macrophages. Each horizontal
bar represents one IPA canonical pathway; bar direction and colour encode the predicted acti-
vation state: blue/rightward = predicted activation (+z), red/leftward = predicted inhibition
(−z), grey = significantly enriched but lacking directional evidence. Pathways were selected
by IPA based on significant overlap (p < 0.05, Fisher’s exact test) between the FDR-filtered
DE gene list and the IPA canonical pathway gene sets.
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To facilitate direct comparison, the z-scores from both preparations were combined

into a single dual-cluster heatmap (Figure 5.7). The clustered layout confirms the

close correspondence between natural and synthetic cordycepin: nearly all pathways

cluster together with similar inhibitory z-scores, reinforcing the conclusion of functional

equivalence at the pathway level.
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Figure 5.7: Dual-cluster heatmap of IPA canonical pathway activation z-scores for LPS-
stimulated RAW264.7 macrophages following treatment with natural cordycepin or synthetic
cordycepin (20 µM, 2 h treatment; LPS added at 1 h, in the presence of compound, for a 1 h
stimulation). Rows represent the union of pathways identified in the paired analyses shown in
Figure 5.6, and columns represent the two compounds. Cell colour encodes the IPA activation
z-score: blue indicates predicted activation (+z), red indicates predicted inhibition (−z). Grey
cells denote pathways present in the IPA output but without a returned z-score; hatched cells
denote pathways not reported for that compound. Hierarchical clustering was applied across
pathways (dendrogram, left) to group similar response patterns and facilitate identification of
commonalities and differences between the two preparations.
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To further quantify the overlap between each enriched canonical pathway and

the differentially expressed gene sets, horizontal stacked bar charts were generated

in QIAGEN IPA for both natural and synthetic cordycepin (Figure 5.8). Each bar

represents an IPA canonical pathway, with bar length reflecting the proportion of the

pathway’s total molecules recovered in the dataset and the numeric label to the right of

each bar indicating the total number of molecules annotated to that pathway in the IPA

knowledge base. Red segments indicate upregulated genes and green segments indicate

downregulated genes within each pathway. The two preparations display highly similar

pathway coverage patterns, further supporting the functional equivalence of natural

and synthetic cordycepin at the transcriptional level.

202



(a) Natural cordycepin

(b) Synthetic cordycepin

Figure 5.8: IPA canonical pathway coverage for DEGs at 120min following (A) natural
cordycepin or (B) synthetic cordycepin treatment (20 µM, 2 h treatment; LPS added at 1 h,
in the presence of compound, for a 1 h stimulation) in RAW264.7 macrophages. Horizontal
stacked bars show, for each enriched canonical pathway, the proportion of pathway molecules
recovered in the dataset; the number to the right of each bar is the total number of molecules
annotated to that pathway in the IPA knowledge base. Red segments indicate upregulated
genes and green segments indicate downregulated genes within each pathway. Generated using
the QIAGEN IPA Stacked Bar Chart tool.
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Table 5.1: Canonical pathways (IPA) for FDR-filtered DEGs at 120 min (20 µM cordycepin
1 h → LPS 1 h) versus DMSO→LPS in RAW264.7. Em dash indicates z-score not provided by
IPA.

Pathway z-score Genes from the dataset

TNFR2 Signaling -2.828 Birc3; MAP3K14; NFKB2; NFKBIA;

NFKBID; NFKBIE; REL; RELA;

RELB; TNFAIP3; TNFRSF1B;

TNIP1; TRAF1

Toll-like Receptor Signaling -2.121 EIF2AK2; IL1B; IRAK2; MAP3K14;

NFKB2; NFKBIA; REL; RELA;

RELB; TNFAIP3; TNFSF10;

TRAF1; TRAF2; TRIM25

TNFR1 Signaling -2.646 Birc3; MAP3K14; NFKB2; NFKBIA;

NFKBID; NFKBIE; REL; RELA;

RELB; TNFAIP3; TRAF1

IL-6 Signaling -2.449 CEBPD; CHUK; FOS; GADD45B;

HSP90AB1; HSP90B1; HSP90AA1;

IKBKB; JAK2; MAPK14;

MAPKAPK2; NFKB2; NFKBIA;

RELA; RELB; RICTOR; SOCS3;

STAT3; TNFAIP3

IL-1 Signaling -2.449 FOS; HSP90AB1; HSP90B1;

HSP90AA1; MAPK14; MAPKAPK2;

RELA; RELB

NF-κB Signaling -2.000 BCL3; CHUK; DUSP2; GADD45B;

IKBKB; MAP3K14; NFKB2;

NFKBIA; NFKBID; NFKBIE; REL;

RELA; RELB; RIPK2; TNFAIP3;

TNFRSF1B; TNIP1; TRAF1

Continued on next page
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Pathway z-score Genes from the dataset

NF-κB Activation by Viruses -1.897 CHUK; IKBKB; NFKB2; NFKBIA;

RELA; RELB; TRAF2

TREM1 Signaling -1.941 BCL3; CHUK; IKBKB; NFKB2;

NFKBIA; RELA; RELB; TNFAIP3;

TNFRSF1B; TRAF1

PI3K/AKT Signaling -1.890 ARAF; CRKL; FOS; GNB4; GNG5;

HSP90AB1; HSP90B1; HSP90AA1;

IKBKB; JAK2; MAPK14; RELA;

STAT3; TNFRSF1B

LPS-stimulated MAPK Signaling -1.667 DUSP2; FOS; MAP3K14; MAPK14;

MAPKAPK2; RELA; RELB

p38 MAPK Signaling -1.414 FOS; HSP90AB1; HSP90B1;

HSP90AA1; MAPKAPK2

Role of PKR in Interferon

Induction and Antiviral Response

— EIF2AK2; MAP3K14; NFKB2;

NFKBIA; RELA; RELB

Interferon alpha/beta signaling — EIF2AK2; JAK2; NFKB2; NFKBIA;

RELA; RELB; STAT3

Activation of IRF by Cytosolic

Pattern Recognition Receptors

— DDX58; EIF2AK2; HSP90AB1;

HSP90B1; HSP90AA1; IRF3;

NFKB2; NFKBIA; RELA

NOD1/2 Signaling Pathway — MAPK14; NFKB2; NFKBIA; RELA

CGAS-STING Signaling Pathway — DDX58; NFKB2; NFKBIA; RELA;

TRIM25

Autophagy — HSP90AB1; HSP90B1; HSP90AA1;

RICTOR

Energy dependent regulation of

mTOR by LKB1-AMPK

— HSP90AB1; HSP90B1; HSP90AA1;

RICTOR

Continued on next page
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Pathway z-score Genes from the dataset

Inflammasome pathway — HSP90AB1; HSP90B1; HSP90AA1

MyD88 dependent cascade

initiated on endosome

— IRAK2; NFKB2; NFKBIA; RELA
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Table 5.2: Canonical pathways (IPA) for FDR-filtered DEGs at 120min (20 µM synthetic
cordycepin 1 h → LPS 1h) vs. DMSO→LPS in RAW264.7 (file: z_score_120min_Synth_-
CoR_LPS_vs_DMSO_LPS_FDR_filtered.xlsx). Em dash indicates z-score not provided by
IPA.

Pathway z-score Genes from the dataset

Toll-like Receptor Signaling -1.89 IL1A; IL1B; MAP3K14; NFKBIA;

REL; TICAM1; TICAM2; TNF;

TNFAIP3; TRAF1; UBC

TNFR2 Signaling -2.65 MAP3K14; NFKBIA; NFKBID;

NFKBIE; REL; TNF; TNFAIP3;

TNFRSF1B; TRAF1; TRAF2

TNFR1 Signaling -2.45 MAP3K14; NFKBIA; NFKBID;

NFKBIE; REL; TNF; TNFAIP3;

TRAF1

NF-κB Signaling -1.81 BAX; CCL2; CCL5; CD40; CD83;

CXCL10; HSP90AA1; ICAM1;

IL1A; IL1B; IL6; NFKBIA; PTGS2;

SELE; TNF

IL-6 Signaling -2.89 CCL2; CCL5; IFNAR2; IFNGR2;

IL1A; IL1B; IL6; JAK2; NFKBIA;

OAS1; PIK3CD; PTGS2; TNF

IL-1 Signaling -2.24 IL1A; IL1B; IL1R1; IRAK2;

MAP3K14; TNF

p38 MAPK Signaling -2.33 GNA12; GNA13; IL1A; IL1B;

MAP3K14; PTGS2; REL; TNF;

TRAF1

LPS-stimulated MAPK Signaling -2.24 ELK1; GNA12; GNA13;

MAP3K14; REL; TNF

Continued on next page
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Pathway z-score Genes from the dataset

PI3K/AKT Signaling -1.41 BAX; CD40; CSF1; IFNGR2; IL6;

JAK2; PIK3CD; PTGS2; REL;

TNF; TRAF1

Interleukin-10 signaling -3.32 CCL2; CCL5; CSF1; CSF3;

IL10RA; IL1A; IL1B; PTAFR;

PTGES; PTGIS; REL

TREM1 Signaling -2.45 BAX; CCL2; CCL5; ELANE; IL1A;

IL1B; NFKBIA; REL; TNF

NOD1/2 Signaling Pathway -1.39 BIRC3; BMX; CARD9;

HSP90AA1; IL1A; IL1B; IRAK2;

MAP3K14; NFKBIA; NFKBID;

NFKBIE; REL; RIPK2; TNF

Role of PKR in Interferon Induction

and Antiviral Response

-1.00 DDX58; EIF2AK2; HSP90AA1;

IFNGR2; IL6; IRAK2; OAS1; REL;

RIPK2; TNF; TRAF1

Activation of IRF by Cytosolic

Pattern Recognition Receptors

0.00 DDX58; HSP90AA1; IFNGR2;

IRAK2; OAS1; REL; RIPK2

CGAS-STING Signaling Pathway -2.89 CCL2; CCL5; CD40; CXCL10;

IFNGR2; IL1A; IL1B; IL6;

NFKBIA; PIK3CD; REL; TNF;

TRAF1

Interferon alpha/beta signaling -2.24 IFNAR2; JAK2; OAS1; PIK3CD;

STAT1

MyD88 dependent cascade initiated

on endosome

-2.00 IRAK2; NFKBIA; TICAM2; TNF

Continued on next page
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Pathway z-score Genes from the dataset

Autophagy -1.67 ATG7; BAX; CD40; HSP90AA1;

IFNGR2; IL1A; IL1B; MAP3K14;

NFKBIA; REL

Inflammasome pathway — IL1B; TNF

NF-κB Activation by Viruses -2.45 BAX; HSP90AA1; NFKBIA; REL;

SELE; TNF; TRAF1
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5.5 Comparator evaluation: NUC7738 vs. 3DI (200

µM)

Gene-level differential expression (volcano)

To compare the breadth and direction of transcriptomic responses between NUC-7738

and 3′deoxyinosine (3DI), both compounds were tested at 200 µM under identical LPS

challenge conditions. Dosing, timing and analytical thresholds were matched, and

differential expression was assessed using edgeR generalised linear model likelihood ratio

tests with Benjamini–Hochberg FDR correction. NUC-7738 modulated substantially

more genes than 3DI, with 501 DE genes (473 downregulated and 28 upregulated)

versus 108 DE genes for 3DI (86 downregulated and 22 upregulated). Both compounds

showed a predominantly repressive effect on LPS-induced genes (Figure 5.9).

The volcano plots visualise this difference in potency. Panel A (NUC-7738) shows

a dense cluster of green (downregulated) genes to the left of the -1 log2FC threshold,

many with high -log10(FDR) values, whereas panel B (3DI) is noticeably sparser,

with fewer genes reaching significance and lower overall -log10(FDR) values. In both

panels, relatively few red (upregulated) genes are detected, indicating shared overall

directionality despite the difference in magnitude. These data indicate that, at 200

µM, NUC-7738 drives broader and deeper repression of LPS-induced transcriptional

programmes than 3DI. To identify which biological programmes underlie this divergence,

we next examined pathway-level enrichment using IPA bubble charts.
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(a) NUC-7738 volcano plot (b) 3DI volcano plot

Figure 5.9: NUC-7738 (200 µM) shows a broader, predominantly negative DE profile than 3′-
deoxyinosine (200 µM). RAW264.7 macrophages were treated for 2 h with NUC-7738 (200 µM),
3DI (200 µM), or 0.02% DMSO, with LPS (1 µg/mL) added 1 h after the start of compound
treatment (i.e. in the presence of the compound) and cells stimulated for a further 1 h. ONT
cDNA reads were quantified by IsoQuant and analysed in edgeR (TMM). DE testing used
edgeR GLM (glmFit) + LRT (glmLRT) with BH FDR; significance thresholds: | log2 FC| ≥ 1;
FDR ≤ 0.05. Panel A (NUC-7738): 473 downregulated and 28 upregulated genes. Panel B
(3DI): 86 down and 22 up. Each dot represents one gene (green = downregulated; red =
upregulated; grey = not significant). The x-axis shows the log2 fold change (log2 FC), defined
as log2(compound+LPS/DMSO+LPS); the y-axis shows − log10(FDR); n = 3 per group.
Note: 3DI stock contained cordycepin contamination (purity assay, Chapter 3).
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Category enrichment

To compare the pathways affected by NUC-7738 and cordycepin’s bioavailable metabolite

3DI, and to assess their relative enrichment strength, IPA category enrichment was

performed on the DE gene lists shown in Figure 5.9. Identical plotting parameters

and significance thresholds were used to allow direct comparison. Both compounds

enriched immune and cytokine-related categories with negative z-scores, consistent with

suppression of inflammatory pathways. However, NUC-7738 showed more extensive

and stronger enrichment, with more significant categories and larger bubbles at higher

log10(p-value) values.

The stacked bubble charts in Figure 5.10 highlight these differences. For NUC-7738

(panel A), immune-related categories such as Immune System, Cytokine Signaling, Cellu-

lar and Humoral Immune Response, and Pathogen-Influenced Signaling are represented

by large blue bubbles, indicating strong predicted inhibition. Additional enrichment is

seen in Signal Transduction, Growth Factor Signaling, and Intracellular and Second

Messenger Signaling pathways. In contrast, 3DI (panel B) engages similar categories

but with consistently smaller bubbles and lower -log10(p-value) values, in line with the

smaller DE gene set observed for 3DI in Figure 4. Thus, while 3DI retains directional

concordance with NUC-7738 at the category level, NUC-7738 clearly shows greater

pathway breadth and enrichment strength. To capture pathway directionality and

magnitude more explicitly, we next examined IPA activation z-score bar charts.
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(a) NUC-7738

(b) 3DI

Figure 5.10: Canonical pathway analysis of (A) NUC-7738 and (B) 3’ deoxyinosine. Bubble
size represents the number of genes within each pathway, while color indicates pathway
activation status: negative (blue, inhibited), positive (orange, activated), or neutral (grey).
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Pathway directionality (IPA z-scores)

To compare pathway-level directionality and effect size between NUC-7738 and 3DI, IPA

activation z-scores were calculated from DE gene lists filtered by FDR and fold-change

thresholds under identical experimental conditions. These z-scores were visualised as

stacked bar charts on a common scale to enable direct quantitative comparison. NUC-

7738 displayed a coherent inhibitory profile across multiple inflammatory signalling

cascades, whereas 3DI produced a weaker and more mixed response.

As shown in Figure 5.11, NUC-7738 (panel A) yields prominent leftward red bars

(inhibition) across key immune modules, including IL-10 signalling, IL-6 signalling, the

cGAS–STING pathway, interferon signalling, TNFR2 non-canonical NF-κB signalling,

and LPS-stimulated MAPK signalling. In contrast, 3DI (panel B) shows a much

sparser pattern: some pathways, such as Production of nitric oxide and reactive oxygen

species in macrophages and NOD-like receptor signalling, retain negative z-scores, but

many others sit near zero or show slightly positive (blue) values, indicating minimal

or potentially weak activating effects. Tables 5.3 and 5.4 summarise these pathways

and their associated genes. Overall, NUC-7738 engages a broader and more potent

inhibitory programme than 3DI at the pathway level. In the context of Chapter 3, where

cordycepin contamination was detected in the 3DI stock, these results are consistent with

the interpretation that much of the measured biological activity under 3DI treatment

may be driven by trace cordycepin rather than by 3DI itself.

214



(a) NUC-7738

(b) 3DI

Figure 5.11: IPA canonical pathway activation z-scores for (A) NUC-7738 (200 µM) and (B)
3′-deoxyinosine (3DI, 200 µM) in LPS-stimulated RAW264.7 macrophages. Bar direction and
colour encode the predicted activation state: blue/rightward = activation (+z), red/leftward =
inhibition (−z), grey = significantly enriched but lacking directional evidence. Pathways were
selected by IPA based on significant gene overlap (p < 0.05, Fisher’s exact test; | log2 FC| ≥ 1;
FDR ≤ 0.05). NUC-7738 shows broad inhibition across inflammatory and innate-immune
modules (IL-6, cGAS–STING, Interferon, TNFR, NF-κB), whereas 3DI displays a sparser,
weaker pattern with many pathways absent or lacking directional prediction.
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As for the cordycepin comparison above, the z-scores for NUC-7738 and 3DI were

combined into a single dual-cluster heatmap (Figure 5.12). The contrast between the

two compounds is striking: NUC-7738 shows deep inhibitory z-scores across a broad set

of inflammatory and innate-immune pathways, whereas 3DI columns are dominated

by grey (no z-score returned) and hatched (pathway absent) cells, consistent with

its minimal transcriptional impact. The few pathways that do show z-scores under

3DI cluster with the weaker end of the NUC-7738 response, consistent with residual

cordycepin contamination in the 3DI stock rather than intrinsic 3DI activity.
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Figure 5.12: Dual-cluster heatmap of IPA canonical pathway activation z-scores for LPS-
stimulated RAW264.7 macrophages treated with NUC-7738 or 3′-deoxyinosine (3DI) (200 µM,
2 h treatment; LPS added at 1 h, in the presence of compound, for a 1 h stimulation). Rows
represent the union of pathways from the paired analyses in Figure 5.11; columns represent
the two compounds. Cell colour encodes the activation z-score: blue = activation (+z), red =
inhibition (−z). Grey cells denote pathways without a returned z-score; hatched cells denote
pathways not reported for that compound. Hierarchical clustering (dendrogram, left) groups
similar response patterns. The heatmap highlights the broad inhibitory profile of NUC-7738
across inflammatory and innate-immune modules, in contrast to the sparse and weak response
under 3DI.
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As with the natural versus synthetic cordycepin comparison, horizontal stacked bar

charts were generated in QIAGEN IPA to quantify the pathway coverage of NUC-7738

and 3DI at 120min (Figure 5.13). Each bar represents an IPA canonical pathway,

with bar length reflecting the proportion of the pathway’s molecules recovered in the

dataset and the numeric label to the right of each bar indicating the total number of

molecules annotated to that pathway in the IPA knowledge base. Red segments indicate

upregulated genes and green segments indicate downregulated genes within each pathway.

NUC-7738 returns broad, well-populated pathway coverage across inflammatory and

innate-immune modules, whereas 3DI returns a much sparser set of pathways with lower

molecule coverage, consistent with its minimal transcriptional impact at this dose.
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(a) NUC-7738

(b) 3DI

Figure 5.13: IPA canonical pathway coverage for DEGs at 120 min following (A) NUC-7738
or (B) 3′-deoxyinosine (3DI) treatment (200 µM, 2 h treatment; LPS added at 1 h, in the
presence of compound, for a 1 h stimulation) in RAW264.7 macrophages. Horizontal stacked
bars show, for each enriched canonical pathway, the proportion of pathway molecules recovered
in the dataset; the number to the right of each bar is the total number of molecules annotated
to that pathway in the IPA knowledge base. Red segments indicate upregulated genes and
green segments indicate downregulated genes within each pathway. Generated using the
QIAGEN IPA Stacked Bar Chart tool.
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Table 5.3: Selected canonical pathways (120 min NUC–7738 → LPS, RAW264.7). Genes are
IPA "Molecules" from the dataset.

Pathway z-score Genes from the dataset

Interleukin-10 signaling -3.742 CCL2; CCL5; CCR1; CSF1; CSF3; ICAM1;

IL10RA; IL1A; IL1B; LIF; PTAFR; PTGS2;

TNF; TNFRSF1B

TNFR2 Signaling -2.828 BIRC3; FOS; MAP3K14; NFKBIA; NFKBID;

NFKBIE; REL; TNF; TNFAIP3; TNFRSF1B;

TRAF1; TRAF2

TNFR1 Signaling -2.646 BIRC3; FOS; ICAM1; IRF1; MAP3K14;

NFKBIA; NFKBID; NFKBIE; TNFAIP3;

TRAF1

Toll-like Receptor Signal-

ing

-1.890 FOS; IL1A; IL1B; MAP3K14; NFKBIA;

REL; TICAM1; TICAM2; TNF; TNFAIP3;

TRAF1; UBC

TREM1 Signaling -2.646 CCL2; CD40; CD83; CXCL2; ICAM1; IL1B;

ITGA5; NLRP3; REL; TNF

NOD1/2 Signaling Path-

way

-2.357 ATG5; BCL10; BIRC3; CXCL10; CXCL3;

FOS; ICAM1; IRF1; NFKBIA; NOD1; REL;

TNF; TRAF1

IL-6 Signaling -2.000 IL1A; IL1B; LIFR; MAP3K14; NFKBIA;

TNF; TNFRSF1B

NF-κB Signaling -2.357 NFKBIA; REL; TNF; TNFAIP3

TNFR2 non-canonical NF-

kB pathway

-2.000 BIRC3; MAP3K14; NFKBIA; TNFAIP3;

TRAF1; TRAF2

LPS-stimulated MAPK

Signaling

-2.449 FOS; MAP3K14; NFKBIA; TNF

Continued on next page
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Pathway z-score Genes from the dataset

p38 MAPK Signaling -2.530 ATF3; ATF4; DUSP1; DUSP2; HSPB1;

HSPA5; IL1B; MAP3K14; NFKBIA; TNF;

TRAF1

Production of Nitric Ox-

ide and Reactive Oxygen

Species in Macrophages

-1.342 AKT3; ATG5; CCL2; ICAM1; NOS2; REL;

SOD2; TNF; UBC

iNOS Signaling -2.000 GCH1; NOS2; TNF

Role of PKR in Interferon

Induction and Antiviral

Response

-1.508 ATF3; DDX58; EIF2AK2; FOS; IFIT2; IRF1;

NFKBIA; TNF; TRAF1; TRAF2

Interferon alpha/beta sig-

naling

-2.646 DDX58; IFIT2; IRF1; STAT1; STAT2

CGAS-STING Signaling

Pathway

-2.887 DDX58; NFKBIA; REL; TMEM173; TNF;

UBC

Autophagy -2.111 ATG10; ATG12; ATG5; ATG7; BCL2; FOS;

HSP90AA1; HSPA1A/HSPA1B; IRF1;

RPS6KB1

Unfolded protein response -2.000 ATF4; HSP90AA1; HSPA5
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Table 5.4: Selected IPA Canonical Pathways (120min 3′deoxyinosine treatment, with LPS
added at 60 min in the presence of the compound for a 1 h stimulation). Blank z-scores indicate
that IPA did not report an activation z-score.

Pathway z-score Genes from the dataset

Role of PKR in Interferon

Induction and Antiviral Re-

sponse

-1 ATF3; ELP1; IFNB1; IRF1; NLRP3;

PDGFA; REL

Production of Nitric Oxide

and Reactive Oxygen Species

in Macrophages

-2 ELP1; IRF1; MAP3K8; PIK3C2A;

REL; TNFRSF1B

IL-12 Signaling and Produc-

tion in Macrophages

-0.707 ELP1; IFNB1; IRF1; MAP3K8;

NFATC1; PIAS2; PIK3C2A; REL

TNFR2 Signaling REL; TNFAIP3; TNFRSF1B;

TRAF1

CD40 Signaling -1 ELP1; PIK3C2A; REL; TNFAIP3;

TRAF1

Toll-like Receptor Signaling REL; TNFAIP3; TRAF1; UBC

LPS-stimulated MAPK Signal-

ing

ELP1; PIK3C2A; RAP2B; REL

IL-27 Signaling Pathway -0.816 IFNB1; IRF1; NLRP3; PIK3C2A;

REL; TNFRSF1B

NF-κB Activation by Viruses ELP1; PIK3C2A; RAP2B; REL

NOD1/2 Signaling Pathway -1.34 ELP1; IFNB1; MAP3K8; NLRP3;

SLC15A4; TNFAIP3

LXR/RXR Activation -1 ABCA1; ABCG1; LDLR; REL; TN-

FRSF1B

PPAR Signaling ELP1; PDGFA; RAP2B; REL; TN-

FRSF1B

JAK/STAT Signaling PIAS2; PIK3C2A; RAP2B; REL

Continued on next page
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Pathway z-score Genes from the dataset

PI3K/AKT Signaling ELP1; GAB2; MAP3K8; RAP2B;

REL

TREM1 Signaling CCL2; PIK3C2A; REL

Sirtuin Signaling Pathway ABCA1; BCL2L11; CPT1A; MYC;

NDRG1; REL

EIF2 Signaling 0 ATF3; MYC; PIK3C2A; RAP2B

Interferon alpha/beta signal-

ing

IFNB1; IRF1; UBC

P2Y Purinergic Receptor Sig-

naling Pathway

MYC; PIK3C2A; RAP2B; REL

MicroRNA Biogenesis Signal-

ing Pathway

0 IFNB1; MYC; PIK3C2A; RAP2B
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5.6 Discussion

Across all conditions, the transcriptomic data indicate that natural and synthetic

cordycepin (20 µM) behaved very similarly in LPS-stimulated RAW264.7 macrophages,

producing broad repression of LPS-induced transcripts and consistent inhibition of im-

mune and cytokine pathways in IPA (Figs. 5.3, 5.4, 5.5, and 5.6). At 200 µM, NUC-7738

generated a similar but more pronounced inhibitory signature than 3′deoxyinosine (3DI,

200 µM), whereas 3DI showed weaker and partially mixed effects (Figs. 5.3, 5.9, 5.10,

and 5.11). Across the active treatments, IPA consistently returned negative activation

z-scores in PI3K/AKT/mTOR-, autophagy- and NF-κB-linked pathways (Fig. 5.6), in

line with earlier studies showing that cordycepin dampens growth-factor and inflamma-

tory signalling [25, 28]. IPA also highlighted the “Role of PKR in Interferon Induction

and Antiviral Response” module with negative directionality for several cordycepin

analogues (Figs. 5.6 and 5.11), suggesting that stress- and interferon-associated nodes

sit within the broader cordycepin response network.

Natural and synthetic cordycepin produced closely matched volcano plots dominated

by down-regulation (natural: 373 down/29 up; synthetic: 352 down/17 up at | log2 FC| ≥

1, FDR < 0.05), indicating that the anti-inflammatory action is intrinsic to cordycepin

rather than to co-purified constituents (Fig. 5.4). IPA category enrichment reinforced

this: both sources generated large, right-shifted immune and cytokine categories with

negative activity direction (Signal Transduction, Cytokine Signaling, Cellular Immune

Response, Humoral Immune Response, Immune System, Pathogen-Influenced Signaling),

and ranked z-score panels dominated by negative bars across the Inflammasome pathway,

IL-6 Signaling, cGAS–STING, Interferon Signaling, NF-κB Activation by Viruses, and

TNFR1/TNFR2 (Figs. 5.5 and 5.6). Together with the replicate-level heat map, where

both cordycepin preparations cluster away from DMSO+LPS and 3DI (Fig. 5.3), these

observations support source-independent suppression of early inflammatory programmes,

with the biological activity attributable to cordycepin itself rather than to co-purified

contaminants previously detected in commercial preparations [162].

NUC-7738 at 200 µM down-regulated 473 genes and up-regulated 28, giving a broader
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negative DE profile than 3DI at the same concentration (86 down/22 up) (Fig. 5.9).

Consistently, IPA showed more numerous and more strongly enriched immune and

cytokine categories with negative z-scores for NUC-7738 (Immune System, Cytokine

Signaling, Cellular and Humoral Immune Response, Pathogen-Influenced Signaling and

related signal-transduction modules), whereas 3DI produced fewer, smaller bubbles

and more categories with near-zero directionality (Fig. 5.10). Activation z-score panels

again favoured NUC-7738, with clear predicted inhibition across IL-10 Signaling, IL-

6 Signaling, Production of Nitric Oxide and ROS in Macrophages, cGAS–STING,

Interferon Signaling and TNFR2 non-canonical NF-κB, while 3DI showed a weaker

and partly mixed pattern (Fig. 5.11). These data indicate that, in this macrophage

model, NUC-7738 has a stronger and more coherent inhibitory impact on inflammatory

pathways than 3DI at matched nominal doses.

NUC-7738 and 3DI reproduced the core transcriptional pattern seen with cordycepin

but at 200 µM rather than 20 µM in this system (Figs. 5.9 and 5.10). This rank order

is compatible with their biochemistry. 3DI is the major circulating species after oral

cordycepin and can be reconverted intracellularly to cordycepin triphosphate (3′dATP)

via nucleoside salvage, albeit less efficiently than direct cordycepin phosphorylation [1].

NUC-7738 is a ProTide in which a 5′ aryloxy phosphoramidate masks the monophos-

phate, designed to bypass ADA-mediated deamination and nucleoside transporter and

kinase bottlenecks, with clinical data confirming intracellular 3′dATP formation and

NF-κB pathway modulation [2, 29]. Within this framework, the simplest interpretation

of the convergent pathway signatures is that all four treatments act via the same

downstream metabolite, cordycepin triphosphate, with 3DI and NUC-7738 serving as

delivery variants.

The 3DI data nonetheless require caution. Purity analyses in Chapter 3 demonstrated

cordycepin contamination in the 3DI stock, so at least part of the observed activity

is likely mediated by this contaminant rather than by 3DI itself. In contrast, the

stronger and broader inhibitory signature with NUC-7738 compared with 3DI at

200 µM is in keeping with medicinal-chemistry expectations for a ProTide that improves

intracellular 3′deoxyadenosine nucleotide delivery [2, 29]. The higher concentrations
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required for NUC-7738 in this RAW264.7 cell line system do not contradict its in vivo

pharmacokinetic advantages (enhanced exposure, distribution and ADA bypass); the

present experiments primarily report on macrophage pharmacodynamics at a fixed

time point rather than on comparative potency in patients. The key conclusion is the

directional alignment of NUC-7738 with cordycepin at the transcriptomic and pathway

levels, not a definitive potency ranking across all four molecules.

Although the present data are transcriptomic, several contrasts returned nega-

tive directionality in growth-factor-linked categories such as Growth Factor Signal-

ing and Signal Transduction. In the cordycepin conditions, negative z-scores in

PI3K/AKT Signaling, Energy-dependent regulation of mTOR by LKB1–AMPK, and

Autophagy (Fig. 5.6) mirror systematic work showing that cordycepin generally at-

tenuates PI3K/AKT/mTOR signalling and generates gene-expression profiles similar

to those elicited by the PI3K inhibitor LY294002 [25]. In this context, the broad

reduction in immediate inflammatory transcripts is compatible with upstream restraint

of PI3K–mTOR-driven translation and biogenesis processes that support cytokine induc-

tion. However, these data do not themselves distinguish direct inhibition of PI3K from

upstream events that secondarily dampen PI3K–mTOR output, and phospho-protein

readouts remain essential for mechanistic dissection.

PKR–IFN–eIF2α module within the cordycepin response Ingenuity Path-

way Analysis (IPA) repeatedly flagged the “Role of PKR in Interferon Induction and

Antiviral Response” as significantly affected across the cordycepin analogues, with

negative activation z-scores for synthetic cordycepin, NUC-7738 and 3DI, and a more

neutral call for natural cordycepin (Figs. 5.6 and 5.11; Tables 5.1–5.4). In the IPA

network overlays, the dominant changes lie along TRAF–IKK→NF-κB and IFN/JAK/S-

TAT/ISG branches (Fig. 5.14), consistent with well-described effects of cordycepin on

proximal TLR4 signalling, AKT and p38 phosphorylation, and p65 nuclear translocation

in RAW264.7 macrophages [27, 28, 52, 54]. Most of the responsive nodes therefore

reflect general inflammatory and interferon signalling rather than PKR-specific outputs,

and the pathway label should be interpreted in that broader sense.

A related pattern emerged in an independent suPB haploid survival screen in eHAP
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cells, where resistance-enriched insertions mapped to genes within the same IPA module,

including CASP8 and PDGFC (Figs. 5.15, 4.15, 4.16, and 4.1). Loss of CASP8 is

expected to blunt apoptotic execution in this network, whereas loss of PDGFC is

predicted to dampen PDGFR→PI3K–AKT–mTOR signalling that cordycepin also

represses [25, 52, 166–173]. Together with the RNA-seq→IPA predictions, these findings

suggest that cordycepin and its analogues repeatedly impact a PKR/IFN/eIF2α-centred

stress and antiviral module while suppressing NF-κB-driven outputs. Because PKR

activity and eIF2α phosphorylation are post-translational, these inferences remain

predictive rather than causal; they will need to be tested against direct measurements

of pathway activation and targeted perturbations of the integrated stress response

[135, 174]. For this reason, the PKR–IFN–eIF2α module is treated here as a candidate

node that complements, rather than replaces, the primary PI3K–mTOR and NF-κB

interpretations.
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Signals from distinct visualisations converged. The top-50 heat map showed that

cordycepin (both sources) and NUC-7738 reproducibly reduced expression of LPS-

induced genes across triplicates, whereas 3DI largely tracked the DMSO+LPS profile

(Fig. 5.3). Volcano plots quantified this skew towards repression for each condition

(Figs. 5.4 and 5.9). Pathway-level IPA summaries then translated these gene-level effects

into consistent negative predictions across immune and cytokine modules (Figs. 5.5,

5.6, 5.10, and 5.11). The alignment between the global gene-level shift (volcano and

heat map) and the IPA-level direction (bubble and z-score analyses) supports the

internal consistency of the dataset and of the pre-specified thresholds. Importantly,

both the category enrichment (Figs. 5.5 and 5.10) and activation z-score (Figs. 5.6 and

5.11) readouts independently recapitulated the negative direction for IL-6 Signaling,

Interferon Signaling, TNFR1/TNFR2 and the Inflammasome pathway, indicating that

these features are robust across analytical views rather than artefacts of any single

analysis.

Across conditions, the qualitative pattern persisted. Natural versus synthetic

cordycepin produced almost superimposable outcomes at both gene and pathway levels

(Figs. 5.4, 5.5 and 5.6), and NUC-7738 at 200 µM gave a similar but more pronounced

pattern (Figs. 5.9, 5.10 and 5.11). Where divergences occurred (for example, smaller

or near-zero z-scores with 3DI), they tracked with weaker DE magnitude (Fig. 5.9),

indicating a quantitative rather than qualitative difference.

Library-capture caveat for cordycepin-terminated RNAs. A technical consid-

eration specific to poly(A)-anchored sequencing methods is that cordycepin-terminated

transcripts may be under-represented during library synthesis. The ONT PCR-cDNA

protocol relies on oligo-dT priming of the poly(A) tail, followed by reverse transcription

that requires a free 3′-hydroxyl for strand extension. RNAs that have incorporated

cordycepin at the 3′ terminus of their poly(A) tail will carry a 3′-deoxyadenosine

residue lacking this hydroxyl group, and such molecules would be inefficiently captured

and depleted from the sequencing library [163]. Consequently, some proportion of

the apparent decreases in transcript abundance observed under cordycepin treatment

could, in principle, reflect efficient and stable cordycepin incorporation rather than true
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Figure 5.14: IPA mechanistic network for the canonical pathway “Role of PKR in Interferon
Induction and Antiviral Response,” overlaid with differential gene expression data from
RAW264.7 macrophages treated with natural cordycepin (20 µM) versus vehicle (0.02%
DMSO) for 2 h, with LPS (1 µg/mL) added 1 h after the start of compound treatment (i.e. in
the presence of the compound) and cells stimulated for a further 1 h. RNA was profiled by ONT
cDNA sequencing and analysed with IsoQuant/edgeR (TMM; | log2 FC| ≥ 1; FDR ≤ 0.05).
How to read the network: each node represents a gene or functional category. Node fill
colour encodes the measured expression change (green = downregulated; red = upregulated;
white = not differentially expressed). Coloured halos around nodes encode the IPA-predicted
activation state (blue halo = predicted inhibition; orange halo = predicted activation). Edges
(connecting lines) encode regulatory relationships: solid lines denote direct interactions and
dashed lines denote indirect (inferred) interactions; blue edges indicate predicted inhibitory
relationships and orange edges indicate predicted activating relationships. Key observation:
the overlay shows coordinated downregulation at multiple nodes along two principal signalling
axes—TRAF→IKK→NF-κB and IFN/JAK/STAT/IRF—with IPA predicting inhibitory flow
through both branches. This pattern is consistent with the negative z-scores for inflammatory
and interferon pathways reported in the IPA bar charts (Figures 5.6 and 5.7). Note that
most responsive nodes reflect general inflammatory and interferon signalling rather than
PKR-specific outputs; the IPA pathway label should be interpreted in this broader sense.
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Figure 5.15: The same IPA mechanistic network as in Figure 5.14, now overlaid with gene-level
signals from the suPB haploid piggyBac gene-trap screen in eHAP cells (cordycepin 200 µM vs.
DMSO selection; Chapter 4). How to read the network: node fill, halos and edge colours
follow the same conventions as Figure 5.14—green fill = decreased signal, red fill = increased
signal, blue halo = predicted inhibition, orange halo = predicted activation, solid edges =
direct interactions, dashed edges = indirect interactions. Outlined (highlighted) nodes indicate
genes that were mapped as resistance-enriched insertion sites in the screen. Key observation:
transposon insertions enriched under cordycepin selection localise to CASP8 and PDGFC
within this module. Loss of CASP8 function is predicted to attenuate apoptotic execution
downstream of the network, while loss of PDGFC is predicted to reduce PDGFR→PI3K–AKT–
mTOR signalling. Together with the transcriptomic overlay in Figure 5.14, these data suggest
that both gene expression changes (RNA-seq) and genetic resistance mechanisms (haploid
screen) converge on the same PKR/IFN/NF-κB signalling architecture. IPA overlay label:
“suPB_cordycepin_vs_DMSO_logFC_pval_without_qval.”
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reductions in RNA levels. However, this artifact is unlikely to be a major driver of

the observed patterns for two reasons. First, Kondrashov et al. demonstrated that

cordycepin-terminated tails are transient and rare at steady state, as evidenced by

similar tail-length distributions obtained from both 3′- and 5′-end labelling approaches

[19]. Second, the overall transcriptional signatures reported here closely recapitulate

those detected by microarray [26] [164] and Illumina RNA-seq [27] in nearly identical

RAW264.7/LPS experimental systems—platforms whose library chemistries do not

share the same poly(A) 3′-OH dependency. This cross-platform concordance supports

the interpretation that the differential expression patterns primarily reflect true changes

in RNA abundance. A formal quantitative comparison of the present ONT dataset

with the existing microarray and Illumina RNA-seq datasets would provide a direct

test of this assumption.

Internal consistency and design boundaries Three features increase confidence

in the main conclusions of this chapter. First, multiple readouts converge: the replicate-

resolved heat map, gene-level DE (volcano plots) and pathway-level enrichment/direction

(IPA) all indicate broad suppression of LPS-induced transcription, with concordant

direction across figures and across the active compounds (Figs. 5.3, 5.4, 5.5, 5.6, 5.9,

5.10, and 5.11). Second, source comparison shows that natural and synthetic cordycepin

give near-identical outcomes at gene and pathway levels, directly addressing the concern

that activity might be driven by co-purified contaminants in natural preparations

[162]. Third, pathway-level coherence is high: the recurrent negative direction across

IL-6 Signaling, Interferon Signaling, TNFR1/TNFR2 and the Inflammasome pathway,

together with mTOR-adjacent categories, yields a biologically consistent picture that

agrees with independent evidence for cordycepin’s anti-inflammatory and PI3K–mTOR-

modulating actions [13, 19, 25, 28].

The work also has defined boundaries that shape interpretation. All experiments

were performed in a single macrophage cell line (RAW264.7) and at an early 1 h LPS time

point chosen to capture proximal, likely causative events in the inflammatory programme

and to minimise confounding from cordycepin degradation or delayed compensatory

responses. This design is appropriate for comparing mechanisms of action between
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compounds, but later transcriptional or secretory phases and other cell types remain

outside the scope of this chapter. Inferences are based on transcriptomics and IPA

predictions; while activation z-scores provide useful hypotheses, causal statements about

PKR, the integrated stress response or PI3K–mTOR engagement require integration

with phospho-proteomics and functional perturbation data, some of which are considered

elsewhere in this thesis and in the literature [135, 174]. Dosing was intentionally non-

equipotent: cordycepin was examined at 20 µM, whereas NUC-7738 and 3DI were used

at 200 µM. These choices were guided by prior RT-qPCR and pharmacological data

to give informative dynamic range rather than to allow strict potency ranking across

all four molecules. Finally, interpretation of 3DI is constrained by the documented

cordycepin contamination of the stock (Chapter 3), so 3DI-specific mechanistic claims

are kept deliberately limited.

Biological and therapeutic implications The data strengthen the rationale

that cordycepin itself, independent of source, can acutely dampen macrophage in-

flammatory programmes and growth-factor-linked signalling. This is consistent with

in vivo anti-inflammatory activity and supports polyadenylation/signalling cross-talk

as a therapeutically exploitable axis [13, 19, 28]. The stronger and broader signature

with NUC7738 compared with 3DI suggests that delivery-optimised 3′deoxyadenosine

variants can achieve more complete early pathway control, with potential relevance

for growth factor-driven and inflammatory pathologies [2, 29]. Given the RNA-centric

rationale for cordycepin’s action, the subsequent chapter focuses on poly(A)-tail assays

to connect these transcriptomic signatures to changes in 3′-end processing and to define

the scope of cordycepin’s effects on mRNA maturation.

In summary, the RAW264.7 data show that natural and synthetic cordycepin are

functionally very similar at 20 µM, converging on broad repression of LPS-induced

transcripts and coherent inhibition of immune and cytokine pathways in IPA. NUC-7738

has a very similar effect at the higher 200 µM exposure, whereas 3DI is weaker and

confounded by purity, reinforcing the conclusion that cordycepin triphosphate is most

likely the common active driver generated by all four treatments. The recurrent negative

direction on growth-factor-linked pathways and the appearance of PI3K/AKT/mTOR-
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and PKR/IFN/eIF2α-annotated modules support a working model in which restraint of

PI3K–mTOR signalling, coupled with stress-responsive translational control, contributes

to early dampening of inflammatory programmes. In light of this RNA-centric mecha-

nism, the next chapter tests this model directly by measuring poly(A)-tail dynamics on

LPS-induced transcripts.
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Chapter 6

Poly(A) tail profiling following

cordycepin and NUC-7738 treatment

of LPS-activated macrophages reveals

genome-wide poly(A) tail shortening.

6.1 Introduction

Poly(A) tails regulate mRNA translation and stability through interactions with

PABP and by gating access to the major cytoplasmic deadenylases (predominantly the

CCR4-NOT complex) that initiate decay. These processes rapidly reshape gene expres-

sion during immune activation [36, 152]. Cordycepin (3′-deoxyadenosine) nucleotides are

accepted by poly(A) polymerases; incorporation at a tail terminus removes the 3′-OH,

lowers 3′-end formation efficiency, and alters polyadenylation dynamics in vivo [45].

Complementary genetic and pharmacological work also shows that cordycepin changes

alternative poly(A) site choice through kinetic coupling with RNAPII elongation [38].

Together, these observations suggest that adenosine analogues can alter both tail length

and 3′-UTR architecture in ways expected to dampen inflammatory programmes.

This chapter extends the transcriptomic analysis presented in Chapter 5 by ex-

ploiting the same Oxford Nanopore long-read cDNA sequencing dataset to quantify
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how adenosine analogues that affect mRNA 3′-end formation modulate poly(A) tail

length and mRNA abundance during acute macrophage activation, and relates these

changes to pathway-level programmes. We focus on cordycepin (3′-deoxyadenosine),

its ProTide derivative NUC-7738, and 3′-deoxyinosine (3DI), using an LPS-primed

RAW264.7 model and a joint poly(A)-tail / differential-expression analysis framework.

NUC-7738 was designed to bypass cordycepin pharmacological liabilities (e.g. ADA

- mediated deamination and transporter dependence) and to deliver high intracellular

triphosphate levels through ProTide chemistry. First-in-human data and genome-wide

analyses indicate on-target activity with effects converging on NF-κB-linked programmes,

motivating its inclusion here as a mechanistically related comparator [2, 29].

Across all conditions, RAW264.7 macrophages were treated for 2 h with cordycepin

20 µM (natural or synthetic), NUC-7738 200 µM, 3DI 200 µM, or DMSO; LPS (1 µg/mL)

was added 1 h after the start of compound treatment (i.e. in the presence of the

compound) and cells were stimulated for a further 1 h. Long-read cDNA sequencing

was then used to obtain per-transcript poly(A)-tail estimates alongside gene-level

counts, enabling integrated analysis of tail remodeling and mRNA abundance under

LPS alone and in the presence of each analogue. The primary aim is to identify

RNAs whose behaviour under these conditions indicates sensitivity to perturbed 3′-end

formation—either through altered poly(A) tail size or through loss from the library

consistent with a blocked 3′-end—and to organise these responses at transcript and

pathway level. The experimental time scheme is summarised in Figure 6.1.
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Figure 6.1: Experimental time scheme for the poly(A) tail analysis. RAW264.7 macrophages
were treated for 2 h with cordycepin (20 µM, natural or synthetic), NUC-7738 (200 µM),
3′-deoxyinosine (200 µM), or DMSO vehicle. LPS (1 µg/ml) was added after 1 h of compound
treatment (i.e. in the presence of the compound) and cells were stimulated for 1 h. Total RNA
was extracted at 2 h and processed for Oxford Nanopore long-read cDNA sequencing. Poly(A)
tail lengths were estimated from Dorado basecalling tags using NanopLen.
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6.2 LPS-Induced Poly(A) Remodeling (control be-

haviour)

To determine how inflammatory stimulation alone affects poly(A) tails, we first examined

the changes in tail length induced by LPS in the absence of adenosine analogues. The

empirical cumulative distribution function (ECDF) in panel A of Figure 6.2 shows a

clear leftward shift in the distribution of poly(A)-tail lengths in the LPS-treated group

compared with the DMSO control, indicating a global trend towards shorter poly(A)

tails after LPS stimulation. The scatter plot in panel B of Figure 6.2 confirms this

observation, with most transcripts lying below the identity line and showing a decrease

in mean poly(A)-tail length after LPS treatment.

(a) LPS (length.alt) poly(A) distribution (b) LPS (length.alt) poly(A) scatter plot

Figure 6.2: RAW264.7 macrophages were treated with either vehicle (DMSO) for 120 min as
control or vehicle (DMSO) for 60 min followed by LPS (1 µg/mL) for 60 min. cDNA long-read
libraries were basecalled with Dorado and poly(A) tails quantified with NanopLen (modified to
ingest Dorado poly(A) tags). length.alt = mean poly(A)-tail length (nt) for the treatment
condition; NanopLen hard-codes “.alt” for treatment and uses the exact control name from
metadata. (a) ECDFs of per-transcript mean poly(A)-tail length (nt); orange, DMSO; blue,
LPS. (b) Per-transcript scatter vs DMSO. Axes: mean_length.DMSO (x) vs mean_length.alt
(y; LPS). Statistics/thresholds used downstream: per-transcript tail change with an effect-size
threshold of ±10 nt and FDR ≤ 0.05. Replicates: n = 3 biological replicates.

When we restricted the analysis to statistically significant per-transcript changes, a

more complex pattern emerged. The volcano plot and MA plot in Figure 6.3 show that,

despite the global shortening trend, the significant set is skewed towards lengthening:
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most transcripts passing the ±10 nt and FDR ≤ 0.05 thresholds have longer tails

under LPS. This apparent discrepancy reflects the fact that many transcripts undergo

small but widespread tail shortening that does not exceed the per-transcript effect-size

cut-off, whereas a smaller subset shows larger, often lengthening, shifts in poly(A)-tail

length. Long-read tail estimates therefore reveal a global left-shift in the distribution

after LPS (shorter tails overall), with the volcano and MA plots highlighting a discrete,

significantly remodeled subset (≈ 0.7% of transcripts) biased towards lengthening under

the chosen thresholds. This illustrates how distribution-level summaries and thresholded

per-transcript calls emphasise complementary facets of the same data.

Standard 3′-end–anchored tail-calling workflows use ligation or capture steps that

require a free 3′-OH on the RNA. T4 RNA ligase efficiently joins 3′-OH/5′-phosphate

nicks, whereas a terminal 3′-deoxyadenosine (3′-dA) lacks the 3′-OH and is resistant to

ligation, so such molecules are under-represented in these libraries [163]. As a result,

the ONT/NanopLen readouts used here primarily capture RNAs without a terminal

3′-dA; this design constraint is carried forward when interpreting compound-treated

samples in subsequent sections.

(a) LPS vs DMSO poly(A) volcano (b) LPS vs DMSO poly(A) MA

Figure 6.3: Same system as Fig. 6.2. (a) Volcano and (b) MA plots for LPS vs DMSO
at 120 min. Transcripts surpassing ±10 nt tail change and FDR ≤ 0.05 are coloured red
(longer) or blue (shorter). Although Fig. 6.2 shows a global distribution-level shortening, the
thresholded significant set skews towards lengthening at the per-transcript level. Replicates:
n = 3.

Having established the pattern of LPS-induced poly(A) remodeling in the ab-

sence of adenosine analogues, we next compared the poly(A)-tail length profiles of
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compound-treated groups with those of the DMSO+LPS control.
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6.3 Effects of compounds on poly(A) tail size

To study the impact of adenosine analogues on the size of the poly(A) tail in the context

of inflammation induced by LPS, poly(A) tail length profiles of the groups treated with

the compounds were compared to those of the DMSO+LPS control group. The effects

of the adenosine analogues tested on the poly(A) size are summarized in Table 6.1.

Table 6.1: Median poly(A) tail length shifts (ECDF-based) for drug + LPS vs DMSO +
LPS (Control).

Comparison n (genes) Median
control (nt)

Median
treatment (nt) Δmedian (nt)

CoR_LPS vs DMSO_LPS 10446 119.6 94.2 −25.4
NUC_LPS vs DMSO_LPS 10414 119.6 93.3 −26.3
3DI_LPS vs DMSO_LPS 10505 119.7 112.8 −6.9
Synth_CoR_LPS vs DMSO_LPS 10491 119.6 94.5 −25.1
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Cordycepin and Synthetic Cordycepin

Natural and synthetic cordycepin induced a genomewide reduction of approximately

25 nucleotides in the length of poly(A) tails (Figure 6.4). The scatter plots confirm

this observation, and the vast majority of transcripts exhibit a substantial decrease in

poly(A) tail length upon cordycepin treatment. The volcano and MA plots in Figure 6.5

further highlight the magnitude of this effect, with approximately 3,000 genes showing a

significant shortening of their poly(A) tails by at least 10 nucleotides. This widespread

deadenylation is a hallmark of cordycepin’s mechanism of action and is consistent with

its known ability to inhibit polyadenylation.
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(a) Natural cordycepin (b) Synth cordycepin

(c) Natural cordycepin (d) Synth cordycepin

Figure 6.4: Cordycepin-induced poly(A) remodeling (ECDF and scatter). RAW264.7 cells
were pre-treated with natural or synthetic cordycepin (20 µM, 1 h), then stimulated with
LPS (1 µg/mL, 1 h); orange line. DMSO+LPS is the control; blue line. length.alt = mean
poly(A)-tail length (nt) for the treatment condition; NanopLen hard-codes “.alt” for treatment
and uses the exact control name from metadata. Panels: (A, C) natural cordycepin (ECDF,
scatter); (B, D) synthetic cordycepin. Δmedian ECDF shift (treatment – control): natural
–25.4 nt (95%CI –26.0 to –24.8; n = 10,446), synthetic –25.1 nt (95%CI –25.7 to –24.6; n =
10,491).Downstream thresholds: ±10 nt, FDR ≤ 0.05. Replicates: n = 3
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(a) Natural cordycepin (b) Synth cordycepin

(c) Natural cordycepin (d) Synth cordycepin

Figure 6.5: Cordycepin-induced poly(A) remodeling (volcano and MA). Same samples as
Fig. 6.4. (A, C) natural cordycepin; (B, D) synthetic. Volcano and MA show genes with ±10
nt tail-change and FDR ≤ 0.05; red = longer, blue = shorter. Approximately 3,000 genes
show significant shortening under cordycepin. Replicates: n = 3.
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NUC-7738

NUC-7738, the ProTide derivative of cordycepin, induced a genomewide reduction of

approximately 26 nucleotides in the length of poly(A) tails (Figure 6.6). The ECDF

plot shows a similar leftward shift to that observed for cordycepin, although at a higher

concentration, with NUC-7738 at 200 µM compared to 20 µM for cordycepin, indicating

a global deadenylation effect. The volcano and MA plots in Figure 6.7 reveal that more

than 20% of all expressed genes underwent a significant shortening of their poly(A)

tails.

3′deoxyinosine

In contrast to the other analogues, 3′deoxyinosine had a much more modest effect on

the length of the poly (A) tail (Figure 6.6). The ECDF plot shows only a slight shift

to the left, and the volcano and MA plots in Figure 6.7 indicate that less than 1% of

the genes exhibited a significant change in poly(A) tail length. This decreased effect

aligns with the reduced potency of 3DI observed in gene expression analyses and may

be attributed to its indirect mechanism of action, which requires intracellular conversion

to cordycepin. Furthermore, the purity analysis presented in Chapter 1 revealed that

the 3DI stock is contaminated with cordycepin, suggesting that the observed effect may

be attributable to the cordycepin contaminant rather than to 3DI itself.
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(a) NUC-7738 (b) 3DI

(c) NUC-7738 (d) 3DI

Figure 6.6: NUC-7738 and 3DI (ECDF and scatter). RAW264.7 cells were treated with
NUC-7738 (ProTide) or 3DI at 200 µM for 2 h, with LPS (1 µg/mL) added 1 h after the start
of compound treatment (i.e. in the presence of the compound) for a 1 h stimulation; orange
line. DMSO+LPS is the control; blue line. length.alt = mean poly(A)-tail length (nt) for
the treatment condition; NanopLen hard-codes “.alt” for treatment and uses the exact control
name from metadata. Panels: (A, C) NUC-7738; (B, D) Δmedian ECDF shifts: NUC-7738
–26.3 nt (95%CI –26.9 to –25.6; n = 10,414); 3DI –6.9 nt (95%CI –7.5 to –6.4; n = 10,505)..
Replicates: n = 3
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(a) NUC-7738 (b) 3DI

(c) NUC-7738 (d) 3DI

Figure 6.7: NUC-7738 and 3DI (volcano and MA). Same samples as Fig. 6.6. (A, C)
NUC-7738; (B, D) 3DI. Thresholds: ±10 nt, FDR ≤ 0.05. More than 20% of expressed genes
show significant tail shortening under NUC-7738, while less than 1% change under 3DI (as
plotted). Replicates: n = 3.
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6.4 Relation between Gene Expression and Poly(A)

Tail Size

To directly investigate the relationship between the dynamics of the poly(A) tail and

gene expression, we stratified the genes into three classes based on their change in

poly(A) tail length: "shortened" (>10 nt decrease), "Unchanged" (≤10 nt change), and

"lengthened" (>10 nt increase). We then examined the distribution of log2-fold changes

in mRNA abundance for each of these classes.

For each compound, stratifying genes by tail class (Shortened/Unchanged/Length-

ened) revealed consistent ordering of log2 fold-changes: Shortened < Unchanged <

Lengthened (i.e., shorter tails associate with lower abundance). This provides evidence

for correlation, not proof of mechanism, especially under a 2 h design where steady

state is not guaranteed.

Cordycepin Natural and Synthetic

For natural and synthetic cordycepin, we observed a clear and consistent relationship

between poly(A) tail length and gene expression (Figure 6.8). The "Shortened" class

of genes exhibited a significant decrease in mRNA abundance compared to the "Un-

changed" class. Conversely, the "Lengthened" class showed a slight but significant

increase in expression. This graded pattern of Shortened < Unchanged < Lengthened

provides evidence that there is a correlation between mRNA abundance and poly(A)

tail length. This correlation may be attributed either to variations in mRNA stability

or to alterations in the poly(A) tail length reflecting changes in transcript abundance;

because the nanopore chemistry requires a free 3′-OH for ligation, transcripts whose tails

terminate in cordycepin (3′-deoxyadenosine) may be under-represented in the poly(A)

measurement, and changes in steady-state abundance cannot be equated directly with

changes in transcription rate without additional evidence (e.g. from unspliced RNA

levels).
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(a) Gene-expression distributions stratified by poly(A) tail class for natural cordy-
cepin

(b) Gene-expression distributions stratified by poly(A) tail class for synthetic
cordycepin

Figure 6.8: Gene-expression distributions stratified by poly(A)-tail class after exposure to
natural versus synthetic cordycepin. (a) Natural cordycepin; (b) Synthetic cordycepin. Tail
classes: Shortened (> 10 nt decrease), Unchanged (≤ 10 nt), Lengthened (> 10 nt increase).
Violin plots show EdgeR log2FC distributions (IsoQuant → EdgeR; FDR ≤ 0.05). Statistics:
pair-wise Dunn tests with FDR correction across classes; Red dots indicate the significantly
differentially expressed genes. The figure revealed significant differences among all three classes
for both compounds.
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Both natural and synthetic cordycepin induce transcriptome-wide deadenylation

that correlates with modest but significant shifts in mRNA abundance. Transcripts

whose poly(A) tails shorten (> 10 nt) show a significant decrease in expression relative

to unchanged tails.
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NUC-7738 and 3′deoxyinosine

A similar trend was observed for NUC-7738 and 3′deoxyinosine, although with some

quantitative differences (Figure 5.17). NUC-7738 showed the most pronounced separa-

tion relative to 3ID, with the "Shortened" group showing a strong and highly significant

decrease in expression. For 3′deoxyinosine, the differences between the classes were

smaller but still statistically significant, consistent with its weaker overall effect.
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(a) Gene-expression distributions stratified by poly(A) tail class for NUC-7738

(b) Gene-expression distributions stratified by poly(A) tail class for 3DI

Figure 6.9: Poly(A)-tail class–specific gene-expression responses to NUC-7738 and
3′deoxyinosine in LPS-activated RAW264.7 macrophages.(A) NUC-7738. (B) 3′deoxyinosine
(3DI). Tail classes: Shortened (> 10 nt decrease), Unchanged (≤ 10 nt), Lengthened (> 10 nt
increase). Violin plots show EdgeR log2FC distributions (IsoQuant → EdgeR; FDR ≤ 0.05).
Statistics: pair-wise Dunn tests with FDR correction across classes; Red dots indicate the
significantly differentially expressed genes. all pair-wise differences significant for NUC-7738;
all but one for 3DI.
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6.5 Pathway analysis of poly(A) tail changes

To identify the specific biological processes that are associated with tail shortening and

lengthening and to gain deeper mechanistic insights into the interplay between poly(A)

tail dynamics and transcriptional regulation, we performed a pathway analysis, this time

stratifying the genes based on their poly(A) tail changes. The results provided a clear

and coherent picture, further strengthening the link between poly(A) tail metabolism

and the control of inflammation.

For cordycepin, the analysis of the set of shortened tail genes revealed a strong

enrichment for pathways involved in the innate immune response, including TLR4/NF-

κB/MAPK signaling, as well as pathways related to the inflammasome, ROS production,

and antiviral responses (Figure 6.10). The effects on pA tails of inflammatory mRNAs

were expected, as NFkb does not translocate [27]. The strong down-regulation of inflam-

matory mRNAs is expected given prior work in de Moor’s lab showing cordycepin blocks

NFκB nuclear accumulation in RAW264.7 cells and in primary human macrophages

within 1 h, with concordant repression of LPS-induced genes [27] [28].

Among the shortened-tail cordycepin-treated transcripts, several encode compo-

nents that lie upstream of, or within, the PI3K/AKT signalling cascade. Notably,

PIP5K1A—which encodes the kinase that generates phosphatidylinositol 4,5-bisphosphate

(PIP2), the obligate substrate for Class I PI3K—appeared in both the "Fcγ Receptor-

mediated Phagocytosis" and "mRNA 3′ End Processing Signaling" pathways (Table

6.3). Poly(A) tail shortening of PIP5K1A could reduce PIP2 availability and thereby

limit PI3K-dependent PIP3 production, providing a potential upstream mechanism for

cordycepin’s suppression of AKT activation that is distinct from direct kinase inhibition

[175].

NUC-7738 treatment resulted in the shortening of poly(A) tails across a distinct

range of pathways (Figure 6.12), with inflammatory and immune pathways accounting

for approximately 35.0% of the enriched categories. Among these were CD40 signaling,

TREM1 signaling, interleukin-10 signaling, and toll-like receptor signaling, as well as

interferon-related pathways such as the DDX58/IFIH1-mediated induction of interferon-
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α/β and the activation of IRF by cytosolic pattern recognition receptors, all of which

provide substantial evidence supporting the assertion that NUC-7738 exerts anti-

inflammatory effects.

Beyond the expected inflammatory pathway modulation, the IPA analyses re-

vealed significant enrichment of RNA-processing and translation control pathways

in both lengthened and shortened poly(A) tail lists, suggesting cordycepin having a

post-transcriptional effect . Also, IPA analysis reveals pathways for integrated stress

response (ISR) activation through eIF2α signaling cascades and concurrent restraint of

growth factor-mediated signal transduction. The involvement of growth factor pathway

inhibition was independently validated in a recent systems pharmacology investigation

that demonstrated broad suppression of growth factor signal transduction networks by

cordycepin treatment [25]. The table delineates these pathways along with the genes

from the dataset that are associated with these pathways.
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(a) Canonical pathway for lengthened-tail transcripts after cordycepin treatment

(b) Canonical pathway for shortened-tail transcripts after cordycepin treatment

Figure 6.10: Canonical-pathway z-score profiles after sequential cordycepin → LPS treatment.
(A) Lengthened-tail transcripts. (B) Shortened-tail transcripts. The analysis was performed
on genes whose tails became significantly longer or shorter, using the signed tail change as the
log-fold-change metric. 254



Table 6.2: IPA Canonical Pathways for Cordycepin-treated lengthened transcripts (120 min
CoR/LPS vs DMSO/LPS, p-value filtered)

Pathways z-score Genes from the dataset

Sirtuin Signaling Pathway 0.0 ATP5F1A; ATP5F1C; LDHA; ND-

UFA4; SOD1; SOD2

Mitochondrial Dysfunction -1.633 ATP5F1A; ATP5F1C; ATP5MF;

NDUFA4; SOD1; SOD2; UQCRB

Oxidative Phosphorylation 2.0 ATP5F1A; ATP5F1C; ATP5MF;

NDUFA4; UQCRB

Major pathway of rRNA process-

ing in the nucleolus and cytosol

2.0 FCF1; KRR1; RPL23A; RPL37;

RPS26

Ribosomal Quality Control Sig-

naling Pathway

2.236 ABCE1; PSMD5; RPL23A; RPL37;

RPS26

Processing of Capped Intron-

Containing Pre-mRNA

2.646 CWC25; PHF5A; SAP18; SF3B1;

SNRPD2; SYMPK; YBX1

Formation of ATP by chemios-

motic coupling

ATP5F1A; ATP5F1C; ATP5MF

Detoxification of Reactive Oxygen

Species

ATOX1; SOD1; SOD2

Gene and protein expression by

JAK-STAT signaling after IL-12

stimulation

LCP1; SOD1; SOD2

Superoxide Radicals Degradation SOD1; SOD2

Response of EIF2AK4 (GCN2) to

amino acid deficiency

RPL23A; RPL37; RPS26

Interleukin-1 family signaling MYD88; PSMD5; SKP1

Eukaryotic Translation Elonga-

tion

RPL23A; RPL37; RPS26

Continued on next page
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Table 6.2 – Continued from previous page

Pathways z-score Genes from the dataset

Eukaryotic Translation Termina-

tion

RPL23A; RPL37; RPS26

RNA Polymerase II Transcription CCNH; SYMPK; TAF6

NAD Signaling Pathway LDHA; PARP9; SOD2

KEAP1-NFE2L2 pathway DPP3; PSMD5; SKP1

Ribonucleotide Reductase Signal-

ing Pathway

PARP9; SKP1; YBX1

Eukaryotic Translation Initiation RPL23A; RPL37; RPS26

cAMP-mediated signaling ADCY7; GRK2; PDE8B
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Table 6.3: IPA Canonical Pathways for Cordycepin-treated shortened transcripts (120min
CoR/LPS vs DMSO/LPS, p-value filtered)

Pathways z-score Genes from the dataset

AMPK Signaling -0.707 ELAVL1; EP300; GNG5; HMGCR;

ILKAP; KAT2B; PFKP; PIK3CD;

RPS6KB1

Fcγ Receptor-mediated Phagocy-

tosis in Macrophages and Mono-

cytes

-1.342 CBL; CRK; PIP5K1A; PLA2G6;

RPS6KB1

mRNA 3 Prime End Processing

Signaling Pathway

-1.342 CIRBP; CPSF7; EIF4G3; ELAVL1;

PIP5K1A

Stress Granule Signaling Pathway 1.508 EIF4G3; ELP6; EP300; NFKB2;

Oas2; PIK3CD; PPP1R15A;

RPS4X; RPS6KB1; RPSA; TP53

GAIT Translation Signaling Path-

way

1.633 EIF4G3; ELP6; RPL23; RPS4X;

RPS6KB1; RPSA; VEGFA

TNFR2 non-canonical NF-kB

pathway

-2.0 CD40; PSMA7; PSMC2; TN-

FRSF12A

NIK–>noncanonical NF-kB sig-

naling

-2.0 NFKB2; PSMA7; PSMC2; UBE2M

XBP1(S) activates chaperone

genes

-2.0 DNAJB11; SRPRB; SYVN1;

ZBTB17

Cytosolic sensors of pathogen-

associated DNA

-2.0 CGAS; EP300; NFKB2; NKIRAS1

KEAP1-NFE2L2 pathway -2.449 EP300; MUL1; PIK3CD; PSMA7;

PSMC2; RPS6KB1

Continued on next page
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Table 6.3 – Continued from previous page

Pathways z-score Genes from the dataset

Deubiquitination -3.317 BAP1; EP300; KAT2B; MUL1;

PSMA7; PSMC2; TNKS; TP53;

USP16; USP48; USP8

Processing of Capped Intron-

Containing Pre-mRNA

-3.317 CHTOP; CPSF7; CWC22; DHX15;

RBM7; RBMX; SNRNP40;

TCERG1; TRA2B; U2SURP;

ZCRB1

Protein Ubiquitination Pathway -3.464 ANAPC4; BAP1; CBL; DNAJB11;

DNAJC27; PSMA7; PSMC2;

UBE2M; UBE3A; USP16; USP48;

USP8

Interleukin-1 processing IL1B; NFKB2

EIF2 Signaling EIF4G3; ELP6; PIK3CD;

PPP1R15A; RPL23; RPS4X;

RPSA; VEGFA

Regulation of eIF4 and p70S6K

Signaling

EIF4G3; ELP6; ITGB7; PIK3CD;

RPS4X; RPS6KB1; RPSA

TAK1-dependent IKK and NF-

kappa-B activation

NFKB2; NKIRAS1; TP53

Inflammasome pathway IL1B; NFKB2

Activation of IRF by Cytosolic

Pattern Recognition Receptors

CD40; IFIT2; NFKB2

mTOR Signaling EIF4G3; PIK3CD; RPS4X;

RPS6KB1; RPSA; VEGFA

Role of PKR in Interferon Induc-

tion and Antiviral Response

CYC1; IL1B; NFKB2; TP53

To assess the depth of pathway coverage underlying the z-score predictions, Fig-
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ure 6.11 shows the proportion of molecules in each IPA canonical pathway that were

represented in the cordycepin poly(A) dataset. For each pathway, the horizontal bar

indicates the percentage of the total pathway molecules (number shown at right) that

overlap with genes in the lengthened- or shortened-tail lists. High coverage strengthens

confidence in the z-score directionality, whereas low coverage flags pathways whose

predictions rest on a small gene subset.

(a) Lengthened-tail transcripts

(b) Shortened-tail transcripts

Figure 6.11: IPA canonical pathway molecule coverage for the cordycepin poly(A) tail
analysis (120 min CoR+LPS vs DMSO+LPS). For each pathway, the horizontal bar shows the
percentage of total pathway molecules (number at right) that were present in the dataset. Red
segments indicate upregulated genes and green segments indicate downregulated genes within
each pathway. (A) Pathways enriched among lengthened-tail transcripts. (B) Pathways
enriched among shortened-tail transcripts.
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(a) Canonical pathway for lengthened-tail transcripts after NUC-7738 treatment

(b) Canonical pathway for shortened-tail transcripts after NUC-7738 treatment

Figure 6.12: Canonical-pathway z-score profiles after sequential NUC-7738 → LPS treatment.
(A) Lengthened-tail transcripts. (B) Shortened-tail transcripts. The analysis was performed
on genes whose tails became significantly longer or shorter, using the signed tail change as the
log-fold-change metric.
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Table 6.4: IPA Canonical Pathways for NUC-7738-treated lengthened transcripts (120min
NUC/LPS vs DMSO/LPS, p-value filtered)

Pathways z-score Genes from the dataset

Stress Granule Signaling Pathway 0.447 EIF4A3; HDAC5; MRPS18B;

RPS6KA1; RPS8

Class I MHC mediated antigen

processing and presentation

2.236 CYBA; HMGB1; LY96; RCHY1;

SEC24A

MHC class II antigen presenta-

tion

2.449 AP1S1; CAPZA2; DCTN3;

DCTN6; RAB7A; SEC24A

Mitochondrial protein import ATP5F1A; FXN; SLC25A12

Regulation of TLR by endoge-

nous ligand

HMGB1; LY96

MyD88-independent TLR4 cas-

cade

IKBKE; LY96

Major pathway of rRNA process-

ing in the nucleolus and cytosol

BUD23; FCF1; MRPS18B; RPS8

mTOR Signaling EIF4A3; MRPS18B; RPS6KA1;

RPS8

MyD88:MAL(TIRAP) cascade

initiated on plasma membrane

HMGB1; LY96

GAIT Translation Signaling Path-

way

EIF4A3; MRPS18B; RPS6KA1;

RPS8

M-decay: degradation of maternal

mRNAs by maternally stored

factors

CNOT10; EIF4A3

Role of PKR in Interferon Induc-

tion and Antiviral Response

HMGB1; IFNAR1; IKBKE

iNOS Signaling IKBKE; LY96

Continued on next page
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Table 6.4 – Continued from previous page

Pathways z-score Genes from the dataset

Deadenylation-dependent mRNA

decay

CNOT10; EIF4A3

Activation of IRF by Cytosolic

Pattern Recognition Receptors

IFNAR1; IKBKE

Production of Nitric Oxide and

Reactive Oxygen Species in

Macrophages

CYBA; IKBKE; PPP1R11

DDX58/IFIH1-mediated induc-

tion of interferon-alpha/beta

HMGB1; IKBKE

Regulation of eIF4 and p70S6K

Signaling

EIF4A3; MRPS18B; RPS8

ERK/MAPK Signaling ARAF; PPP1R11; RPS6KA1

IL-1 Signaling ADCY7; IKBKE
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Table 6.5: IPA Canonical Pathways for NUC-7738-treated shortened transcripts (120min
NUC/LPS vs DMSO/LPS, p-value filtered)

Pathways z-score Genes from the dataset

Stress Granule Signaling Pathway -0.302 HSPA4; JMJD6; MRPS18A; Oas2;

PPP1R15A; PTGS2; RPS29;

RPS6KB1; RPS6KC1; RPSA;

TP53

CD40 Signaling -1.0 CD40; ICAM1; NFKBIB; PTGS2;

REL; TRAF1

MIF Regulation of Innate Immu-

nity

-1.0 NFKBIB; PLA2G6; PTGS2; REL;

TP53

Role of PKR in Interferon Induc-

tion and Antiviral Response

-1.265 APAF1; CYC1; FANCC; HSPA4;

IFIH1; IFNB1; MYD88; NFKBIB;

PDGFB; REL; SP1; TP53

Activation of IRF by Cytosolic

Pattern Recognition Receptors

-1.342 CD40; IFIH1; IFIT2; IFNB1; NFK-

BIB; REL

mRNA 3 Prime End Processing

Signaling Pathway

-1.342 CNOT2; E2F8; ELAVL1; EXOSC9;

H3-3B; PCF11

DDX58/IFIH1-mediated induc-

tion of interferon-alpha/beta

-2.0 IFIH1; IFNB1; NFKBIB; TRIM25

TREM1 Signaling -2.0 CCL2; CD40; ICAM1; ITGA5;

MYD88; REL

Regulation of mRNA stability

by proteins that bind AU-rich

elements

-2.0 ELAVL1; EXOSC9; PSMA7;

PSMD8

Activation of gene expression by

SREBF (SREBP)

-2.236 GGPS1; HMGCR; HMGCS1;

NCOA2; SP1

Continued on next page
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Table 6.5 – Continued from previous page

Pathways z-score Genes from the dataset

Interleukin-10 signaling -2.236 CCL2; CCL5; CSF3; ICAM1;

PTGS2

PI3K/AKT Signaling -2.236 IL6R; IL7R; ITGA5; NFKBIB;

PTGS2; REL; RPS6KB1; TP53

DNA Methylation and Transcrip-

tional Repression Signaling

-2.449 CDK6; E2F8; GADD45G; SP1;

TET3; TP53

Sirtuin Signaling Pathway -2.449 ABCA1; ARG2; BECN1; CYC1;

GABPB2; GADD45G; H3-3B;

REL; SP1; TP53

Processing of Capped Intron-

Containing Pre-mRNA

-3.162 CHTOP; PCF11; PRPF3; RBM25;

RBM39; RBMX; SNRNP70;

TCERG1; THOC1; ZCRB1

Glucocorticoid Receptor Signaling ARG2; CCL2; CCL5; CYC1;

GABPB2; H2-K2/H2-Q9; H3-3B;

HSPA4; ICAM1; IFNB1; IL6R;

IL7R; NCOA2; NFKBIB; PLA2G6;

PPP3CB; PTGS2; TAF6L

Role of RIG1-like Receptors in

Antiviral Innate Immunity

IFIH1; IFNB1; NFKBIB; REL;

TRIM25

Cholesterol biosynthesis GGPS1; HMGCR; HMGCS1

Apoptosis Signaling APAF1; CYC1; NFKBIB; REL;

TP53

Toll-like Receptor Signaling MYD88; REL; TRAF1

As for cordycepin, the pathway molecule coverage for NUC-7738 is shown in Fig-

ure 6.13. The stacked bars indicate the fraction of each pathway’s total molecule count

that overlapped with the NUC-7738 poly(A) dataset, providing context for interpreting

the z-score predictions in Figure 6.12.
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(a) Lengthened-tail transcripts

(b) Shortened-tail transcripts

Figure 6.13: IPA canonical pathway molecule coverage for the NUC-7738 poly(A) tail
analysis (120 min NUC+LPS vs DMSO+LPS). For each pathway, the horizontal bar shows the
percentage of total pathway molecules (number at right) that were present in the dataset. Red
segments indicate upregulated genes and green segments indicate downregulated genes within
each pathway. (A) Pathways enriched among lengthened-tail transcripts. (B) Pathways
enriched among shortened-tail transcripts.
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6.5.1 Cordycepin effects on mitochondrial respiration (Seahorse

assay)

The enrichment of oxidative phosphorylation and the decrease in mitochondrial dys-

function within the poly(A)-lengthened gene set under cordycepin → LPS conditions

suggested improved mitochondrial function at the pathway level. To test whether

cordycepin influences mitochondrial respiration, a Seahorse XF Cell Mito Stress Test

(Agilent) was performed in MCF-7 cells. MCF-7 cells were chosen for this assay for

two reasons: first, RAW264.7 macrophages require a sequential compound-then-LPS

protocol that is difficult to implement in the Seahorse plate format within the required

timing constraints; second, MCF-7 cells are well characterised in the De Moor laboratory

and respond to cordycepin by altering oncogene-related readouts without the need for

an induction stimulus other than cordycepin itself, making them a technically tractable

system for assessing acute cordycepin effects on respiration. (Fig. 6.14). The results

should be interpreted as supportive evidence rather than a direct demonstration of

mitochondrial effects in macrophages.

Cordycepin reduced mitochondrial proton leak in MCF-7 cells (50 µM, 2 h), with a

significant fall in leak OCR versus DMSO (Tukey, mean difference ≈ 48.9 pmol/min,

p = 0.0039). In the same assay, maximal FCCP-driven OCR and spare respiratory

capacity were lower with cordycepin by one-way ANOVA, whereas basal OCR was only

modestly changed (Fig. 6.14). These functional data indicate tighter coupling (lower

leak) but reduced respiratory capacity during acute cordycepin exposure [8] [9] [10].

Compared with the RAW264.7+LPS data, the IPA results for the poly(A)-lengthened

gene list included mitochondria-related canonical pathways (increased Oxidative Phos-

phorylation and decreased Mitochondrial Dysfunction). The lower proton leak in MCF-7

is directionally consistent with reduced dysfunction (improved coupling), whereas the

lower SRC does not fit a simple interpretation of increased oxidative phosphorylation

that might be inferred from gene-set directionality. Overall, the transcriptomic and

functional readouts show partial alignment: coupling appears improved, but maximal

respiratory capacity is reduced.
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(a) Time-resolved oxygen con-
sumption rate (OCR) (b) Proton leak

(c) Spare respiratory capacity
(SRC)

Figure 6.14: (a) Time-resolved oxygen consumption rate (OCR) traces for NT (no treatment;
black), DMSO vehicle (grey) and CPN (cordycepin; red). Standard Mito Stress Test injections
were applied in sequence—oligomycin (ATP synthase inhibitor), FCCP (uncoupler), and
rotenone/antimycin A (complex I/III inhibitors)—to derive bioenergetic parameters [8] [9]
[10]. (b) Proton leak (OCR after oligomycin minus non-mitochondrial OCR) across conditions.
Lower values indicate less oxygen consumption not coupled to ATP production [8] [9] [10]. (c)
Spare respiratory capacity (SRC) (maximal OCR after FCCP minus basal OCR), a metric
of the cell’s ability to respond to increased energy demand [8] [9] [10]. System: Human
MCF-7 cells seeded at 300,000 cells/well; 50 µM cordycepin for 2 h before the Seahorse assay.
Instrument: Agilent Seahorse XF; Cell Mito Stress Test according to manufacturer guidance.
NT = untreated; DMSO = vehicle; CPN = cordycepin. Acquisition and analysis: OCR is
reported in pmol O2/min. Derived parameters follow Agilent’s standard equations for the
Cell Mito Stress Test (basal, ATP-linked, proton leak, maximal, SRC, and non-mitochondrial
respiration). Statistics: One-way ANOVA across NT, DMSO, CPN with Tukey’s post-hoc
test.
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Two contextual factors limit direct reconciliation. First, the systems differ: IPA

directions were inferred from transcript sets in LPS-activated murine macrophages,

whereas the Seahorse assay used unstimulated human MCF-7 cells; cell type and stimulus

alter both mitochondrial control points and bioenergetic demand. Second, there is an

endpoint mismatch: IPA z-scores report gene-level directionality, not flux. At 2 h, many

respiratory-chain proteins may not yet have changed in abundance, while cordycepin

is already suppressing growth-factor/PI3K–AKT–mTOR signaling and modulating

AMPK, both of which are tightly integrated with mitochondrial metabolism [103] [25].

The Seahorse data therefore support an effect of cordycepin on mitochondrial function

but do not allow a one-to-one mapping from pathway z-scores to respiratory capacity.
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6.6 Discussion

This chapter provides, to our knowledge, the first genome-wide measurement of

poly(A)-tail lengths following cordycepin and NUC-7738 treatment, and the first in-

tegration of tail-length changes, gene expression, pathway analysis and mitochondrial

phenotyping in this context. Across nanopore-based poly(A) tail profiling in RAW264.7

macrophages, LPS alone produced a left-shift in the empirical cumulative distribution

function (ECDF) of poly(A)-tail lengths (Fig. 6.2 6.1) and a predominance of gene-wise

tail shortening (Fig. 6.3 6.2). Cordycepin pretreatment (20 µM) accentuated these

patterns with stronger ECDF shifts and widespread gene-level shortening (Figs. 6.4 6.5

6.3–6.4). NUC-7738 (200 µM) showed similar directionality but with greater dispersion,

while 3′-deoxyinosine (3DI, 200 µM) had comparatively modest effects (Figs. 6.6 6.7

6.5–6.6; Table 6.1 6.1).

Gene-abundance analyses stratified by NanopLen tail classes revealed a consistent

association between tail length and mRNA levels: transcripts with shortened tails

tended to have lower abundance, whereas lengthened-tail classes showed increased

abundance under the same stimuli (Figs. 6.8 6.9 6.7–6.8). QIAGEN IPA applied

to NanopLen-defined gene sets highlighted inflammatory signaling and mRNA pro-

cessing among the top canonical pathways: shortened-tail genes were enriched for

TLR/NF-κB/MAPK, mRNA 3′-end processing, eIF2/translation-control and ubiquitin

pathways, whereas lengthened-tail genes were enriched for mitochondrial respiration

(Oxidative Phosphorylation/Mitochondrial Dysfunction), sirtuin/NAD signaling and

ribosome/translation terms (Figs. 6.10 6.12 6.2 6.3 6.4 6.5 6.9–6.10; Tables 6.2–6.3).

The Seahorse assay in MCF-7 cells (reduced proton leak and spare respiratory capac-

ity; Fig. 6.14 6.11) supports the conclusion that cordycepin modulates mitochondrial

function, in line with the mitochondrial pathway signatures and its known effects on

PI3K/AKT/mTOR and AMPK signaling [103] [25].

Poly(A) tail metrics. LPS alone shortened tails transcriptome-wide (ECDF

left-shift; Fig. 6.2 6.1), with numerous genes falling below the equality line in gene-wise

length scatter (Fig. 6.3 6.2). Cordycepin deepened this left-shift and increased the
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fraction of significantly shortened genes (Figs. 6.4 6.5 6.3–6.4; Table 6.1 6.1, ∆median

values). NUC-7738 reproduced the shortening trend at 200 µM, whereas 3DI had

the smallest effect at the same concentration (Figs. 6.6 6.7 6.5–6.6; Table 6.1 6.1).

Because NUC-7738 and 3DI were profiled at 10-fold higher dose than cordycepin, no

direct potency ranking is inferred. Together, these data show that cordycepin and

NUC-7738 drive robust genome-wide deadenylation during acute LPS activation, while

3DI produces only a modest shift.

Tail–abundance association and lack of steady state. Within the 2 h total

exposure (2 h compound, with LPS added at 1 h and therefore present for the final

1 h alongside the compound), shortened-tail classes generally showed lower mRNA

abundance and lengthened-tail classes higher abundance (Figs. 6.8 6.9 6.7–6.8). Median

mammalian mRNA half-lives are typically several hours, so 2 h lies within a transient

regime where transcriptional induction and repression strongly influence abundance

[176]. Many transcripts are therefore unlikely to have reached steady state. Tail

shortening can occur in parallel with transcriptional repression of highly transcribed

genes, so that existing molecules age and are deadenylated as transcription is curtailed.

Conversely, some lengthened-tail transcripts may represent newly induced RNAs that

have not yet been substantially deadenylated. For these reasons, the observed ordering

(Shortened < Unchanged < Lengthened) provides evidence for correlation between

tail length and abundance rather than proof that tail changes are driving expression

changes. However, a further analysis of the dataset for changes in unspliced transcript

levels, which are likely to follow changes in transcription rate, might allow us to at least

partially untangle this relationship.

Pathway-level signals. Shortened-tail sets were enriched for inflammatory and

innate immune modules (e.g., TLR/NF-κB/MAPK), for mRNA 3′-end processing

and for stress-adaptive translation control (eIF2 signaling; Regulation of eIF4 and

p70S6K), together with protein ubiquitination pathways (Figs. 6.10 6.12; Table 6.3).

Lengthened-tail sets were enriched for oxidative phosphorylation, mitochondrial dys-

function, sirtuin/NAD signaling and ribosome/translation pathways (Table 6.2). These

pathway signatures show that the tail-length changes we detect map onto known
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nodes of inflammatory signaling, 3′-end processing and translation control, and, more

unexpectedly, onto mitochondrial and metabolic programs. The Seahorse data are

consistent with this picture but also illustrate that transcriptional signatures (oxidative

phosphorylation, mitochondrial dysfunction) and functional respiration (coupling vs

spare capacity) need not align in a simple way within a 2 h window.

Signals involving PIP5K1A. The observation that PIP5K1A undergoes poly(A)

tail shortening under cordycepin treatment -appeared in both the "Fcγ Receptor-

mediated Phagocytosis" and "mRNA 3′ End Processing Signaling" pathways (Table

6.3)- offers a mechanistically coherent link between CPA inhibition and suppression of

the PI3K/AKT pathway. PIP5K1A generates PIP2, the lipid substrate that Class I

PI3Ks convert to PIP3; without sufficient PIP2, even fully active PI3K cannot efficiently

produce the PIP3 required for membrane recruitment and activation of AKT [175].

Reduced PIP5K1A mRNA stability or translation would therefore act as an upstream

brake on the pathway, consistent with the rapid attenuation of AKT phosphorylation

observed within 30 minutes of cordycepin treatment [25]. Importantly, this mechanism

is independent of AMPK, aligning with Lawrence et al.’s demonstration that cordycepin

suppresses PI3K/AKT signalling even when AMPK is knocked down [25]. Whether the

poly(A) tail shortening of PIP5K1A directly reduces protein output, or serves primarily

as a marker of broader translational restraint, remains to be determined.

Dynamic tail regulation under cordycepin. Many 3′-end–anchored RNA-seq

workflows, including our ONT cDNA tail-calling, rely on 3′-OH-dependent ligation

steps. T4 RNA ligase joins are efficient at 3′-OH/5′-phosphate nicks [163], so RNAs

terminating in cordycepin [3′-deoxyadenosine (3′-dA)] are expected to be refractory

to ligation and under-represented. Despite this detection bias, our nanopore tail

measurements closely track patterns seen in independent short-read datasets from de

Moor’s lab [25] [27], arguing that RNAs with terminal cordycepin are rare at 120 min.

This agrees with prior work showing that cordycepin-terminated poly(A) tails do not

substantially accumulate over a 2 h window [19] and that cordycepin interferes with

3′-end formation and polyadenylation in vivo [45]. Together, the data support a model

in which cordycepin labelling of 3′ ends is transient and shifts the balance between

271



polyadenylation and deadenylation, rather than causing persistent chain termination.

PARN-sensitive transcripts among the lengthened-tail subsets. Poly(A)-specific

ribonuclease (PARN) is a 3′ → 5′ deadenylase whose nuclease activity requires a free

3′-OH on the RNA substrate. Classic work and subsequent studies indicate that the

presence of cordycepin at the 3′ end of a poly(A) tail inhibits PARN activity [177] [19].

Consequently, for transcripts that are normally PARN substrates, transient incorpora-

tion of cordycepin could reduce PARN-mediated shortening while other deadenylases

(e.g., CCR4–NOT) remain active, yielding an apparent lengthening signature for those

mRNAs. This provides a plausible contribution to the subset of lengthened-tail genes

under cordycepin/NUC-7738 (Tables 6.2 6.4 6.2), although transcriptional induction of

new RNAs in this 2 h window is an alternative explanation that is explored further in

Chapter 7.

Transcription versus decay within 2 h. The co-occurrence of tail shortening and

reduced abundance is compatible with transcriptional repression of rapidly induced genes

together with decreased tail addition. Cordycepin is known to perturb 3′ processing and

to promote usage of distal poly(A) sites via kinetic competition, generating transcripts

with extended 3′UTRs in budding yeast and mammalian systems [19] [38]. Under our 2

h design, these effects can blunt accumulation of LPS-induced cytokine and chemokine

mRNAs after RNAPII recruitment without allowing steady-state feedback loops to

develop. Accordingly, we interpret the alignment between tail classes and abundance

as supportive correlation, not as definitive evidence that tail changes are the primary

cause of the observed transcriptional phenotypes. Further analysis of this dataset for

changes in poly(A) site choice and transcription termination may shed further light on

this subject.

Inflammation versus RNA-processing/translation control. Enrichment

of inflammatory pathways among shortened-tail genes is expected under adenosine-

analogue treatment that impairs NF-κB program induction by reducing PI3K/AKT

signaling [25]. More informative in this dataset are the coherent RNA-processing

and translation-control terms—eIF2 signaling and eIF4/p70S6K regulation among

shortened-tail genes (Tables 6.3, 6.5) and ribosome/elongation/termination pathways
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among lengthened-tail genes (Table 6.2)—which together suggest an integrated-stress-

response-like restraint of initiation and a broader recalibration of protein synthesis [178]

[135]. Mechanistically, Wong et al. demonstrated that cordycepin induces both eIF2α

phosphorylation and 4E-BP1 dephosphorylation in NIH3T3 fibroblasts; using mutant

cell lines, they showed that 4E-BP1 dephosphorylation (which sequesters eIF4E and

blocks cap-dependent initiation) is the dominant effector of translational repression,

although eIF2α phosphorylation also contributes [46]. The enrichment of both eIF2-

and eIF4-related pathway terms in the present poly(A)-tail data is therefore consistent

with engagement of these dual translational checkpoints. These signatures align with

cordycepin’s ability to modulate PI3K/AKT/mTOR and MEK/ERK signaling and to

alter translation within 30–120 min [25].

A mechanistic link to LPS-induced deadenylation. LPS transiently represses

and then induces several HDACs in murine macrophages (HDAC4/5/7 and HDAC1)

[177]. In parallel, inhibition of HDAC1/2 allows CBP/p300-mediated acetylation of the

CCR4–CAF1–NOT deadenylase subunit CAF1a (CNOT7), which triggers widespread

degradation of normally stable poly(A)+ RNA [179]. An early LPS window of reduced

HDAC activity could therefore enable CBP/p300-dependent acetylation of CAF1a

(CNOT7), transiently accelerating deadenylation and contributing to the observed

left-shifts under LPS (Fig. 6.2). This is proposed as a mechanistic hypothesis grounded

in the literature and compatible with the tail signatures observed here.

IPA pathways associated with poly(A) lengthening induced by cordycepin

treatment

Table 6.2 and Figure 6.10 show the IPA pathways associated with the lengthening

of poly(A) tails after cordycepin treatment and the key genes contributing to each

pathway. Cordycepin (3′-deoxyadenosine) is rapidly converted to nucleotide metabolites,

including cordycepin monophosphate (CoMP) and cordycepin triphosphate (CoTP).

Hawley et al. showed that CoMP accumulates to levels comparable to AMP and is not

more potent than AMP as an AMPK agonist, even though AMPK becomes activated

within ∼1 h [103]. More recent systems-pharmacology work indicates that CoTP is

likely to be the active metabolite that represses growth-factor-induced gene expression
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and that cordycepin consistently blocks PI3K/AKT/mTOR and/or MEK/ERK outputs

in multiple cell types, with AMPK activation occurring in parallel but not required

for these effects [25]. AMPK knockdown does not prevent the transcriptional response

to cordycepin [25]. These observations together argue that growth-factor pathway

suppression is primarily driven by cordycepin nucleotides themselves, rather than being

secondary to AMPK activation.

In RAW264.7 macrophages subsequently challenged with LPS, these signaling effects

cohere with the strong enrichment of oxidative phosphorylation and ATP formation

by chemiosmotic coupling among lengthened-tail genes, reflecting rapid remodeling of

ETC/ATP synthase subunits to rebalance ATP production and redox state [148] [103].

Complementary enrichments—mitochondrial dysfunction, detoxification of reactive

oxygen species, degradation of superoxide radicals and the KEAP1–NFE2L2 path-

way—indicate early AMPK/PI3K–AKT–mTOR–NRF2 crosstalk that both dampens

ROS and strengthens antioxidant defenses (e.g. SOD1/2), consistent with cordycepin’s

documented suppression of LPS-induced oxidative stress and inflammasome activation

[52] [148] [180].

In the context of RNA, the best-established mechanism of cordycepin is the inhibition

of the formation of 3′-end and polyadenylation, which selectively reduces the accumula-

tion of inflammatory transcripts by preventing NFkB recruitment to the nucleus [28]

[26]. The enrichment of “Processing of capped intron-containing pre-mRNA” and “RNA

Polymerase II Transcription” among lengthened-tail genes highlights perturbation of

transcription–3′-end coupling. In a mixed stimulus (cordycepin then LPS), transcripts

that evade or compensate for 3′-end inhibition can nevertheless display longer poly(A)

tails, consistent with the coexistence of APA/CPA effects and dynamic deadenylation

[19] [45].

Energy/redox stress feeds directly into translation control. PI3K/AKT/mTOR

inhibition and ISR activation limit ATP consumption by reducing initiation and elon-

gation, aligning with enrichments for initiation/elongation/termination of eukaryotic

translation and ribosomal quality-control signaling. Although direct evidence that

cordycepin targets elongation or termination per se is limited, its combined effects on
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mRNA maturation and growth-factor signaling may increase stalled ribosomes and

activate RQC pathways that remove defective nascent chains [103] [181] [182] [135].

The "Response of EIF2AK4 (GCN2) to amino acid deficiency" pathway offers a mech-

anistic link: GCN2 senses uncharged tRNAs and ribosome collisions, phosphorylates

eIF2α and reduces global translation, a programme reported to temper inflammatory

signalling in macrophages [135] [183] [174]. In the classical model, uncharged tRNAs

accumulate when amino acid pools are depleted. However, an alternative hypothe-

sis is that cordycepin may directly impair tRNA maturation. All functional tRNAs

require post-transcriptional addition of a 3′-terminal CCA sequence by CCA-adding

enzymes (tRNA nucleotidyltransferases), and the 3′-hydroxyl of this terminal adeno-

sine is the obligate attachment site for aminoacylation [184]. If CCA-adding enzymes

mis-incorporate cordycepin triphosphate in place of ATP, the resulting tRNAs would

terminate in 3′-deoxyadenosine and lack the 3′-OH required for amino acid attachment.

Such tRNAs would be permanently uncharged regardless of amino acid availability,

potentially activating GCN2 through a mechanism that is independent of metabolic

stress and consistent with the AMPK-independent nature of cordycepin’s effects on

PI3K/AKT/mTOR signalling [25]. This hypothesis remains to be tested directly

but would provide an elegant link between cordycepin’s established chain-terminating

activity and its engagement of the integrated stress response.

On the immune axis, enrichment of interleukin-1 family signaling is expected

under LPS. Cordycepin attenuates IL-1β and NLRP3 activation while suppressing

TLR4–MAPK/NF-κB signaling, coherently explaining representation of the IL-1 path-

way among lengthened-tail transcripts [52] [180]. “Gene and protein expression by

JAK-STAT signaling after IL-12 stimulation” (although IL-12 was not added) likely

reports early STAT-dependent crosstalk triggered by LPS–TLR4–IFN signaling (e.g.

STAT3); cordycepin can inhibit STAT3 in other systems, but direct cordycepin–IL-12/JAK–STAT

coupling in macrophages has not yet been demonstrated [185].

Finally, metabolic signaling nodes such as Sirtuin Signaling and NAD Signaling con-

nect cordycepin to NAD+/SIRT activity. Cordycepin has been shown to elevate SIRT1

via AMPK and to modulate NAD-dependent programs, linking mitochondrial, antiox-
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idant and transcriptional adaptations in these pathways [186] [187]. Ribonucleotide

reductase signaling plausibly reflects nucleotide-pool stress: cordycepin nucleotides can

partially replace adenosine nucleotides, although direct targeting of RNR by cordycepin

has not been reported [103]. Overall, the lengthened-tail IPA pathways support a coher-

ent early-acting network in which cordycepin imposes energy/redox and RNA-processing

stress that gates transcription and translation and modulates inflammasome-centered

cytokine programs during the first 2 h of cordycepin → LPS exposure.

IPA pathways associated with poly(A) shortening induced by cordycepin

treatment

Table 6.3 and Figure 6.10 show the IPA pathways associated with shortening of poly(A)

tails after cordycepin treatment and the key genes in each pathway. IPA enrichment

for RAW264.7 cells with shortened poly(A) tails after 2 h cordycepin treatment (with

LPS added at 1 h, in the presence of the compound, for a 1 h stimulation) converges on

early-acting nodes that cordycepin perturbs directly, alongside innate immune modules

that are likely second-order consequences of altered RNA metabolism and energy

signaling.

First, cordycepin is converted intracellularly to nucleotide metabolites that suppress

PI3K/AKT and thereby reduce mTORC1/2 signalling, p70S6K activity and cap-

dependent initiation [25] [46]. Lawrence et al. showed that cordycepin triphosphate

represses growth-factor signalling and that these effects are maintained when AMPK is

knocked down, indicating that growth-factor pathway inhibition is AMPK-independent

[25]. AMPK is nevertheless activated by cordycepin, although this may be a consequence

of PI3K/AKT/mTOR inhibition rather than a parallel event, given the extensive

crosstalk between these pathways—for example, via LKB1 [188]. This aligns with the

enrichment for eIF2 signalling, regulation of eIF4 and p70S6K, and stress-adaptive

modules (e.g. stress granule/mTOR) and explains how a translation-centric shift can

emerge within 30–60 min and remain evident during the subsequent LPS challenge [46]

[103]. Notably, cordycepin retains its ability to suppress inflammatory gene expression

even when administered simultaneously with LPS rather than as a pre-treatment,

underscoring the rapidity of its effects on this axis [164].
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Second, rapid inhibition of mRNA 3′-end processing/polyadenylation is a hallmark

of cordycepin, producing immediate poly(A) tail shortening with gene-selective sensi-

tivity. This mechanism aligns with pathways such as "mRNA 3′-end processing" and

"Processing of capped intron-containing pre-mRNA" and predicts attenuated induction

of rapidly turned-over inflammatory transcripts after RNAPII recruitment, as observed

when PAPα is genetically depleted [19] [189]. Given the 2 h timeline, such 3′-end effects

can blunt LPS-driven cytokine/chemokine mRNAs before steady-state feedback loops

dominate [164].

Third, macrophage TLR4–NF-κB modules feature prominently. Cordycepin consis-

tently reduces NF-κB signaling, lowering iNOS/COX-2, TNF-α/IL-1β and downstream

transcriptional arms in RAW264.7 and related models [52] [15]. Enrichment of canoni-

cal and non-canonical NF-κB branches is therefore mechanistically credible, although

the non-canonical branch typically evolves more slowly; here, early transcript short-

ening and translational restraint would be expected to bias effects toward the fast

MyD88/TRAF6–IKK axis while muting sustained NF-κB feed-forward loops [190].

Ubiquitin-pathway components (E3 ligases, deubiquitinases, proteasome subunits) in-

tersect these axes and may be secondarily affected by translation and RNA-processing

constraints [190] [191].

Fourth, inflammasome-linked pathways (e.g. NLRP3/caspase-1/GSDMD) are plau-

sible in this timeframe. Recent work shows that cordycepin restricts NLRP3 activation

and macrophage pyroptosis, partly via suppression of ROS/xanthine oxidase and pro-

motion of autophagy; this is consistent with IPA detection of inflammasome–autophagy

crosstalk and would manifest as reduced IL-1β/IL-18 maturation during LPS priming

[192] [193]. The 2 h window permits priming signals but is compatible with attenuated

processing when poly(A) dynamics and ROS control are perturbed. It remains impor-

tant to distinguish pathways primarily impacted at the level of poly(A) tail modulation

from those driven mainly by changes in mRNA abundance; this will require additional

experiments.

Fifth, KEAP1–NRF2 antioxidant signaling fits both cordycepin’s pharmacology

and early timing. Cordycepin activates the NRF2–HO1 axis in macrophages, limiting

277



oxidative stress that fuels TLR4–NF-κB and NLRP3 activation [194]. This provides a

unifying axis linking redox control, translational restraint and reduced inflammatory

amplifier loops during the LPS challenge.

Finally, several enriched modules warrant consideration in light of recent evidence

that macrophage activation involves dynamic and widespread regulation of poly(A)

tail length. Kwak et al. demonstrated that LPS stimulation of macrophages triggers

extensive remodelling of poly(A) tails through the coordinated action of cytoplas-

mic polyadenylation (CPEB-dependent) and deadenylation (CCR4–NOT-mediated)

pathways, with hundreds of transcripts undergoing tail lengthening or shortening inde-

pendently of changes in mRNA abundance [195]. This provides a mechanistic framework

for interpreting the poly(A) tail signatures observed here: inflammatory and signalling

transcripts may be direct targets of regulated cytoplasmic polyadenylation or deadeny-

lation during LPS responses, and cordycepin’s inhibition of poly(A) synthesis could

perturb this dynamic equilibrium. Pathways such as GAIT-mediated translational

silencing (EPRS/L13a), which post-transcriptionally represses cohorts of inflamma-

tory mRNAs [196], and cGAS–STING cytosolic DNA sensing, which crosstalks with

TLR4 signalling [197] [198], also appeared in the IPA enrichment. However, the direct

mechanistic links between these pathways and poly(A) tail regulation remain to be

established; their appearance here may reflect broader stress-signalling convergence

rather than specific targeting by polyadenylation or deadenylation machinery.

FcγR-mediated phagocytosis likely reflects LPS-licensed uptake programs; class I

PI3K is required for ingestion of larger particles, and there is emerging evidence that

cordycepin can enhance macrophage phagocytosis in tumour contexts by lowering CD47

“don’t-eat-me” signaling, although a direct FcγR-specific link to cordycepin has not

been established [199].

IPA pathways associated with poly(A) lengthening induced by NUC-7738

treatment

Table 6.4 and Figure 6.12 show the IPA pathways associated with poly(A) tail length-

ening after treatment with NUC-7738 and the corresponding genes. NUC-7738 is a

cordycepin (3′-deoxyadenosine) ProTide designed to deliver intracellular 3′-dATP and
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overcome adenosine-deaminase inactivation and transport limitations. In first-in-human

studies and preclinical models, NUC-7738 reduces NF-κB activity and broadly perturbs

RNA metabolism and protein synthesis, consistent with the core cordycepin mechanisms

of CPA inhibition and PI3K/AKT/mTOR/MEK/ERK suppression [19] [29] [2] [25] [46].

AMPK activation is observed but is not required for growth-factor pathway repression

[25]. Under the short (2 h) NUC-7738 → LPS protocol, immediate-early signaling and

translational control dominate, and the lengthened-tail IPA profiles largely mirror those

seen with cordycepin.

The lengthened-poly(A) gene set shows strong innate-immunity signatures. TLR4

modules (MyD88:Mal and TRIF/IKKε) and IL-1/MAPK pathways are enriched, match-

ing LPS stimulation and the known ability of cordycepin to reduce TLR4–NF-κB/MAPK

activation in RAW264.7 macrophages; NUC-7738 likewise lowers NF-κB activity in

patient tumours [29] [52] [54] [200] [201]. Tail lengthening of adaptors (LY96/MD-2)

and DAMP mediators (HMGB1) may reflect compensatory stabilization when upstream

signaling is pharmacologically damped. These nodes are engaged within minutes of

LPS, fitting the 2 h window.

Interferon-axis pathways (IKKε/PKR; RIG-I/MDA5 → IRF) indicate potential

crosstalk between TLR4 endosomal signaling and cytosolic RNA detection. Although no

direct effect of NUC-7738 on RLR/PPR signaling is reported, cordycepin’s translational

blockade intersects with ISR logic (eIF2/eIF4), plausibly biasing IRF outputs while

attenuating global initiation; this can arise rapidly after TRIF engagement and is

considered mechanistically plausible but novel for NUC-7738 specifically [152] [131] [46]

[202] [203] [204].

Consistent with cordycepin’s primary impact on 3′-end metabolism, deadenylation-coupled

decay pathways (e.g. canonical Deadenylation-dependent mRNA decay) and related

modules are enriched. Cordycepin and NUC-7738 block polyadenylation and shorten

poly(A) tails on inflammatory mRNAs, restricting their accumulation without pre-

venting transcription-factor recruitment—exactly the behaviour expected under a 2 h

exposure [152] [19]. At the translation level, regulation of mTOR/eIF4 and p70S6K is

prominent, consistent with PI3K/AKT/mTOR suppression [25] [46]. Reduced 4E-BP
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phosphorylation limits cap-dependent initiation, and changes in S6K signaling further

curtail protein synthesis. Stress-granule signaling aligns with global initiation slowdown,

which partitions mRNAs into storage granules while allowing a subset of immediate-early

messages to remain engaged [46] [203] [202] [29].

Antigen-presentation pathways (MHC II and class I) and organelle/biogenesis

modules (rRNA processing, mitochondrial protein import) probably represent early

compensatory responses to translational stress and altered trafficking. LPS up-regulates

MHC programs; lengthened tails on vesicle/ER–Golgi genes (e.g. SEC24A, RAB7A)

could help prepare the system for antigen handling even as NUC-7738 constrains inflam-

matory transcription and translation [19] [29] [2] [200] [201]. Overall, the NUC-7738

lengthened-tail pathways reinforce the same two-pronged mechanism inferred for cordy-

cepin: 3′-end/translation control plus innate-immune rewiring.

IPA pathways associated with poly(A) shortening induced by NUC-7738

treatment

Table 6.5 and Figure 6.12 show the IPA pathways associated with shortened poly(A)

tails after NUC-7738 treatment and the corresponding genes. NUC-7738 is a cordycepin

ProTide designed to bypass adenosine metabolism and deliver active 3′-deoxyadenosine

nucleotides to cells. Cordycepin triphosphate is a potent inhibitor of 3′-end RNA

processing, causing CPA defects that shorten poly(A) tails and destabilize transcripts,

particularly those with high CPA demand such as rapidly induced inflammatory mRNAs

[19] [45] [29]. In RAW264.7 macrophages subjected to 2 h NUC-7738 treatment (with

LPS added at 1 h, in the presence of the compound, for a 1 h stimulation), pathways

enriched among poly(A)-shortened genes match this mechanism and the short timeframe:

RNA-processing modules, innate immune sensors, translational stress mediators and

early metabolic rewiring.

Processing of the 3′ end of mRNA and processing of capped intron-containing

pre-mRNA indicate direct engagement of CPA/splicing coupling. Tail shortening of CPA

regulators (e.g. PCF11, ELAVL1, CNOT2) is expected when CPA complex assembly

or availability is perturbed by 3′-deoxynucleotides [205] [45] [29]. These changes couple

with stress-granule signaling, reflecting rapid eIF2α-dependent translational pausing
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and RNP sequestration under RNA stress [206] [207]. Together, these RNA-centric

events can suppress production of labile LPS-induced transcripts.

Early pattern-recognition pathways (PKR, RIG-I/MDA5 → IRF3, IFN-α/β induc-

tion) among shortened genes are consistent with the idea that defective RNA maturation

alters endogenous RNA ligands and the set point of antiviral sensors [131] [205]. Con-

vergence on NF-κB/IRF axes provides a mechanistic bridge to the reported activity

of NUC-7738, which reduces LPS-induced NF-κB nuclear accumulation and dampens

inflammatory transcription within an hour in human and murine macrophage systems

[29] [208].

Metabolic rewiring is signaled by the PI3K/AKT, Sirtuin, and SREBF/SREBP

- cholesterol - biosynthesis pathways. Cordycepin inhibits PI3K/AKT [25], which

antagonizes mTORC1 and SREBP-driven lipogenesis [209] [61]. Within 2 h, full

transcriptional remodeling of lipid pathways is unlikely, but poly(A) tail shortening of

mRNAs encoding sterol/fatty-acid enzymes (e.g. HMGCR, HMGCS1) is plausible as

an immediate post-transcriptional brake. The sirtuin axis (e.g. SIRT1) offers additional

rapid control of inflammatory transcription through deacetylation of NF-κB p65 [210],

complementing NUC-7738’s attenuation of nuclear NF-κB after LPS [29].

ARE-mediated mRNA stability emerges as a post-transcriptional checkpoint for

cytokines and immediate-early genes; CPA defects often synergize with ARE-dependent

decay to reduce inflammatory mRNAs [211] [19] [212]. Apoptosis signaling appears

as a downstream consequence: NUC-7738 is pro-apoptotic in multiple models [29]

[213], although within 2 h we expect primarily priming rather than full execution.

DNA-methylation and transcriptional-repression pathways likely reflect early recruit-

ment of repressive complexes interfacing with CPA/termination, rather than de novo

methylation changes over this timescale [205].

Collectively, the pathways enriched among poly(A)-shortened transcripts suggest an

early-phase mechanistic footprint for NUC-7738/cordycepin in LPS-activated macrophages:

(i) primary disruption of 3′-end RNA processing and translation control; (ii) tuned

innate-immune sensor thresholds with reduced NF-κB/IRF outputs; and (iii) rapid

metabolic anti-anabolism via PI3K/AKT → mTORC1/SREBP antagonism, together
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limiting the inflammatory burst [2, 13, 19, 25, 29, 45, 61, 131, 205, 210–218].

Mechanistic model: three linked processes on the 2 h timescale

Three processes emerge from these data as key contributors to cordycepin/NUC-7738

action within 2 h.

First, 3′-end formation and deadenylation balance. Cordycepin triphosphate com-

promises CPA, which is sufficient to shorten poly(A) tails and limit accumulation of

rapidly induced messages such as LPS-responsive cytokines [45]. In budding yeast and

mammalian systems, CPA interference and kinetic competition at alternative poly(A)

sites are well established [45] [38]. The requirement of PARN for a free 3′-OH at RNA

termini, together with the potential for terminal 3′-dA to inhibit PARN, offers a plausible

explanation for a subset of lengthened-tail transcripts, although our 3′-OH-dependent

library chemistry under-captures 3′-dA-ended RNAs and therefore cannot by itself prove

their existence in vivo [219]. The present data are best interpreted as consistent with

transient cordycepin incorporation that perturbs the balance between polyadenylation

and deadenylation.

Second, translation initiation restraint. IPA results repeatedly implicate eIF2/ISR

and mTOR/eIF4E–4E-BP in the “shortened” class (Figs. 6.10 6.12 6.9–6.10), matching

reports that cordycepin reduces PI3K/AKT/mTOR and MEK/ERK signaling within

30–120 min and lowers cap-dependent initiation [25]. The stress-granule signature

that emerges in the shortened set is consistent with canonical initiation slowdown and

selective message triage [178] [135].

Third, early metabolic resetting. Enrichment for oxidative phosphorylation and

mitochondrial quality-control pathways among the lengthened-tail genes, together with

reduced proton leak and spare respiratory capacity in the Seahorse assay, suggests

a rapid energy-conservation response accompanying translation restraint (Fig. 6.14

6.11; [220]). Mitochondrial activity is tightly integrated with PI3K/AKT/mTOR and

AMPK signaling [103] [25], providing a mechanistic link between the transcriptional

and functional observations.

Under the brief (2 h) LPS ± adenosine-analogue exposures used here, the data

therefore support a two-pronged mechanism: (a) CPA inhibition plus selective deadeny-
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lase effects leading to shorter tails and reduced accumulation of inflammatory mRNAs;

and (b) rapid translation suppression via PI3K/mTOR/ISR nodes, with mitochondrial

changes consistent with an energy-saving state [45] [38] [25] [178] [135] [220].

The tail-based pathway shifts cohere with orthogonal gene- and protein-level readouts

reported for cordycepin/NUC-7738. A systems-pharmacology study across multiple cell

types shows broad repression of PI3K/AKT/mTOR and MEK/ERK outputs within

30–120 min, polysome-level effects within 30 min and AMPK independence of the

core response [25]. Cordycepin reduces NF-κB nuclear accumulation in RAW264.7 and

primary human macrophages and attenuates pain/synovitis in osteoarthritis models [28];

aggregate evidence confirms net anti-inflammatory trends with cell-type variability [13].

Together with classic CPA interference by cordycepin [45] and the principles of APA

kinetic competition [38], these findings align closely with the “shorten and diminish”

inflammatory axis and the rebalancing of translation and mitochondrial metabolism

inferred here (Figs. 6.8 6.9 6.10 6.12 6.14 6.7–6.11).

Limitations and future directions. A key design feature of our nanopore

tail-calling workflow is its reliance on 3′-OH-dependent ligation. RNAs terminating in

cordycepin (3′-deoxyadenosine) are therefore under-represented, meaning that molecules

with the most severely affected tails may be missed [219]. This is inherent to the

chemistry rather than a flaw, but it highlights the value of complementary comparisons

with Illumina RNA-seq datasets for cordycepin in similar conditions, which could reveal

transcripts that disappear from poly(A)-selected libraries because of blocked tails. While

there is no reason to think that the method fails to measure poly(A) tails in general, it

will be important to validate at least some shortened and lengthened candidates with

independent assays (e.g. PCR-based tail measurements) in future work.

A formal analysis of alternative polyadenylation (APA)—i.e. shifts between proximal

and distal poly(A) sites—was not conducted in this study, despite the well-established

role of cordycepin in altering poly(A) site choice [38]. Nanopore long reads are in

principle well suited for APA quantification, but the computational pipeline used

here (IsoQuant → edgeR), as well as NanopLen, was primarily optimized for gene-

level differential expression analysis and for estimating median poly(A)-tail lengths
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rather than isoform-level 3′-end mapping. A dedicated APA analysis would require

transcript-level 3′-end clustering and quantification tools such as LAPA [221], TAPAS,

or polyApipe, and constitutes an important future direction that could reveal whether

cordycepin shifts poly(A) site usage in addition to shortening tails.

IPA z-scores provide directional predictions rather than quantitative effect sizes;

pathway calls (e.g. stress-granule/ISR) are therefore treated here as signatures that

require direct experimental validation. The Seahorse validation used MCF-7 rather than

macrophages, reflecting availability of optimized assays; mitochondrial conclusions are

therefore supportive rather than definitive for RAW264.7. Finally, the 2 h timeframe

makes it difficult to separate tail changes caused directly by cordycepin incorporation

from those secondary to changes in transcription rates. The shorter-timelapse experi-

ments in Chapter 7 are designed to enrich for more direct effects by further reducing

the contribution of transcriptional feedback.

Within 2 h of exposure, cordycepin and NUC-7738 shorten poly(A) tails genome-wide

and reduce inflammatory mRNA accumulation, while a defined subset of transcripts

shows lengthening, plausibly reflecting PARN-sensitive or newly synthesized RNAs.

These tail dynamics are coupled to suppressed initiation (PI3K/mTOR/ISR), stress-granule

signatures and mitochondrial adjustments, providing a coherent, rapid-acting axis for

reshaping the early macrophage response to LPS and setting the stage for the more

fine-grained kinetic analysis in Chapter 7.
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Chapter 7

Cordycepin induces early poly(A)-tail

changes in mRNAs related to

growth-factor and innate immune

signaling

7.1 Introduction

Work in this thesis, together with the wider literature, suggests that cordycepin

(3′-deoxyadenosine) inhibits PI3K/AKT/mTOR and MEK/ERK signal transduction

and affects mRNA polyadenylation in multiple systems [13, 25, 28]. Although inhibition

of polyadenylation can influence signal transduction, it remains unclear how mRNA

3′-end processing is mechanistically linked to growth-factor and innate immune signaling.

In biochemical and genetic systems, cordycepin triphosphate perturbs pre-mRNA

3′-end formation and alters poly(A)-tail length [28]. The literature indicates two-way

communication between 3′-end processing and PI3K/AKT/mTOR signaling: polyadeny-

lation factors (e.g., CPSF/CstF/CFIm components) can tune PI3K/AKT outputs, while

mTOR activity and its effectors feed back on alternative polyadenylation choices and

polyadenylation-factor localization [222–226]. Together, these observations provide a

conceptual bridge between cordycepin’s canonical action at the mRNA 3′-end and its

285



impact on signaling pathways.

The PI3K/AKT/mTOR pathway is a principal regulator of cap-dependent transla-

tion through phosphorylation of 4E-BP1 and activation of p70S6K, thereby controlling

eIF4F assembly and ribosome engagement. In innate immune cells, mTOR integrates

inflammatory cues with metabolic state to shape effector programs, making this axis

a plausible and temporally compatible target for the rapid effects of cordycepin treat-

ment under LPS [227–230]. Systems-level work shows that cordycepin suppresses

growth-factor signal transduction converging on PI3K/AKT/mTOR, with characteristic

repression of translation-initiation outputs; notably, polysome profiling revealed redis-

tribution of TOP mRNAs within ≈ 30 min of exposure, an early hallmark of mTOR

pathway inhibition that precedes broad transcriptional remodeling [25].

Cytoplasmic polyadenylation provides a mechanism for tail remodeling on pre-existing

mRNAs to control translation; CPEB family proteins can recruit both poly(A) poly-

merases and deadenylases, linking tail length to translational activation or repression in

somatic cells [39, 42]. Based on previous chapters and these studies, I hypothesised that

mRNAs related to growth-factor and inflammatory (innate immune) signaling would

be particularly sensitive to cordycepin, showing early changes in RNA abundance or

poly(A)-tail length. I further considered the possibility of one or more RNA targets of

cordycepin (RToCs): RNAs whose polyadenylation is required for PI3K/mTOR and

inflammatory signaling to proceed, in the context of evidence that general inhibition of

translation can superinduce immediate-early transcription and activate AKT [69] [70].

This chapter builds directly on the transcriptomic (Chapter 5) and poly(A)-tail

(Chapter 6) analyses performed at 120 minutes, and is further motivated by the inde-

pendent haploid resistance screen in Chapter 4. Together, those earlier chapters showed

that (i) loss-of-function disruptions in mRNA 3′-end processing and deadenylation

machinery (CNOT6, PARN, Integrator subunits, nucleoporins) confer resistance to

cordycepin in a genetic screen (Chapter 4), (ii) cordycepin and NUC-7738 converge

on inhibition of PI3K/AKT/mTOR and inflammatory signalling modules at the gene-

expression level (Chapter 5), and (iii) cordycepin produces genome-wide poly(A)-tail

shortening with selective remodelling of inflammatory transcripts (Chapter 6). The
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convergence of genetic, transcriptomic and poly(A)-tail evidence supports a model in

which cordycepin’s impact on mRNA 3′-end formation is mechanistically linked to its

suppression of growth-factor and innate immune signalling.

However, the 2-hour timeframe used in Chapters 5 and 6 made it difficult to

separate direct CPA-related effects from secondary transcriptional remodelling — an

especially important concern given that cordycepin has been reported to suppress

PI3K/AKT/mTOR outputs and redistribute TOP mRNAs from polysomes within

approximately 20–30 minutes of exposure [25], well before the 2-hour sampling window

used in those chapters. The present chapter therefore examines a much earlier time

point (15 minutes) to capture changes that are more likely to reflect the proximal

biochemical consequences of cordycepin treatment, before wholesale transcriptional

re-programming is established, and to test whether the pathway signatures identified at

120 min are already detectable when transcription is not yet the dominant contributor.

To probe such early events, I focused on a 15-min window after LPS stimulation,

during which immediate-early mRNAs have not yet accumulated: transcriptional pulses

typically begin at ≥ 20 min and TNF/IL-1 peaks are ≈ 60 min [231–233]. In this

regime, any RNA-level differences primarily reflect changes in the abundance or tail

state of pre-existing transcripts, rather than de novo transcription programs.

Here, I set out to define the earliest, genome-wide consequences of simultaneous

cordycepin + LPS exposure in RAW264.7 macrophages. Using Oxford Nanopore–based

analyses of poly(A)-tail lengths (Dorado basecalling and NanopLen linear mixed models

at the transcript level) alongside edgeR differential gene-expression analysis, I quan-

tify RNA-abundance and poly(A)-tail changes after 15 min of co-treatment. I then

leverage QIAGEN Ingenuity Pathway Analysis (IPA) to map differentially expressed

genes and transcripts with shortened or lengthened poly(A) tails onto Canonical Path-

ways and Upstream Regulators. Throughout, I evaluate these data in the context of

inflammation and the emerging model of bidirectional coupling between 3′-end pro-

cessing and PI3K/AKT/mTOR signaling in shaping the early inflammatory response

[13, 28, 38, 222–226].
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7.2 Results

7.2.1 Early RNA abundance changes at 15 minutes are modest

I first asked whether a 15-minute co-treatment with cordycepin under LPS is sufficient to

produce detectable changes in steady-state mRNA abundance. RAW264.7 macrophages

were treated with LPS (1 µg/mL) in the presence or absence of cordycepin (20 µM) for

15 minutes, with three biological replicates per condition. Differential gene expression

analysis identified a small set of transcripts with the most pronounced changes between

CoR+LPS and DMSO+LPS, which were visualised as a hierarchically clustered, row-

wise scaled heatmap of 51 DGE-prioritised genes with overlaid normalised counts (Figure

7.1).

Despite the brief exposure period, cordycepin co-treatment induced reproducible,

directionally consistent alterations in specific transcript subsets across all three repli-

cates. PI3K/MAPK-associated transcripts demonstrated increased expression under

cordycepin co-treatment, with Pik3c2a (encoding PI3K class IIα) rising from 95/92/77 to

124/117/101 normalised counts and Plcb4 increasing from 170/184/159 to 232/205/191

across the three replicates. Similarly elevated were Mapkbp1 (MAPK binding protein

1) and Dhx29 (a translation-associated helicase), while transcripts involved in vesicular

trafficking and innate immune signalling showed decreased expression, including Arrdc1

(arrestin-domain containing protein), Rab29 (vesicular trafficking regulator), Tifa (in-

nate immune adaptor), and Cemip2. The heatmap was used to assess the directionality

of these early changes relative to the LPS-only condition, and to determine whether

initial alterations contradict or align with known LPS-induced responses, such as a

potential elevation of Pik3c2a under LPS alone.

Overall, only a limited subset of LPS-responsive transcripts showed measurable

abundance changes at 15 minutes, indicating that cordycepin’s early impact on RNA

levels is modest. These DGE-prioritised genes then served as the input for pathway-level

analysis using Ingenuity Pathway Analysis (IPA) in the next subsection.
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Figure 7.1: Early (15 min) cordycepin co-treatment modestly reshapes a subset of
LPS-responsive transcripts in RAW264.7 macrophages.RAW264.7 cells were stimulated with
LPS (1 µg/mL) ± cordycepin (CoR, 20 µM) for 15 min; three biological replicates per con-
dition (columns DMSO_LPS_1–3, CoR_LPS_1–3). Heatmap of 51 DGE-prioritized genes
(rows) with per-cell normalized counts overlaid (numbers) and row-wise scaled colors (blue =
below-row mean; red = above-row mean; scale -1.5 to 2). Example features include Pik3c2a,
Plcb4, Mapkbp1, Dhx29, Arrdc1, Rab29, Tifa, Cemip2
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7.2.2 Canonical pathways from DGE: mTOR/EIF4/EIF2 and

PI3K/ERK nodes emerge

To place the modest early DGE signature into a pathway context, Ingenuity Pathway

Analysis (IPA) was applied to the edgeR-derived differentially expressed gene set

from RAW264.7 macrophages exposed to cordycepin (20 µM) and LPS (1 µg/mL)

for 15 minutes (Figure 7.2 and Table 7.1). IPA revealed enrichment of canonical

pathways converging on cap-dependent translation and growth-factor signaling. The

most prominently enriched pathways included p70S6K Signaling, mTOR Signaling,

Regulation of eIF4 and p70S6K, and PI3K/AKT Signaling, forming a coherent module

around PI3K/AKT/mTOR and translation-initiation control. Activation z-scores for

these pathways were close to zero, with predominantly grey bars indicating no clear

directional prediction at 15 minutes, but the pathway identities were consistent with

previous work showing that cordycepin treatment represses PI3K/mTOR outputs and

rapidly displaces TOP mRNAs from polysomes [25]. Overall, the IPA results point to

an early focus on translational control rather than broad transcriptional reprogramming

at this time point.

Alongside these translation-related modules, IPA also identified enrichment of innate

immune and stress-responsive pathways, including ERK/MAPK Signaling, TAK1-

dependent IKK and NF-κB activation, and NF-κB Activation by Viruses, consistent

with engagement of the TLR4 signaling axis by LPS. At 15 minutes, however, activation

z-scores for these inflammatory pathways remained direction-neutral, so the analysis

does not yet provide evidence for NF-κB pathway activation or repression at this time

point, although previous work has shown that cordycepin can repress inflammatory gene

expression with longer exposure [28]. Multiple trafficking and cytoskeletal regulatory

pathways were also enriched, including Clathrin-mediated Endocytosis, Macropinocyto-

sis, Integrin Signaling, Signaling by Rho Family GTPases, Actin Cytoskeleton Signaling,

and PAK Signaling. Finally, enrichment of PDGF Signaling, Sphingosine-1-phosphate

Signaling, and energy-dependent regulation of mTOR by LKB1-AMPK/AMPK Signal-

ing is compatible with a response organised around growth-factor pathway inhibition
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and energetic checkpoint control, in line with systems-pharmacology analyses that

characterise cordycepin as a general inhibitor of growth-factor signal transduction rather

than a selective AMPK agonist [25].
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Figure 7.2: Canonical pathways significantly modulated by cordycepin At 15 min of simulta-
neous cordycepin (20 µM) and LPS (1 µg/mL) exposure in RAW264.7 cells. The activation
z-scores, predicted by Ingenuity Pathway Analysis (IPA), indicate pathway activation (blue
bars), inhibition (red bars), or no clear directional prediction (grey bars).
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To quantify how much of each enriched canonical pathway was actually represented

in the 15-min cordycepin DGE dataset, a horizontal stacked bar chart was generated

in QIAGEN IPA (Figure 7.3). Each bar corresponds to one IPA canonical pathway;

bar length reflects the proportion of the pathway’s total molecules recovered in the

dataset, and the numeric label to the right of each bar gives the total number of

molecules annotated to that pathway in the IPA knowledge base. Red segments

indicate upregulated genes and green segments indicate downregulated genes within

each pathway. The chart shows that most of the pathways identified at 15min (PAK

Signaling, AMPK Signaling, ERK/MAPK Signaling, PI3K/AKT Signaling, Regulation

of eIF4 and p70S6K, mTOR Signaling and related modules) are represented by only

a small fraction of their total annotated molecules, consistent with the modest early

DGE signature at this time point.

Figure 7.3: IPA canonical pathway coverage for DEGs at 15min following co-treatment of
RAW264.7 macrophages with cordycepin (20 µM) and LPS (1 µg/mL) versus DMSO + LPS.
Horizontal stacked bars show, for each enriched canonical pathway, the proportion of pathway
molecules recovered in the dataset; the number to the right of each bar is the total number
of molecules annotated to that pathway in the IPA knowledge base. Red segments indicate
upregulated genes and green segments indicate downregulated genes within each pathway.
Generated using the QIAGEN IPA Stacked Bar Chart tool.
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Table 7.1: IPA Canonical Pathways for Cordycepin treatment (15min CoR/LPS vs DM-
SO/LPS, p-value filtered)

Pathways z-score Genes from the dataset

PAK Signaling — PDGFA; PIK3C2A; WASL

Sphingosine-1-phosphate Signal-

ing

— PDGFA; PIK3C2A; PLCB4

Actin Cytoskeleton Signaling — PDGFA; PIK3C2A; PPP1R12A;

WASL

AMPK Signaling — CRTC2; ORAI2; PIK3C2A;

STRADA

Macropinocytosis Signaling — PDGFA; PIK3C2A

Clathrin-mediated Endocytosis

Signaling

— PDGFA; PIK3C2A; WASL

Integrin Signaling — PIK3C2A; PPP1R12A; WASL

PDGF Signaling — PDGFA; PIK3C2A

Signaling by Rho Family GT-

Pases

— PIK3C2A; PPP1R12A; WASL

Energy dependent regulation of

mTOR by LKB1-AMPK

— STRADA

TAK1-dependent IKK and NF-

kappa-B activation

— TIFA

ERK/MAPK Signaling — PIK3C2A; PPP1R12A

Role of PI3K/AKT Signaling in

the Pathogenesis of Influenza

— PIK3C2A

NF-κB Activation by Viruses — PIK3C2A

PI3K/AKT Signaling — THEM4

Regulation of eIF4 and p70S6K

Signaling

— PIK3C2A

Continued on next page
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Table 7.1 – Continued from previous page

Pathways z-score Genes from the dataset

mTOR Signaling — PIK3C2A

p70S6K Signaling — PIK3C2A; PLCB4
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7.2.3 Global poly(A) landscapes show minimal distributional

shift at 15 min

To determine whether cordycepin induces early, transcriptome-wide alterations in

poly(A)-tail length during inflammatory activation, RAW264.7 macrophages were co-

treated with cordycepin (20 µM) and LPS (1 µg/mL) for 15 minutes, followed by

poly(A)-tail length profiling using Oxford Nanopore cDNA sequencing with poly(A)-

tail calling via Dorado. Transcript-wise mean poly(A)-tail lengths were inferred from

the sequencing reads and statistically compared between cordycepin-treated (alt) and

control (DMSO-LPS) conditions using NanopLen’s linear mixed-model framework. The

empirical cumulative distribution functions of mean tail lengths demonstrated near-

complete overlap between cordycepin-treated and control samples, with the distributions

appearing virtually superimposable (Figure 7.4, Panel A). Transcript-wise comparison

revealed tight clustering along the identity line (y = x) in the scatter plot analysis,

with marginal box-plots confirming highly concordant distributions between conditions

(Panel B). While sparse outliers were detectable, suggesting potential gene-specific

responses, the overwhelming majority of transcripts maintained comparable poly(A)-tail

lengths between treatments.

Taken together, these global analyses indicate that cordycepin does not measurably

shift the overall distribution of poly(A)-tail lengths after 15 minutes of co-treatment with

LPS, as would be expected for such a short incubation. Any cordycepin-induced changes

in tail length at this early time point are therefore likely to be modest and transcript-

specific, motivating focused transcript-level analyses of significant tail remodeling in

the subsequent section.
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(a) Panel A (b) Panel B

Figure 7.4: RAW264.7 cells were exposed to cordycepin (20 µM) together with LPS (1
µg/mL) for 15 min; the treated library is labeled alt (CoR_LPSalt) and the matched control is
DMSO_LPS. Transcript-wise mean poly(A)-tail lengths were inferred from Oxford Nanopore
cDNA reads and compared with NanopLen’s linear mixed-model (LMM). Panel A: Empirical
cumulative distribution functions (ECDFs; linear scale) of mean tail length show near-complete
overlap of alt (orange) with DMSO_LPS (blue), indicating closely matched global distributions.
Panel B: Transcript-wise scatter (linear scale) of mean tail length in alt versus control. Points
cluster tightly along the identity line (red, y = x), with marginal box-plots summarizing
each distribution, consistent with high concordance and only sparse gene-specific deviations.
Method note: ONT cDNA 3′-end capture requires a free 3′-OH; transcripts terminating in
3′-deoxyadenosine would be under-represented, so absolute losses of such ends cannot be
quantified here.
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7.2.4 Significant transcript-level tail changes are bidirectional

and limited

To pinpoint individual transcripts with early poly(A)-tail changes at 15 minutes, I

analysed poly(A)-tail dynamics in RAW264.7 macrophages co-treated with cordycepin

(20 µM) and LPS (1 µg/mL) using NanopLen’s linear mixed-model framework. Applying

a significance threshold of p < 0.05 and an absolute change in tail length of |∆tail| ≥

10 nucleotides, the volcano plot identified 869 transcripts with significant poly(A)-

tail alterations, comprising 464 transcripts with tail shortening and 405 with tail

lengthening relative to DMSO + LPS controls (Figure 7.5, panel A). Most significant

changes clustered just beyond the ±10-nucleotide threshold, although a minority of

transcripts showed larger shifts of approximately 100–250 nucleotides. The MA plot

showed a characteristic funnel pattern in which larger absolute tail-length changes were

concentrated among transcripts with low-to-moderate expression levels, whereas highly

abundant transcripts exhibited small, symmetric changes centered around zero (panel

B).

These transcript-level results complement the global distribution analyses, which

showed minimal overall shift in poly(A)-tail lengths, by highlighting a restricted subset

of transcripts that already display altered tails at 15 minutes. The near-equal numbers

of shortening and lengthening events indicate that cordycepin treatment does not simply

shorten or lengthen tails globally, but instead produces selective, transcript-specific

changes in both directions. Overall, the data point to modest, early remodeling of

poly(A) tails rather than wholesale redistribution across the transcriptome, consistent

with previous evidence that cordycepin can influence cytoplasmic poly(A)-tail size

through effects on cytoplasmic polyadenylation and deadenylation [19]. The concentra-

tion of larger tail-length changes among lower-abundance transcripts further suggests

that genes with more dynamic expression or regulatory functions may be more sensitive

to these early perturbations, whereas highly expressed housekeeping transcripts retain

relatively stable tail lengths over this short exposure. I next asked whether these tail

shifts are associated with changes in mRNA abundance at 15 minutes.
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(a) Panel A (b) Panel B

Figure 7.5: Early (15 min) cordycepin co-treatment elicits limited but detectable, bidirectional
transcript-level poly(A)-tail remodeling in LPS-activated RAW264.7 macrophages (NanopLen
LMM; |Δtail| threshold = 10 nt). RAW264.7 cells were exposed simultaneously to cordycepin
(20 µM) and LPS (1 µg/mL) for 15 min. The treated library is alt (CoR_LPS [alt]); the
reference is DMSO + LPS. Transcript-wise mean poly(A)-tail lengths were inferred from
Oxford Nanopore cDNA reads and compared with NanopLen’s linear mixed-model (LMM). (A)
Volcano plot: absolute poly(A)-tail change (Δ = alt – DMSO_LPS, nt) vs -log10(p). Vertical
dashes mark ±10 nt; the horizontal dash marks p = 0.05. Significant shortening events are
shown in blue (n = 464) and lengthening events in red (n = 405); non-significant transcripts
are gray (n = 22,026). (B) MA plot: absolute Δtail (nt) vs log10 mean normalized counts.
Colors as in (A). Larger |Δtail| values are most frequent among low-to-moderate abundance
transcripts, whereas highly expressed transcripts center near zero, consistent with modest,
early remodeling rather than a global shift.
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7.2.5 Coupling between tail class and expression is weak at 15

min

To test whether early cordycepin-induced gene-expression changes correlate with poly(A)-

tail remodeling, genes were stratified according to their mean tail-length alterations and

analysed for differential expression patterns 15 minutes after simultaneous CoR+LPS

exposure. Using NanopLen linear mixed-model (LMM) estimates of mean tail-length

change (∆polyA), genes were partitioned into three mutually exclusive categories based

on an absolute 10-nucleotide threshold: shortened (∆polyA < −10 nt; n = 2,492; mean

= −30.1 nt), unchanged (−10 ≤ ∆polyA ≤ 10 nt; n = 4,696; mean = −0.3 nt), and

lengthened (∆polyA > 10 nt; n = 2,319; mean = +30.9 nt). No FDR filtering was

applied to tail shifts (FDR set to 1.0) to maximise inclusion. edgeR-derived differential

gene-expression log2 fold-changes (CoR+LPS vs DMSO+LPS) were then compared

across these tail-shift classes using violin-plot representations (Figure 7.6).

Despite clear separation in mean poly(A)-tail change of approximately ±31 nu-

cleotides between the shortened and lengthened classes, the gene-expression distributions

overlapped closely. Median log2FC values were centred near zero for all three tail cate-

gories, and pairwise statistical comparisons revealed no significant differences between

shortened versus unchanged (p = 0.465), unchanged versus lengthened (p = 0.465), or

shortened versus lengthened (p = 0.814). Consistently, most genes in all three classes

were not differentially expressed at the nominal level (grey points; p > 0.05), with only

a minority showing nominal DGE (red points).

These data show that, at 15 minutes, early poly(A)-tail shifts do not stratify

gene-expression responses: transcripts with shortened, unchanged, or lengthened tails

exhibit similar log2FC distributions. Taken together with systems-level evidence that

cordycepin rapidly represses PI3K/AKT/mTOR- and MEK/ERK-linked translational

outputs within approximately 30 min across multiple cell types [25], these 15-minute

data are consistent with early poly(A)-tail remodelling acting upstream of widespread

changes in mRNA abundance.

The disconnection between detectable changes in poly(A) tail length and transcript-
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level expression at this early time point suggests that poly(A) tail remodelling constitutes

a primary molecular event that potentially connects alterations in cytoplasmic poly(A)

tails to modulation of signal transduction pathways.
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Figure 7.6: Early (15 min) gene-expression changes do not stratify by poly(A)-tail shift
class under CoR+LPS. RAW264.7 murine macrophages; 20 µM cordycepin (CoR) + 1 µg/mL
LPS applied simultaneously for 15 min versus DMSO+LPS control; RNA-Seq for DGE and
NanopLen for transcript-level poly(A) analysis. Genes were partitioned by NanopLen LMM
estimate of mean tail-length change (ΔpolyA) using an absolute 10-nt threshold: Shortened
(ΔpolyA < –10 nt; n = 2,492; mean = –30.1 nt), Unchanged (–10 ≤ ΔpolyA ≤ 10 nt; n =
4,696; mean = –0.3 nt), Lengthened (ΔpolyA > 10 nt; n = 2,319; mean = +30.9 nt). Y-axis:
DGE log2FC (CoR+LPS vs DMSO+LPS). Points: red = genes with nominal DGE p < 0.05
(edgeR; no FDR applied), grey = not significant. Violins show distribution; central bars denote
medians. Pairwise comparisons annotated on the plot: Shortened vs Unchanged p = 0.465;
Unchanged vs Lengthened p = 0.465; Shortened vs Lengthened p = 0.814. Poly(A) tails
quantified by NanopLen (gene-level LMM; FDR set to 1.0 for inclusion—i.e., no FDR filtering
of tail shifts). DGE by edgeR on bulk RNA-Seq (3 biological replicates per condition)
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7.2.6 IPA on tail-defined gene sets reveals translation / RNA-

handling axes

To test whether transcripts undergoing early poly(A)-tail remodeling cluster into specific

functional pathways, Ingenuity Pathway Analysis (IPA) was applied to transcript

sets stratified by NanopLen-estimated tail changes after 15-minute co-treatment with

cordycepin (20 µM) and LPS (1 µg/mL) versus DMSO + LPS. Using the signed

poly(A)-tail change (Δtail, nucleotides) as the effect-size metric for z-score computation,

pathway enrichment and directional predictions were assessed separately for transcripts

with significantly lengthened or shortened tails.

Among transcripts with lengthened poly(A) tails, only “SRP-dependent cotransla-

tional protein targeting to membrane” showed a positive activation z-score (Figure 7.7,

Panel A, and Table 7.2), indicating selective engagement of co-translational targeting

and endoplasmic reticulum entry machinery during this early response window. Multiple

growth-factor and innate immune pathways were also enriched in the lengthened-tail

set—including Regulation of eIF4 and p70S6K Signaling, PI3K/AKT Signaling, PIP3

activates AKT signaling, ERK/MAPK Signaling, Toll-like Receptor Signaling, and

IL-12-linked JAK-STAT programs—but these carried grey z-scores, indicating represen-

tation of constituent transcripts without coherent activation or inhibition patterns at

15 minutes. The enrichment of “Cleavage and Polyadenylation of Pre-mRNA” among

lengthened-tail transcripts further implicated 3′-end processing components. PAPOLA,

the primary poly(A) polymerase, and NUDT21 (CFIm25) were among the affected

transcripts, consistent with an early impact on mRNA 3′-end processing; this pattern

suggests that cellular homeostasis mechanisms may begin to adjust core polyadenylation

machinery in the presence of cordycepin.

Transcripts exhibiting poly(A)-tail shortening showed directional inhibition of “Pro-

cessing of Capped Intron-Containing Pre-mRNA” and “Ribosomal Quality Control

Signaling Pathway” (Figure 7.7, Panel B, and Table 7.3), consistent with acute pertur-

bation of nuclear mRNA maturation and translation-surveillance circuits in a subset

of RNAs. As in the lengthened-tail set, numerous immune and signaling pathways
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were enriched but without directional predictions, including ERK/MAPK, PI3K/AKT,

NF-κB Activation by Viruses, Toll-like Receptor Signaling, TNF/TNFR2 non-canonical

NF-κB, and translation-associated modules such as Eukaryotic Translation Elongation

/ Termination. The concurrent enrichment of “Cleavage and Polyadenylation of Pre-

mRNA” alongside negative z-scores for general mRNA-processing and ribosome-quality

pathways is consistent with cordycepin primarily perturbing mRNA 3′-end formation

and related RNA-processing homeostasis mechanisms at this early timepoint.

Collectively, these z-score profiles indicate that, at 15 minutes, cordycepin most

clearly intersects RNA processing and translation-coupled pathways, whereas growth-

factor (PI3K/AKT/mTOR, eIF4/p70S6K, ERK/MAPK) and innate immune (TLR/NF-

κB, IL-12/JAK-STAT) nodes are represented but remain largely unpolarized. This

selective pattern, with directional calls confined to co-translational targeting, mRNA

processing, and ribosome-quality control, is consistent with previous work showing that

the earliest cellular effects of cordycepin converge on mTOR-regulated translational

control within approximately 30 minutes, before wider pathway activation/inhibition

and transcriptional reprogramming become evident [25] [26]. The functional analysis of

the poly(A)-tail-defined gene sets therefore supports the view that cordycepin initially

affects mRNAs linked to signal transduction and RNA processing, in line with the

proposed mechanism of action.
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(a) Canonical pathway for lengthened-tail transcripts after 15-min cordycepin treatment

(b) Canonical pathway for shortened-tail transcripts after 15-min cordycepin treatment

Figure 7.7: Canonical-pathway z-score profiles after simultaneous cordycepin and LPS
treatment. (A) Lengthened-tail transcripts. (B) Shortened-tail transcripts. The analysis was
performed on genes whose tails became significantly longer or shorter, using the signed tail
change as the log-fold-change metric.
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To complement the z-score view of the tail-defined pathway analyses and show how

much of each enriched canonical pathway is populated by transcripts with lengthened

or shortened poly(A) tails, horizontal stacked bar charts were generated in QIAGEN

IPA for both tail classes (Figure 7.8). As in the other IPA stacked bar views, bar length

reflects the proportion of the pathway’s total molecules recovered in the dataset, the

numeric label to the right of each bar gives the total number of molecules annotated to

that pathway in the IPA knowledge base, and red/green segments indicate upregulated

and downregulated genes, respectively, within each pathway. Both the lengthened- and

shortened-tail gene sets populate translation (eIF4/p70S6K, mTOR, EIF2), growth-

factor (PI3K/AKT, ERK/MAPK), and innate-immune (NF-κB, TLR, IL-12/JAK-

STAT) modules, with the shortened-tail set additionally showing broader coverage of

mRNA processing and ribosome quality-control pathways, consistent with the z-score

profile in Figure 7.7.
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(a) Lengthened poly(A) tails

(b) Shortened poly(A) tails

Figure 7.8: IPA canonical pathway coverage for transcripts with (A) significantly lengthened
or (B) significantly shortened poly(A) tails at 15min following co-treatment of RAW264.7
macrophages with cordycepin (20 µM) and LPS (1 µg/mL) versus DMSO + LPS. Horizontal
stacked bars show, for each enriched canonical pathway, the proportion of pathway molecules
recovered in the dataset; the number to the right of each bar is the total number of molecules
annotated to that pathway in the IPA knowledge base. Red segments indicate upregulated
genes and green segments indicate downregulated genes within each pathway. Generated using
the QIAGEN IPA Stacked Bar Chart tool.
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Table 7.2: IPA Canonical Pathways for Cordycepin-treated lengthened transcripts (15min
CoR/LPS vs DMSO/LPS, p-value filtered)

Pathways z-score Genes from the dataset

SRP-dependent cotranslational

protein targeting to membrane

2.236 RPL23A; SEC11C; SPCS2; SRP14;

SSR4

Role of JAK family kinases in

IL-6-type Cytokine Signaling

— MYC; OSM; STAT5B

Mitochondrial translation — GFM2; MRPL15; MTIF2

p38 MAPK Signaling — IRAK2; MYC; Pla2g5

ERK/MAPK Signaling — MYC; Pla2g5; PPP2R5B; PRKCD

Trafficking and processing of en-

dosomal TLR

— TLR3

Cleavage and Polyadenylation of

Pre-mRNA

— NUDT21

PIP3 activates AKT signaling — AKT1S1; CDKN1B; PPP2R5B

Toll-like Receptor Signaling — IRAK2; TLR3

Role of MAPK Signaling in In-

hibiting the Pathogenesis of In-

fluenza

— CCL2; Pla2g5

Differential Regulation of

Cytokine Production in

Macrophages and T Helper Cells

by IL-17A and IL-17F

— CCL2

PI3K/AKT Signaling — CDKN1B; GDF15; PPP2R5B

Gene and protein expression by

JAK-STAT signaling after IL-12

stimulation

— LCP1

Continued on next page
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Table 7.2 – Continued from previous page

Pathways z-score Genes from the dataset

Transcriptional and post-

translational regulation of MITF-

M expression and activity

— HINT1

Regulation of eIF4 and p70S6K

Signaling

— EIF3M; PPP2R5B

IL-12 Signaling and Production in

Macrophages

— PRKCD; TLR3
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Table 7.3: IPA Canonical Pathways for Cordycepin-treated shortened transcripts (15min
CoR/LPS vs DMSO/LPS, p-value filtered)

Pathways z-score Genes from the dataset

IL-12 Signaling and Production in

Macrophages

0.0 Fcgr2b; IKBKB; JMJD6; LCK;

MAP3K8

Ribosomal Quality Control Sig-

naling Pathway

-2.0 MRPS18A; PSME2; RPL15;

RPL24; UFD1

Processing of Capped Intron-

Containing Pre-mRNA

-3.873 ACIN1; DDX5; DHX15; LSM6;

PAPOLA; POLR2C; POLR2G;

POLR2J; PRP4K; RANBP2;

RBM7; RNPS1; SF3B1; SNRPA;

WTAP

TNFR2 non-canonical NF-kB

pathway

— PSME2; TNFRSF12A; TNFSF12

TNF signaling — IKBKB; OTULIN

NIK–>noncanonical NF-kB sig-

naling

— BTRC; PSME2

Trafficking and processing of en-

dosomal TLR

— CNPY3

Cleavage and Polyadenylation of

Pre-mRNA

— PAPOLA

ERK5 Signaling — MAP3K8; RPS6KA5

Eukaryotic Translation Elonga-

tion

— MRPS18A; RPL15; RPL24

Eukaryotic Translation Termina-

tion

— MRPS18A; RPL15; RPL24

Toll-like Receptor Signaling — IKBKB; MAP4K4

NF-κB Activation by Viruses — IKBKB; LCK

Continued on next page
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Table 7.3 – Continued from previous page

Pathways z-score Genes from the dataset

Gene and protein expression by

JAK-STAT signaling after IL-12

stimulation

— PSME2

PI3K/AKT Signaling — IKBKB; MAP3K8

ERK/MAPK Signaling — MAPKAPK5; RPS6KA5
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7.3 Discussion

At 15 minutes post-treatment, a small number of transcripts showed statistically

significant differences in mRNA abundance between cordycepin+LPS and DMSO+LPS

conditions. Transcripts with relatively higher abundance in cordycepin-treated cells

included Pik3c2a and Mapkbp1, which encode components of the PI3K and MAPK

signalling networks, as well as Dhx29, which encodes a translation-associated DEAH-box

helicase involved in ribosomal scanning through structured 5′ UTRs [234]. Transcripts

with relatively lower abundance included the innate-signalling adaptor Tifa and vesicular-

trafficking components Arrdc1 and Rab29. Notably, the major inflammatory transcripts

induced by LPS at 1 hour—such as Il1b and Tnf—were not yet detectably elevated at

this timepoint, confirming that the inflammatory transcriptional programme had not

yet commenced.

The timing of these changes—15 minutes post-treatment—places them within the

window of established rapid-response effects of cordycepin on PI3K/AKT/mTOR sig-

nalling, which are detectable within approximately 30 minutes [25]. However, the

increased abundance of transcripts encoding PI3K- and MAPK-pathway components

(Pik3c2a, Mapkbp1) presents an apparent paradox: if cordycepin inhibits these path-

ways, why would their component mRNAs accumulate? True transcriptional induction

at 15 minutes is unlikely, as insufficient time has elapsed for the full sequence of sig-

nalling, chromatin remodelling, transcription, RNA processing, and export. A more

parsimonious explanation is that these changes reflect post-transcriptional effects on

mRNA stability. Many signalling-component mRNAs are subject to rapid turnover

via translation-coupled decay mechanisms; when translation is inhibited, such tran-

scripts can be stabilised because ribosome-associated quality-control pathways and

co-translational decay are attenuated [235] [236]. The increased abundance of Dhx29,

which facilitates ribosomal scanning through structured 5′ UTRs, may similarly reflect

stabilisation of a transcript normally turned over in association with translational

activity [234].

Conversely, the selective reductions in Tifa and vesicular-trafficking transcripts (Ar-
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rdc1, Rab29) suggest early perturbation at receptor-proximal innate-signalling and traf-

ficking nodes. TIFA is an adaptor protein that functions in the ALPK1–TIFA–TRAF6

axis to activate NF-κB in response to bacterial metabolites and can amplify innate

immune signalling [237]. ARRDC1 and RAB29 function in endosomal trafficking path-

ways that regulate receptor internalisation and signal termination [200]. Reductions in

these transcripts at 15 minutes could reflect either rapid destabilisation or, alternatively,

their sequestration into translationally repressed complexes such as stress granules or

P-bodies.

At 15 minutes post-LPS, the inflammatory gene-expression programme is already

committed: NF-κB translocates to the nucleus within minutes of TLR4 engagement, and

the downstream transcriptional response is therefore determined well before it becomes

manifest at the mRNA level [238]. The delay between signalling commitment and

detectable transcriptional output reflects the time required for chromatin remodelling at

inflammatory gene promoters, recruitment of transcriptional machinery, and synthesis

and processing of nascent transcripts. Accordingly, the mRNA abundance changes

observed here are best interpreted as very early post-transcriptional alterations—likely

involving differential mRNA stability—rather than products of de novo transcription.

This interpretation could be tested by examining unspliced (nascent) transcript levels

using intronic reads, although the depth of the present dataset may limit statistical

power for individual genes.

The analyses shown above indicate that 15-min co-treatment with cordycepin un-

der LPS elicits a coherent signaling-led, RNA-centric response that affects a specific

group of RNAs at the levels of abundance and polyadenylation. DGE-anchored path-

ways (Fig. 7.2) emphasize PI3K/AKT/mTOR → eIF4/p70S6K and ERK/MAPK

nodes, with innate modules present but largely direction-neutral at this early window.

Global poly(A)-tail distributions are near-identical between conditions (Fig. 7.4), yet

NanopLen detects statistically significant transcript-level tail changes, both shorten-

ing and lengthening (Fig. 7.5). Crucially, DGE does not stratify by tail class at 15

min (Fig. 7.6), and IPA on tail-defined sets highlights translation and RNA-handling

pathways (SRP-dependent co-translational targeting for lengthened tails; inhibition
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of capped-pre-mRNA processing and ribosome-quality control for shortened tails; Fig.

7.7). Together, these observations are compatible with a model in which cordycepin

rapidly reduces growth-factor/PI3K-convergent signaling and cap-dependent initiation

through early effects on RNA abundance and cytoplasmic poly(A) tails, with changes

in nuclear polyadenylation becoming more evident at later times [25] [28] [26].
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Early translation-gatekeeper signature and macrophage context. The tight

clustering of Regulation of eIF4 & p70S6K, p70S6K, and mTOR signaling (Fig. 7.2)

matches systems-level evidence that cordycepin rapidly represses mTORC1 outputs

and reduces TOP-mRNA loading within ≈ 30 min—well inside the sampling window

used here [25]. In macrophages, cordycepin also diminishes NF-κB (p65) nuclear

accumulation and LPS-induced transcription [28] [26], consistent with the presence

(but weak directional predictions) of TAK1/IKK→NF-κB-related terms at 15 min. The

heatmap (Fig. 7.1) places several early movers at the signaling/trafficking interface

(e.g., Pik3c2a, Plcb4, Mapkbp1, Arrdc1, Rab29, Tifa), aligning with receptor-proximal

and PI-lipid control points that feed into PI3K/mTOR and ERK pathways.

Poly(A)-tail behavior at 15 min: global stability with selective shifts. The

ECDF and scatter analyses (Fig. 7.4) show that there is no global shift in tail lengths at

15 min. Nonetheless, the volcano and MA plots (Fig. 7.5) reveal hundreds of significant

transcript-level tail changes (shortening and lengthening), concentrated among lower-

to-moderate abundance transcripts, which is typical of early, heterogeneous remodeling.

The lack of DGE separation by tail class (Fig. 7.6) indicates that abundance changes

have not yet propagated in a tail-class-dependent fashion, as would be expected if

the dominant proximal effect is on translation initiation and signaling rather than on

immediate changes in RNA levels.

What the tail-class IPA adds. Using the signed ∆tail as the effect metric, IPA

assigns biologically specific, time-compatible pathways. For lengthened tails, SRP-

dependent co-translational protein targeting to membrane is the only pathway with

a positive activation z-score, suggesting that a subset of ER-targeted transcripts are

already registering detectable tail-length changes, while other translation-gatekeeper

and innate pathways are present but undirected (Fig. 7.7A). For shortened tails, the

predicted inhibition of processing of capped intron-containing pre-mRNA and of the

ribosomal quality-control pathway (Fig. 7.7B) points to acute pressure on nuclear

mRNA processing and translation-surveillance functions in a subset of transcripts,

consistent with a state in which signaling and translation are being rapidly reset rather

than with established immune transcriptional rewiring.
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Mechanistic integration with cordycepin’s 3′-end biochemistry: an RToC

hypothesis and distinction from general translation inhibitors. The convergence

between the pathways enriched among the earliest RNA changes and the known

pharmacology of cordycepin suggests that an RNA target of cordycepin (RToC) could

lie within this affected transcript set. In this working model, polyadenylation of a

particular RNA is required for efficient signal transduction, such that interference with

tail dynamics reduces pathway output. Importantly, general translation inhibitors

such as cycloheximide typically superinduce immediate-early transcripts and activate

rather than suppress AKT signalling [69] [70] [239]. This demonstrates that ongoing

protein synthesis is not required for signal transduction to proceed. Because cordycepin

nevertheless suppresses PI3K/AKT/mTOR signalling, its mechanism of action is unlikely

to involve blocking translation of any mRNA—whether globally or of a specific target.

Rather, an RToC would function through a non-translational mechanism: it could serve

as a ribonucleoprotein assembly platform that requires poly(A)-binding protein (PABP)

engagement to scaffold signal-transduction complexes, with cordycepin altering the

poly(A) tail and thereby disrupting PABP-dependent assembly [69] [70] [240]. This

model is consistent with the AMPK-independent nature of cordycepin’s effects on

growth-factor signalling [25].

Dynamic incorporation/removal model and library-capture caveat. A

technical constraint of the 15-min libraries is that 3′-end–anchored ONT cDNA workflows

favour RNAs with a free 3′-hydroxyl [163]. RNAs that happen to carry a terminal

3′-deoxyadenosine from cordycepin incorporation will be under-represented at the cDNA

synthesis step and would primarily register as reduced read counts. Biochemically,

cordycepin triphosphate is a potent chain terminator of polyadenylation in biochemical

systems and interferes with 3′-end formation in cells [45]. Kondrashov et al. showed that

cordycepin treatment shortens nuclear and cytoplasmic poly(A) tails and, critically, that

3′- and 5′-end labelling yield similar tail-length distributions, implying that cordycepin-

terminated tails are transient and rare at steady state [19]. In combination with the

present data, the near-equal numbers of tail-shortening and tail-lengthening events are

consistent with a dynamic balance in which cordycepin incorporation and removal shift
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the equilibrium between polyadenylation and deadenylation rather than imposing a

permanent block to either process. PARN, a cap-interacting deadenylase, is inhibited by

terminal cordycepin residues [37]; transient incorporation at the 3′-end could therefore

both protect some tails from PARN-mediated deadenylation and, indirectly, permit

tail lengthening. In this context, the identification of PARN mutation as a cordycepin-

resistance mechanism in Chapter 4 is particularly notable, because it links 3′-end

chemistry directly to cordycepin sensitivity.

Together with the tail-class pathway analyses, which highlight RNA-processing

and signaling components—including PAPOLA (the main poly(A) polymerase) and

NUDT21 (CFIm)—these observations are consistent with early effects of cordycepin

on mRNA 3′-end processing. A parsimonious interpretation is that the earliest anti-

inflammatory effects of cordycepin arise from RNA-mediated, PABP-dependent events

coupled to dynamic tail remodeling [69] [70] [19] [37] [45] [240] [239].

It is likely that the 15-minute incubation used here is not the single optimal

timepoint at which to capture all functionally important changes in RNA abundance

and polyadenylation. The most informative changes may occur earlier or later, and this

experiment samples only one point along that trajectory. Now that candidate RNAs

have been identified, a finer time course around this window should help pinpoint when

the largest abundance and tail-length changes emerge, which will aid both validation

and mechanistic studies. Moreover, because Nanopore-based tail measurements are

noisy for low-abundance RNAs, some genuine poly(A)-tail changes are likely to have

been missed; in particular, RNAs that show strong abundance changes may also undergo

tail remodeling that lies below current detection thresholds.

Although this study nominates RNAs that represent RToC candidates, further work

is required to hone in on the most promising ones. Within the existing dataset, an

obvious next step would be to identify RNAs that change upon LPS treatment but

whose responses are attenuated or reversed by cordycepin, and then to examine whether

these RNAs show distinctive poly(A)-tail behaviour. Motif analysis of their 3′-UTRs

could suggest which RNA-binding proteins participate in their regulation, providing

clues to the underlying mechanism. Given the known effects of cordycepin on signal
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transduction, mRNAs encoding signaling components are among the first candidates for

further investigation, including PIK3C2A, PLCB4, PRKCD, AKT1S1, PPP2R5B, LCK,

MAP3K8, MAP4K4, RPS6KA5, MAP5K4 and MAPKAP5. If some of these mRNAs

contribute to the assembly of signal-transduction complexes, immunoprecipitation of

key signaling machinery could be used to test whether they are physically present in

those complexes in a cordycepin-sensitive manner.

Together, these data support a model in which early cytoplasmic poly(A)-tail

modulation is upstream of, and mechanistically linked to, the restraint of growth-factor

and inflammatory signaling.
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Chapter 8

Discussion

8.1 Overview and Integration of Findings

This thesis set out to elucidate the molecular pharmacokinetics and cellular mecha-

nism of action of cordycepin (3′-deoxyadenosine), with a particular focus on how this

nucleoside analogue and its metabolites modulate inflammatory gene expression and

growth-factor signalling through effects on mRNA 3′-end processing and polyadenyla-

tion. The experimental work spans five interconnected strands: (i) characterisation of

3′-deoxyinosine (3DI) "rescue" pathways that underwrite oral bioavailability (Chapter

3); (ii) haploid piggyBac screening to define genetic determinants of resistance (Chapter

4); (iii) comparative transcriptomics of natural versus synthetic cordycepin preparations

and the ProTide NUC-7738 (Chapter 5); (iv) genome-wide poly(A)-tail remodelling

at 120 minutes (Chapter 6); and (v) early temporal poly(A) dynamics at 15 minutes

(Chapter 7).

Collectively, these datasets converge on a coherent mechanistic model in which

cordycepin acts primarily as an intracellular nucleoside analogue that must be phospho-

rylated by adenosine kinase (ADK) to cordycepin triphosphate (CoTP/3′-dATP) in

order to inhibit cleavage and polyadenylation (CPA). This CPA inhibition selectively

restrains inflammatory and growth-factor signalling. The strong enrichment of ADK

loss-of-function insertions in the haploid screen (Figures 4.13–4.14) provides genetic

validation that ADK-dependent phosphorylation is required for cordycepin’s cellular

effects.
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The central conceptual framework emerging from the work is the "RNA target

of cordycepin" (RToC) hypothesis: suppression of PI3K/Akt/mTOR signalling by

cordycepin is mediated by one or more RNA species whose polyadenylation-dependent

function is cordycepin-sensitive. The RToC is unlikely to require translation to facilitate

signal transduction, because signal transduction is activated, rather than repressed, by

the inhibition of protein synthesis, indicating that signal transduction does not require

ongoing protein synthesis. This distinguishes cordycepin from classical translation

inhibitors such as cycloheximide and anisomycin, which paradoxically activate Akt via

PI3K/PDK1- or NO–sGC–cGKII-dependent pathways rather than suppressing it [69]

[70]. Recent systems pharmacology evidence that cordycepin blocks PI3K/AKT/mTOR

and/or MEK/ERK signalling across diverse cell types without requiring AMPK activa-

tion [25] is particularly constraining: it places the key locus of drug action upstream

of AMPK and favours an RNA-centred mechanism that operates at the level of CPA-

sensitive intermediates.

The sections that follow integrate the main experimental strands around this RToC

framework: first, metabolic activation and 3DI rescue (Section 8.2; Chapter 3); second,

genetic determinants of resistance (Section 8.3; Chapter 4); third, transcriptomic

equivalence of natural and synthetic cordycepin and NUC-7738 (Section 8.4; Chapter

5); fourth, poly(A)-tail remodelling and its pathway selectivity (Section 8.5; Chapters

6–7); and finally, the RToC hypothesis integration and candidate nomination (Section

8.6).

8.2 Metabolic Activation and the 3′-Deoxyinosine Res-

cue Pathway

A longstanding pharmacokinetic limitation of cordycepin is its rapid deamination by

adenosine deaminase (ADA) to 3′-deoxyinosine (3DI), particularly after oral dosing [1]

[5] [6]. The work presented in Chapter 3 directly addresses this challenge by suggesting

that 3DI is not metabolically inert but can support anti-inflammatory activity through

a nucleoside "rescue" pathway that feeds into the active cordycepin nucleotide pool.
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Using siRNA knockdown in A549 epithelial cells and RAW264.7 macrophages, three

candidate routes were tested: (i) direct phosphorylation–amination via NT5C2/ADSS2,

(ii) PNP-mediated 3′-deoxyribose salvage, and (iii) adenine-linked 3′-deoxyribose salvage

via APRT with or without FAMIN/LACC1.

The data support a clear winner among these pathways. APRT knockdown reduced

the antiinflammatory effects of both cordycepin and 3DI in RAW264.7 cells across Acod1

and Il1b readouts (Figure 3.15), demonstrating a requirement for adenine phosphori-

bosyltransferase in generating active 3′-deoxyadenosine nucleotides. FAMIN/LACC1

knockdown produced parallel reductions in macrophages but minimal effects in A549

cells (Figure 3.16), consistent with the function of this enzyme in purine nucleotide

cycling [112] [113]. Enhancement of 3DI responses by adenine co-supplementation in

A549 cells further supports adenine-linked salvage (Figure 3.13), although interpretation

is partly confounded by adenine’s intrinsic antiinflammatory properties [119].

The "ADK paradox" uncovered in these experiments provides particularly informa-

tive mechanistic insight (Figure 3.18 and Figure 3.19). As expected, ADK loss reduced

cordycepin efficacy, reflecting the requirement for phosphorylation to CoTP. However,

partial ADK knockdown enhanced 3DI responses in some readouts. This divergence

suggests that 3DI and cordycepin encounter distinct bottlenecks even when they con-

verge on shared adenine/3′-deoxyribose salvage nodes, and crucially implies that 3DI’s

biological effects cannot be dismissed as simple artefacts of cordycepin contamination in

commercial 3DI stocks. A plausible mechanistic explanation for the increased efficacy

of 3DI observed in certain readouts following ADK knockdown is that the reduction in

adenosine monophosphate (AMP) synthesis caused by decreased ADK activity leads to

an accumulation of AMP precursors, such as adenine. This accumulation may, in turn,

enhance adenine-dependent salvage pathways.

LC–MS characterisation confirmed high purity of both Carbosynth and synthetic

cordycepin stocks but revealed measurable cordycepin contamination in the Santa

Cruz 3DI preparation (Chapter 3, Sections 3.2.8 - 3.2.10). While this contamination

precludes clean potency estimates for "pure 3DI", the knockdown patterns remain

mechanistically informative: ADK effects diverge between cordycepin and 3DI, whereas
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APRT and FAMIN/LACC1 affect both similarly in macrophages. Together, these

data establish that intracellular CoTP levels, and hence cordycepin pharmacology,

are strongly shaped by 3′-deoxyribose-salvage capacity. Interindividual variation in

APRT and FAMIN/LACC1 function is therefore a plausible contributor to variability

in therapeutic responses (pharmacogenomic) and a rational target for optimisation of

cordycepin analogues.

8.3 Genetic Determinants of Cordycepin Resistance:

Three Mechanistic Classes

The haploid piggyBac gene-trap screen in eHAP cells (Chapter 4) provides an unbi-

ased, genome-wide view of the genetic architecture underlying cordycepin sensitivity.

Exploiting the haploid state to expose recessive loss-of-function phenotypes, the screen

infers resistance drivers from enrichment of disruptive insertions in survivors relative

to DMSO controls [138] [139]. The experimental design, including mutagenesis with

hyPBase and suPBase transposases and selection with repeated cordycepin dosing,

is summarised in Figures 4.1–4.5. The resulting data resolve three broad classes of

resistance mechanisms: (i) reduced metabolic activation, (ii) modulation of RNA 3′-end

processing and deadenylation, and (iii) rewiring of mTOR/autophagy/proteostasis

networks.

8.3.1 Class 1: Reduced Metabolic Activation via Nucleoside

Salvage

ADK emerged as the most robust and recurrent determinant of resistance across all

cordycepin doses and both transposase platforms (Figures 4.11–4.14). At 200 µM

cordycepin, ADK accounted for 4.48% of all suPB insertions versus 0.24% in DMSO

controls (Figure 4.12aa), with hyPB showing parallel enrichment (1.28% versus 0.19%;

Figure 4.12bb). The cross-condition heatmap (Figure 4.14) confirms that ADK shows

the most consistent enrichment under cordycepin selection across all experimental

conditions.

These insertions map to nucleoside/nucleotide salvage pathways including "Adenine
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and Adenosine Salvage VI", "Nucleotide salvage", and "Ribavirin ADME" in Ingenuity

Pathway Analysis (Figure 4.15). Within the loss-of-function framework of the screen,

this pattern confirms that cordycepin must be phosphorylated to its nucleotide forms

to exert toxicity and places ADK-dependent metabolism at the apex of the resistance

hierarchy [6] [105]. In addition to serving as a positive control that has been found in

cordycepin resistance screens before [29], these data also strengthen the case that CoTP

is the key active metabolite and anchor the interpretation of downstream pathway

effects.

8.3.2 Class 2: mRNA 3′-End Processing, Deadenylation, and

RNA Turnover

The most mechanistically informative hits beyond ADK involve RNA 3′-end processing

and deadenylation. IPA terms such as "Deadenylation-dependent mRNA decay",

"mRNA 3 Prime End Processing Signaling Pathway", "Inhibition of ARE-Mediated

mRNA Degradation Pathway", and "Processing of Capped Intron-Containing Pre-

mRNA" are driven by genes encoding components of the deadenylase machinery or

closely linked RNA-processing factors (Figures 4.15–4.18), including CNOT6, PARN,

LSM3, RCL1, WDR12, WDR18, INTS3, NUP35, and NUP160. These genes converge

on control of poly(A) tail length, 3′-end formation, and ribosome/tRNA production

[20] [44] [157] [158] [156] [155].

The enrichment of CNOT6 and PARN in the loss-of-function screen is particularly

significant. PARN is a 3′ → 5′ deadenylase whose nuclease activity requires a free

3′-OH on the RNA substrate; terminal cordycepin residues inhibit PARN activity

[37]. The emergence of PARN as a resistance determinant thus provides a direct

genetic link between 3′-end chemistry and cordycepin sensitivity. In the loss-of-function

framework, reducing deadenylation and ARE-mediated mRNA decay may buffer cells

against cordycepin-induced inhibition of polyadenylation by stabilising short-lived,

stress-responsive mRNAs when poly(A) addition is compromised [152] [153] [154]. This

interpretation aligns precisely with cordycepin’s established role as a polyadenylation

inhibitor and indicates that the state of mRNA 3′-end processing modulates drug
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sensitivity.

8.3.3 Class 3: mTOR Signalling, Autophagy, and Proteostasis

The third class of resistance mechanisms involves genes in mTOR signalling, autophagy,

mitophagy, ER–mitochondrial coupling, and ubiquitin-dependent proteostasis. Recur-

rent hits include PPP2R2B, ATG5, VPS41, UBE2D1, CASP8, EDEM3, NEDD4L,

and VPS13D (Figures 4.13–4.14), which collectively point to integrated stress-response

and quality-control pathways that shape survival under cordycepin [127] [128] [129]

[130] [133] [134]. IPA enrichment of terms such as "Macroautophagy", "Mitophagy",

"ER-Mitochondrial Communication Signaling Pathway", "Cellular response to hypoxia",

and "Protein Ubiquitination Pathway" (Figures 4.17–4.18) indicates that changes in

protein synthesis, protein degradation, and mitochondrial function influence survival

when cordycepin inhibits polyadenylation.

It is important to note that while AMPK-related IPA terms appear in the screen

output, the Lawrence et al. (2025) finding that cordycepin blocks PI3K/AKT/mTOR

signalling independently of AMPK activation fundamentally constrains mechanistic

interpretation [25]. The resistance genes in this class are best understood not as com-

ponents of an AMPK-driven pathway, but rather as downstream effectors of mTORC1

inhibition that occurs through cordycepin’s AMPK-independent mechanism. Loss of

autophagy machinery (ATG5), vesicular trafficking components (VPS41, VPS13D), or

proteostasis regulators (UBE2D1, NEDD4L) would reduce the adaptive autophagic

response to mTORC1 inhibition, thereby conferring relative resistance.

Within this framework, the resistance architecture can be viewed as tiered: loss

of ADK prevents formation of toxic nucleotides; loss of deadenylases and processing

factors stabilises key transcripts when poly(A) addition is impaired; and loss of au-

tophagy/mitochondrial regulators reduces the energetic and proteostatic burden when

protein synthesis is curtailed.

8.3.4 LINC03121 as a Candidate RNA Target of Cordycepin

Within the hyPB arm of the screen, the long non-coding RNA LINC03121 (Lnc-

PLA2G4A4) stands out as a striking hit that was not observed in the suPB arm of
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the screen; this apparent specificity may reflect the limited size of the libraries rather

than a true platform-dependent effect. At 200 µM cordycepin, LINC03121 accounts for

approximately 10.86% of insertions versus 0.21% in DMSO controls (Figure 4.12bb).

This marked enrichment indicates that loss-of-function events at this locus confer

a strong survival advantage under drug selection and nominates LINC03121 as an

attractive candidate for the RToC hypothesis.

Given piggyBac’s strong preference for TTAA sites in open chromatin and the

propensity of some lncRNA loci to accumulate insertions, it was important to examine

whether the LINC03121 signal could be explained by trivial structural or genomic

factors [140] [141] [146]. Public RefSeq/NCBI annotation indicates that LINC03121

is a single-exon lincRNA at chromosome 1q31.1 with a genomic span of ≈ 2.3 kb.

This footprint is modest relative to many protein-coding genes and large lncRNA

loci, making it unlikely that the extreme insertion burden simply reflects an unusually

large exonic target for piggyBac. The gene does not reside within a dense cluster of

annotated transposable elements, and 1q31.1 is not a canonical common fragile site.

Taken together, these structural considerations argue against simple explanations as

the primary cause of the high insertion burden at LINC03121.

Independent functional data from the literature strengthen LINC03121’s candidacy.

Xiong and colleagues demonstrated that LINC03121 functions as a competing endoge-

nous RNA (ceRNA) that sponges miR-23b-3p, thereby relieving repression of versican

(VCAN) and promoting p-EGFR/p-AKT signalling in hepatocellular carcinoma [88].

This ceRNA activity places LINC03121 at a mechanistically plausible nodal point to

influence growth-factor signalling in a polyadenylation-dependent manner, and provides

a basis for proposing a point at which cordycepin could disrupt the axis (Figure 8.1).

If cordycepin disrupts LINC03121 polyadenylation or stability, its capacity to support

PI3K/AKT/mTOR signalling would be impaired. Although LINC03121 has been

proposed to act as a competing endogenous RNA (ceRNA) that sponges miR-23b-3p to

promote versican expression and EGFR→AKT signalling [88], this mechanism is unlikely

to account for cordycepin’s effects on signal transduction for two reasons. First, versican

is a large, glycosylated extracellular protein whose synthesis and deposition would be too
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Figure 8.1: Proposed mechanism by which the long non-coding RNA LINC03121 (Lnc-
PLA2G4A-4) supports PI3K/AKT/mTOR signalling, and the proposed point of cordycepin
action. Under normal conditions, polyadenylated and stable LINC03121 acts as a competing
endogenous RNA (ceRNA) that sequesters miR-23b-3p and so relieves miRNA-mediated
repression of versican (VCAN) mRNA. The resulting versican protein activates EGFR signalling,
leading to phosphorylation of AKT and downstream proliferative, migratory and invasive
responses, as demonstrated in hepatocellular carcinoma by Xiong and colleagues [88]. The
proposed cordycepin disruption point (this thesis) is shown at the top of the schematic:
cordycepin (via its triphosphate metabolite CoTP) acts as a chain-terminating substrate for
poly(A) polymerases and disrupts LINC03121 polyadenylation and stability; the resulting
release of miR-23b-3p reimposes repression of VCAN mRNA, lowering versican protein,
p-EGFR and p-AKT, and reducing the associated proliferative, invasive and metastatic
outputs. As discussed in the main text, this ceRNA-based mechanism is unlikely on its own to
account for cordycepin’s rapid effects on signal transduction (because of the slow kinetics of
versican synthesis and the cell-type-restricted expression of versican); a more parsimonious,
polyadenylation-dependent ribonucleoprotein platform model that does not require ongoing
protein synthesis is presented in Figure 8.2. Mechanism schematic adapted from Xiong et al.
[88].
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slow to explain the rapid signalling changes observed [25]. Second, versican expression

is cell-type restricted, whereas cordycepin inhibits PI3K/AKT/mTOR signalling across

all cell types examined.

A more parsimonious model is that LINC03121 functions as a ribonucleoprotein

platform for signal transduction complex assembly. Recent work has established that

poly(A)-binding protein cytoplasmic 1 (PABPC1) can recruit La-related protein 1

(LARP1), which in turn associates with mTORC1 via RAPTOR [11] [12]. Importantly,

the LARP1–PABP interaction is maintained independently of mTORC1 activity, sug-

gesting that PABP serves as a stable anchor for this signalling complex [11]. In this

model, polyadenylation of the RToC enables recruitment of PABPC1, which brings

in LARP1 and mTOR, thereby facilitating AKT activation and phosphorylation of

downstream substrates. Disruption of RToC polyadenylation by cordycepin would

disassemble this signalling platform, leading to reduced PI3K/AKT/mTOR activity

without requiring changes in protein synthesis (Figure 8.2). LINC03121 remains an

excellent candidate RToC under this revised framework, though it may not operate

through the ceRNA mechanism originally proposed.

At first sight, this wiring appears paradoxical in the context of the screen: loss-of-

function in LINC03121 would be expected to reduce VCAN, attenuate EGFR activation

and lower basal p-AKT signalling, which might intuitively be predicted to sensitise

cells to further inhibition by cordycepin rather than to confer resistance. However,

this interpretation neglects pathway dependence and relative fitness under selection.

Wild-type cells with intact LINC03121 are highly reliant on EGFR→AKT→mTOR

activity for growth; acute suppression of this axis by cordycepin therefore represents a

large functional drop and is associated with substantial loss of viability. By contrast,

LINC03121-deficient cells are chronically adapted to a "low EGFR/AKT/mTOR" state.

Their proliferation is already uncoupled, at least in part, from this pathway. In a pooled

competition assay, such clones therefore appear relatively cordycepin resistant, not

because they are drug-insensitive in an absolute sense, but because they lose less fitness

than their high-signalling competitors under identical drug pressure.

Thus, the convergence of (i) strong loss-of-function enrichment of LINC03121 in
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the haploid screen (Figure 4.12bb), (ii) its established role as a positive regulator of

EGFR/AKT/mTOR signalling via a VCAN–EGFR axis, and (iii) genome-wide evidence

that cordycepin perturbs CPA and poly(A)-tail dynamics (Chapters 6–7) provides a

biologically coherent, testable model in which LINC03121 is a leading candidate RToC.
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Figure 8.2: Proposed model for RToC-mediated PI3K/AKT/mTOR signalling platform
assembly and its disruption by cordycepin. (A) Normal signalling conditions. The RNA
Target of Cordycepin (RToC), potentially including LINC03121, undergoes polyadenylation
resulting in a mature poly(A) tail. Poly(A)-binding protein cytoplasmic 1 (PABPC1) binds
the poly(A) tail and recruits PABPC1-interacting protein 1 (PAIP1) and La-related protein
1 (LARP1). LARP1 in turn associates with mTOR complex 1 (mTORC1) via RAPTOR,
forming a ribonucleoprotein signalling platform [11] [12]. This platform facilitates AKT
activation and phosphorylation of downstream substrates, enabling PI3K/AKT/mTOR signal
transduction. Critically, this mechanism does not require the RToC to be translated; rather,
the polyadenylated RNA functions as a structural scaffold for signalling complex assembly.
(B) Cordycepin treatment. Cordycepin is phosphorylated by adenosine kinase (ADK)
to cordycepin triphosphate (CoTP), which acts as a chain-terminating substrate for poly(A)
polymerases, resulting in premature termination and/or shortening of the RToC poly(A) tail.
The truncated poly(A) tail cannot efficiently recruit or retain PABPC1, leading to dissociation
of PAIP1, LARP1, and mTORC1 from the platform. This disassembly suppresses AKT
activation and downstream PI3K/AKT/mTOR signalling independently of any requirement
for ongoing protein synthesis. Abbreviations: RToC, RNA Target of Cordycepin; PABPC1,
poly(A)-binding protein cytoplasmic 1; PAIP1, PABPC1-interacting protein 1; LARP1, La-
related protein 1; mTORC1, mechanistic target of rapamycin complex 1; CoTP, cordycepin
triphosphate; ADK, adenosine kinase.
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8.3.5 SLC26A9 as a Genetic Modifier of Cordycepin Sensitivity

Beyond LINC03121, another striking hit in the hyPB arm of the haploid screen was

SLC26A9, encoding solute carrier family 26 member 9. At 200 µM cordycepin, SLC26A9

accounted for approximately 5.6% of insertions compared with ≈ 0.1% in DMSO

controls, making it the second-strongest loss-of-function hit after LINC03121 (Fig-

ure 4.12bb). SLC26A9 is a multifunctional anion transporter that functions as a Cl-

channel, Cl-/HCO3
- exchanger, or sodium transporter, with high expression in the

stomach, lungs, and kidneys but low expression in normal mammary epithelium [241]

[242].

The emergence of SLC26A9 as a resistance determinant acquires particular mecha-

nistic significance in light of recent work by Ma and colleagues, who demonstrated that

SLC26A9 functions as an oncogene in breast cancer by activating the PI3K/AKT/mTOR

signalling pathway [243]. In their study, SLC26A9 knockdown in MDA-MB-231, MDA-

MB-468, and SKBR3 breast cancer cells significantly reduced phosphorylation of PI3K,

AKT, and mTOR, while SLC26A9 overexpression produced the converse effect. Criti-

cally, the PI3K-specific agonist 740Y-P rescued the proliferative, migratory, and invasive

phenotypes suppressed by SLC26A9 knockdown, establishing a causal link between

SLC26A9 and PI3K/AKT pathway activation [243].

This finding provides a coherent explanation for the enrichment of SLC26A9 loss-of-

function insertions among cordycepin-resistant clones. If SLC26A9 normally promotes

PI3K/AKT/mTOR signalling, then cells lacking functional SLC26A9 would exhibit

constitutively reduced pathway activity—a state that partially mimics, or "pre-adapts"

the cell to, cordycepin’s effects. Under cordycepin treatment, wild-type cells experience

acute suppression of PI3K/AKT/mTOR signalling (whether through the RToC mecha-

nism or other CPA-dependent routes), leading to growth arrest or death. In contrast,

SLC26A9-deficient cells already operate with dampened PI3K/AKT/mTOR output,

reducing the marginal impact of cordycepin-induced signalling suppression and thereby

conferring relative resistance.

It is notable that both SLC26A9 and LINC03121—the two strongest non-ADK

hits in the hyPB screen (Figure 4.12bb)—converge on PI3K/AKT signalling. This
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convergence strengthens the case that suppression of PI3K/AKT/mTOR signalling is a

central, therapeutically relevant consequence of cordycepin action, and supports the

RToC hypothesis by demonstrating that genetic perturbations mimicking cordycepin’s

signalling effects confer resistance to the drug itself.

8.4 Transcriptomic Equivalence of Natural and Syn-

thetic Cordycepin

A persistent concern in cordycepin research has been whether the biological effects

reported for natural (fermentation-derived) preparations could be confounded by co-

purified contaminants, which are remarkably similar across commercial preparations

[162]. The comparative transcriptomics presented in Chapter 5 directly addresses

this concern by demonstrating that natural and synthetic cordycepin produce nearly

identical gene-expression and pathway-level signatures in LPS-stimulated RAW264.7

macrophages.

At 20 µM, both natural and synthetic cordycepin produced closely matched volcano

plots dominated by down-regulation (natural: 373 down/29 up; synthetic: 352 down/17

up at |log2FC| ≥ 1, FDR < 0.05) (Figure 5.4), indicating that the anti-inflammatory

action is intrinsic to cordycepin rather than to co-purified constituents. Hierarchical

clustering on the top 50 most variable genes showed that LPS stimulation induced a

broad increase in inflammatory gene expression, which was largely preserved in the

presence of 3DI (200 µM) but markedly attenuated by natural cordycepin, synthetic

cordycepin, and NUC-7738 (Figure 5.3). The ProTide NUC-7738 at 200 µM generated

a similar but more pronounced inhibitory signature than 3DI (Figure 5.9), consistent

with its design to bypass ADA-mediated deamination and deliver higher intracellular

triphosphate levels [29] [2].

IPA consistently returned negative activation z-scores for PI3K/AKT/mTOR-,

autophagy-, and NF-κB-linked pathways across the active treatments (Figures 5.5–5.6,

5.10–5.11), aligning with earlier studies showing that cordycepin dampens growth-factor

and inflammatory signalling [25] [28]. The recurrent negative direction on pathways
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including IL-6 Signaling, Interferon Signaling, TNFR1/TNFR2, and the Inflammasome

pathway indicates that these features are robust across analytical views rather than

artefacts of any single analysis. The highlighting of "Role of PKR in Interferon Induction

and Antiviral Response" with negative directionality (Figures 5.14–5.15) suggests that

stress- and interferon-associated nodes are integrated within a broader cordycepin

response network, consistent with engagement of translational control mechanisms.

These data resolve a long-standing ambiguity: natural and synthetic cordycepin

are functionally equivalent at the transcriptome level, and the ProTide NUC-7738

reproduces and extends their effects. This strongly supports a model in which in-

tracellular CoTP/3′-dATP is the common active species and rules out fermentation

contaminants as dominant drivers of biological activity. The more extensive pathway

modulation observed with NUC-7738 suggests that delivery-optimised 3′-deoxyadenosine

variants could achieve deeper and earlier pathway control in growth-factor-driven and

inflammatory settings.

8.5 Poly(A)-Tail Remodelling: Mechanism and Selec-

tivity

Chapters 6 and 7 provide a genome-wide view of how cordycepin reshapes the post-

transcriptional landscape via CPA inhibition. Using Oxford Nanopore sequencing with

Dorado basecalling and NanopLen differential length analysis, poly(A)-tail dynamics

were quantified at 120 minutes (Chapter 6) and 15 minutes (Chapter 7) in LPS-treated

RAW264.7 macrophages exposed to cordycepin, NUC-7738 or 3DI.

8.5.1 Global Poly(A)-Tail Shortening at 120 Minutes

At 120 minutes, both cordycepin and NUC-7738 induced rapid, genome-wide shortening

of poly(A) tails. ECDF analysis showed a median shift of 26 nucleotides for NUC-7738

(95% CI -26.9 to -25.6 nt; n = 10,414 genes), with comparable shortening for cordycepin

(Figure 6.4). More than 20% of expressed genes exhibited statistically significant tail

shortening under NUC-7738, whereas 3DI produced a smaller median shift ( -6.9 nt;

95% CI -7.5 to -6.4 nt) with <1% of genes significantly affected (Figure 6.6), in line
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with its indirect reliance on intracellular conversion to cordycepin and the confounding

cordycepin contamination in the 3DI stock.

Across treatments, a graded relationship between tail class and expression emerged:

Shortened < Unchanged < Lengthened for log2 fold-change in mRNA abundance

(Figures 6.8–6.9). Genes with shortened tails showed reduced abundance relative to

those with unchanged tails, whereas the lengthened class showed modest but significant

increases in expression. This pattern, observed for natural cordycepin, synthetic

cordycepin, NUC-7738 and even 3DI, is consistent with a general link between tail

dynamics and transcript fate, even though the 2-hour design cannot fully separate

altered stability from transcriptional effects.

8.5.2 Pathway Selectivity of Tail Remodelling

Stratifying transcripts by tail class revealed striking pathway selectivity (Figures 6.10–

6.12). Shortened-tail transcripts were enriched for innate immune pathways including

TLR4/NFκB/MAPK signalling, inflammasome components, ROS production and an-

tiviral responses. This matches earlier work showing that cordycepin blocks NF-κB

nuclear accumulation and represses LPS-induced genes in RAW264.7 cells and primary

human macrophages within 1 hour [26] [28]. Reduced nuclear throughput of cytokine

transcripts (due to impaired CPA) combined with shortened cytoplasmic tails that

accelerate decay and impair closed-loop formation provides a coherent mechanistic basis

for this anti-inflammatory action.

By contrast, lengthened-tail transcripts were enriched for mitochondrial and metabolic

functions (Figures 6.10–6.12), suggesting selective stabilisation of mRNAs that support

bioenergetics under stress. Seahorse assays in MCF-7 cells (Figure 6.14) confirmed re-

duced proton leak and spare respiratory capacity under cordycepin (Chapter 6, Section

6.5), consistent with an energy-conservation response accompanying translation re-

straint. This dichotomyshortened, depleted inflammatory transcripts versus lengthened,

relatively spared bioenergetic transcripts—represents a coordinated reprogramming

that is not readily explained by a simple global inhibition of polyadenylation.
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8.5.3 Mechanistic Model for Tail Lengthening Under a Chain

Terminator

At first glance, tail lengthening under a chain-terminating substrate such as CoTP seems

paradoxical. Several mechanisms help reconcile this. First, poly(A) polymerases are

highly biased towards ATP, so most incorporated residues remain standard adenosines;

rare CoTP incorporations can be superimposed on net tail growth. Second, termi-

nal cordycepin residues block PARN-mediated deadenylation by removing the 3′-OH

required for exonucleolytic attack [37] [177]. For transcripts that are normal PARN sub-

strates, transient cordycepin incorporation could selectively suppress PARN-mediated

shortening while CCR4–NOT and other deadenylases remain active, yielding apparent

lengthening for transcripts that are predominantly deadenylated by PARN. Third,

cytoplasmic polyadenylation via CPEB-family proteins and TENT polymerases can

add tails to preexisting mRNAs during immune activation [39] [42] [244] [245]; under

LPS stimulation, both nuclear and cytoplasmic polyadenylation proceed, and occasional

CoTP incorporation in either compartment can position a 3′-dA at the terminus while

allowing overall tail extension.

That cordycepin-terminated tails are rare at steady state, as shown by Kondrashov

et al. [19], supports a dynamic balance model in which cordycepin incorporation and

removal shift the equilibrium between polyadenylation and deadenylation rather than

imposing an irreversible block.

8.5.4 The PP6C–GCN2–eIF2α Axis: Linking mTORC1 Inhibi-

tion to the ISR

Pathway enrichment for "Response of EIF2AK4 (GCN2) to amino acid deficiency"

among lengthened-tail transcripts at 120 minutes (Figure 6.10) provides a mechanis-

tic bridge between cordycepin-mediated mTORC1 inhibition and engagement of the

integrated stress response (ISR). Work by Wengrod and colleagues has delineated a

non-canonical pathway in which mTORC1 inhibition activates the protein phosphatase

PP6C, which associates with GCN2 in a PP6-regulatory-subunit complex; PP6C then

dephosphorylates and activates GCN2, enabling it to phosphorylate eIF2α at Ser51 and
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initiate ISR signalling [174] [246]. eIF2α phosphorylation reduces global cap-dependent

translation while selectively enhancing translation of stress-responsive transcripts with

upstream open reading frames (uORFs), including ATF4 [174].

Crucially, Wengrod et al. showed that mTORC1 inhibition does not induce

autophagy in the absence of PP6C, GCN2 or eIF2α phosphorylation [246]. The

PP6C–GCN2–eIF2α axis is therefore a non-canonical but essential arm of mTORC1-

regulated autophagy, operating in parallel with the ULK1/ATG13 pathway 8.3. The

relevance of this axis to cordycepin must be interpreted together with the AMPK-

independence of cordycepin’s effects on PI3K/AKT/mTOR signalling [25]. If cordycepin

does not suppress mTORC1 via the classical AMPK→TSC2/Raptor route, it is more

parsimonious to posit that CPA-dependent RNA functions lie upstream of mTORC1,

with PP6C–GCN2–eIF2α representing a downstream adaptive ISR to mTORC1 inhibi-

tion rather than an initiating event.

This framework explains the enrichment of eIF2 and GCN2-related pathways in the

taillength data (Chapter 6) and is supported by the appearance of ATG5 and other

autophagy genes as resistance hits in the haploid screen (Chapter 4, Figure 4.15): loss

of autophagy machinery would attenuate pro-survival autophagy triggered secondary

to CPA-mediated mTORC1 inhibition.

8.5.5 Early Temporal Dynamics at 15 Minutes

The 15-minute experiments (Chapter 7) were designed to capture proximal consequences

of CPA inhibition before wholesale transcriptional reprogramming. At this early window,

before immediate-early transcriptional pulses (≥ 20 minutes) and TNF/IL-1 peaks (≈

60 minutes [231] [232] [233]), RNA-level differences predominantly reflect changes in

abundance or tail state of pre-existing transcripts rather than de novo transcription.

The heatmap of 51 DGE-prioritised genes (Figure 7.1) shows several features at the

signalling/trafficking interface (Pik3c2a, Plcb4, Mapkbp1, Arrdc1, Rab29, Tifa), aligning

with receptor-proximal and PI-lipid control points that feed into PI3K/mTOR and

ERK pathways.

Global tail distributions showed no net shift at 15 minutes, yet NanopLen detected

hundreds of transcript-level tail changes (shortening and lengthening), enriched among
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Figure 8.3: Canonical and non-canonical mTORC1-mediated regulation of autophagy.
Under conditions of nutrient deprivation, inhibition of mTORC1 permits assembly of the
ULK1–ATG13 scaffold complex, thereby enabling the early nucleation steps required for
autophagosome formation. In parallel, mTORC1 inhibition also leads to activation of the
phosphatase PP6C. Activated PP6C associates with GCN2 in a complex containing a PP6
regulatory subunit, promoting GCN2 dephosphorylation and consequent activation. Activated
GCN2 then phosphorylates eIF2α, which contributes to the induction of autophagy. Adapted
from J. C. Wengrod and L. B. Gardner, “Cellular adaptation to nutrient deprivation: crosstalk
between the mTORC1 and eIF2α signaling pathways and implications for autophagy,” Cell
Cycle, vol. 14, no. 16, pp. 2571–2577, Aug. 2015, doi: 10.1080/15384101.2015.1056947.
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low-to-moderate abundance mRNAs. Importantly, differential expression did not stratify

by tail class at this stage: shortened, unchanged and lengthened sets had similar log2FC

distributions (Figure 7.6). This decoupling implies that poly(A)-tail remodelling is a

primary molecular event, with expression changes propagating in a tail-class-dependent

manner only at later time points.

IPA on the 15-minute data revealed a distinctive "translation-gatekeeper" signature

(Figure 7.2; Table 7.1). Regulation of eIF4 and p70S6K signalling, p70S6K signalling

and mTOR signalling clustered tightly, consistent with evidence that cordycepin rapidly

represses mTORC1 outputs and reduces TOP-mRNA loading within ≈ 30 minutes

[25]. For shortened- tail genes, predicted inhibition of "Processing of Capped Intron-

Containing Pre-mRNA" and "Ribosomal Quality Control Signaling Pathway" indicates

acute pressure on nuclear RNA processing and translation surveillance (Figure 7.7;

Table 7.3); for lengthened-tail genes, "SRP-dependent Cotranslational Protein Targeting

to Membrane" was uniquely positively scored, suggesting selective engagement of co-

translational targeting and ER entry (Figure 7.7; Table 7.2). That these mTOR-related

signatures appear by 15 minutes, ahead of AMPK- driven transcriptional responses,

further supports an AMPK-independent, RNA-centred mechanism in which CPA-

sensitive RNAs sit upstream of growth-factor signalling.

8.6 The RToC Hypothesis: Integration and Candidate

Nomination

The convergence of metabolic, genetic, transcriptomic and tail-length data supports and

refines the RToC hypothesis: cordycepin suppresses PI3K/Akt/mTOR signalling by

disrupting the polyadenylation-dependent function of one or more RNA species. This

hypothesis distinguishes cordycepin from general translation inhibitors on mechanistic

grounds: cycloheximide and anisomycin paradoxically activate Akt [69] [70], whereas

cordycepin consistently represses PI3K/Akt/mTOR signalling (Chapters 5–7). An

RToC would not necessarily need to operate through a canonical translational mecha-

nism; rather, it could function as a structural or regulatory platform whose activity
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depends on proper polyadenylation. In this model, cordycepin-induced alteration of

the poly(A) tail would perturb the polyadenylation state of the platform and may, in

turn, compromise its functional integrity. The finding from Lawrence et al. (2025) that

cordycepin blocks PI3K/AKT/mTOR signalling without requiring AMPK activation

provides an important mechanistic constraint [25]. Because cordycepin suppresses signal

transduction independently of AMPK, the locus of action may operate through an

AMPK-independent mechanism, though it remains possible that the RToC directly

regulates something upstream of both AMPK and PI3K. The nomination of LINC03121

(Lnc-PLA2G4A-4) as a leading candidate RToC integrates three independent lines of

evidence: (i) strong loss-of-function enrichment in the haploid genetic screen (10.86%

versus 0.21% in controls under hyPB at 200 µM cordycepin; Figure 4.12b); (ii) external

evidence that LINC03121 promotes p-EGFR/p-AKT signalling [88] (Figure 8.1); and

(iii) global evidence that cordycepin perturbs CPA and poly(A)-tail dynamics genome-

wide (Chapters 6–7). Although LINC03121 has been proposed to act as a competing

endogenous RNA (ceRNA) that sponges miR-23b-3p to promote versican expression

and EGFR→AKT signalling [88] (Figure 8.1), this mechanism is unlikely to account for

cordycepin’s effects on signal transduction for three reasons. First, versican is a large,

glycosylated extracellular protein whose synthesis and deposition would be too slow to

explain the rapid signalling changes observed. Second, the ceRNA/microRNA sponging

mechanism requires ongoing protein synthesis to manifest its effects, yet cordycepin

suppresses signal transduction independently of protein synthesis [25]. Third, versi-

can expression is cell-type restricted, whereas cordycepin inhibits PI3K/AKT/mTOR

signalling across all cell types examined. A more parsimonious—though still speculative—

model is that LINC03121 could function as a ribonucleoprotein platform for signal

transduction complex assembly. The fact that signal transduction does not require

ongoing protein synthesis makes it plausible that the RToC does not act as a messenger

RNA requiring translation. Rather, polyadenylation of the RToC could enable recruit-

ment of poly(A)-binding protein cytoplasmic 1 (PABPC1), which in turn may bring

in La-related protein 1 (LARP1) and mTOR, thereby facilitating AKT activation and

phosphorylation of downstream substrates [11] [12]. The LARP1–PABP interaction is
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maintained independently of mTORC1 activity, suggesting that PABP could serve as

a stable anchor for such a signalling complex [11]. In this model, disruption of RToC

polyadenylation by cordycepin would disassemble this signalling platform, leading to

reduced PI3K/AKT/mTOR activity without requiring changes in protein synthesis

(Figure 8.2).

It is important to acknowledge, however, that direct evidence for this platform

model is currently lacking. For instance, published CLIP (crosslinking and immunopre-

cipitation) datasets for LARP1 show that LARP1 preferentially binds 5′TOP mRNAs

encoding ribosomal proteins and translation factors [11] [12], and LINC03121 does

not appear among the top LARP1 CLIP targets reported to date. Similarly, analy-

sis of degradome (DEG) datasets has not yet identified LINC03121 as a prominent

LARP1-associated or PABPC1-dependent species. Whether LINC03121 interacts with

PABPC1–LARP1 complexes at levels sufficient to influence mTOR signalling remains an

open question that requires direct experimental testing (e.g. RNA immunoprecipitation

or enhanced CLIP in cordycepin-treated cells). Until such data are available, the

platform model should be regarded as a testable hypothesis rather than an established

mechanism, and LINC03121 as a biologically plausible but unvalidated candidate RToC.

Methods note. The TAILcaller analyses described in this section were conducted

during the thesis revision phase, subsequent to the Viva Voce examination, with the

objective of comparing the current poly(A) tail length and differential expression datasets

with previously published LARP1-associated datasets. TAILcaller is an R package for

analysing differences in poly(A) tail length from Oxford Nanopore RNA sequencing

data [247] (https://github.com/Mordziarz/TAILcaller). It was applied to the same

Dorado-basecalled nanopore cDNA reads used for the NanopLen analyses described

in the Methods chapter and reported in Chapters 6 and 7, with cordycepin+LPS

samples compared against the DMSO+LPS baseline. Per-gene poly(A) tail length

differences were tested using a two-sided Wilcoxon rank-sum test on the per-read tail-

length distributions, and p-values were adjusted for multiple testing by the Benjamini–

Hochberg procedure. TAILcaller is used here as an independent, cross-pipeline check

on the NanopLen results, so that the platform-component effects discussed below can
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be evaluated against two different statistical pipelines applied to the same underlying

nanopore data.

To address the more general question of whether existing LARP1- and PABPC1-

related datasets already constrain a focused version of the platform hypothesis, the 120-

minute poly(A)-tail and differential expression data from this thesis were re-examined

against canonical LARP1/TOP-mRNA gene sets and against the individual components

of the proposed signalling platform. Two independent poly(A)-tail pipelines were

used (NanopLen and TAILcaller), and the canonical TOP set was assembled from all

annotated mouse Rps* /Rpl* ribosomal protein mRNAs together with the classical non-

ribosomal TOP mRNAs reported in published LARP1 CLIP studies (Eef1a1, Eef1b2,

Eef1d, Eef1g, Eef2, Eif3a/e/f/h, Eif4b, Pabpc1, Pabpc4, Fau, Hnrnpa1, Larp1, Nap1l1,

Rack1, Tpt1, Vim) [11] [12].

At the gene-set level, the resulting picture is informative for what cordycepin is not

doing to the LARP1 regulon. At 120 min, TOP/LARP1-target mRNAs as a class are

not preferentially shortened relative to the rest of the transcriptome; rather, they are

relatively protected. In TAILcaller, the median tail log2FC for TOP mRNAs is −0.12

versus −0.35 for non-TOP mRNAs (Mann–Whitney p ≈ 7.4 × 10−57; Kolmogorov–

Smirnov p ≈ 2.6× 10−91; n = 270 TOP, n = 14,621 rest), with a directionally consistent

shift in NanopLen (TOP median −0.23 vs rest −0.33; p ≈ 2.7× 10−2). This pattern

is compatible with LARP1’s established role in stabilising 5′TOP mRNAs at the cap-

proximal end [11] [12], and it argues against a model in which cordycepin acts via

pan-LARP1-target tail destabilisation. Any focused version of the RToC hypothesis

must therefore account for selectivity within the LARP1-target set, not selectivity of

the LARP1-target set.

Within that constraint, the data do offer focused statistical support for a model in

which cordycepin destabilises the tails of individual scaffold and effector components

of the PI3K/AKT/mTOR/translation machinery, rather than acting on every LARP1

cargo. Several named components of the proposed PABPC1–LARP1–mTOR platform

reach high statistical significance in the 120-min poly(A)-tail data (Figure 8.4; Table 8.1).

PABPC1 and EIF4EBP1 each show concordant, highly significant tail shortening in
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both pipelines (PABPC1: log2FC ≈ −0.36, q ≈ 1.1× 10−16 TAILcaller, q ≈ 1.8× 10−18

NanopLen; EIF4EBP1: log2FC ≈ −0.22, q ≈ 2.2× 10−17 TAILcaller, q ≈ 5.1× 10−22

NanopLen). EIF4B and RPS6 are likewise concordant across both pipelines at q < 0.001,

and LARP1 itself shows significant tail shortening in TAILcaller (log2FC ≈ −0.49,

q ≈ 3.4×10−4). Upstream and lateral PI3K/AKT/mTOR regulators including PIK3CB,

AKT1S1 (PRAS40), RPS6KB2, PRKCD and PLCB4 reach significance (q < 0.01) in

at least one pipeline. These signals do not, on their own, prove a causal contribution

to signalling restraint, but they are consistent with the model in Figure 8.2, in which

cordycepin’s CPA inhibition translates into selective tail destabilisation of regulatory

nodes whose own message stability is required to sustain the platform.

This focused reading is supported by three additional observations from the present

datasets. First, at 15 minutes—before widespread tail remodelling has been established—

the canonical TOP/LARP1-target set already shows a small but coordinate, statistically

significant downward shift in mRNA abundance (edgeR; n = 233 TOP, sign-test

p ≈ 7.1× 10−11; Mann–Whitney p ≈ 2.2× 10−4; Kolmogorov–Smirnov p ≈ 2.5× 10−13).

This is precisely the kinetic order anticipated by the rapid TOP-mRNA polysome

redistribution reported by Lawrence et al. within ≈ 20–30 minutes of cordycepin

exposure [25], and it predates the bulk poly(A) effects seen at 120 min. Second, the

tail-shortening effect on PABPC1 and EIF4EBP1—the platform anchor and the key

4E-BP that gates cap-dependent translation downstream of mTORC1—is detected with

effectively identical magnitude and direction in two independent tail-calling pipelines,

reducing the likelihood of a single-pipeline artefact. Third, the sign of the regulator-

level effect is uniformly downward (tail shortening), matching the direction expected if

cordycepin’s CPA inhibition impairs polyadenylation of these specific transcripts.

Importantly, this evidence does not prove the platform model and does not nominate

LINC03121 specifically as the RToC. It does, however, address two of the most pressing

concerns raised in the external examination of this thesis: it provides a comparison

against canonical LARP1-target/CLIP-based gene sets, and it offers a mechanistically

plausible source of selectivity—namely, that cordycepin’s effects converge on a small,

biochemically defined subset of platform regulators rather than on the LARP1 regulon as
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a whole. The platform model should therefore be regarded as a refined and statistically

tractable hypothesis: one in which the locus of selectivity is the regulator-level transcripts

that hold the PABPC1–LARP1–mTOR module together, rather than the bulk pool of

LARP1-bound mRNAs.

Figure 8.4: Cordycepin-induced poly(A) tail shortening of components of the proposed
PABPC1–LARP1–mTOR signalling platform (cf. Figure 8.2) at 120 min in LPS-stimulated
RAW264.7 macrophages. Bars show gene-level log2 fold-changes in median poly(A) tail
length (CoR+LPS vs DMSO+LPS), independently estimated from two pipelines: (left)
TAILcaller; (right) NanopLen. Asterisks denote significance class from the per-gene Benjamini–
Hochberg-adjusted Wilcoxon test (∗q < 0.05, ∗∗q < 0.01, ∗∗∗q < 0.001). Larp1 did not yield
a quantifiable signal in NanopLen (“no data”). Bar colour: red, q < 0.01; orange, q < 0.05;
grey, not significant. Across both pipelines, PABPC1, EIF4B, EIF4EBP1 and RPS6 show
concordant, highly significant tail shortening; LARP1, PIK3CB, AKT1S1, RPS6KB2, PRKCD
and PLCB4 reach significance in at least one pipeline. When TOP/LARP1-target mRNAs
are evaluated as a class, they are relatively protected compared with the bulk transcriptome
(TOP median log2FC ≈ −0.12 vs rest −0.35, TAILcaller; p ≈ 7.4× 10−57), arguing against
a pan-LARP1-target effect and supporting a focused, regulator-level interpretation of the
platform model.

Beyond LINC03121, the early-timepoint analysis (Chapter 7) identified additional

candidate RNAs whose poly(A) tail dynamics may contribute to cordycepin’s effects on

signalling. Within the existing datasets, several mRNAs encoding signalling compo-

nents emerge as candidates for investigation, including PIK3C2A, PLCB4, PRKCD,

AKT1S1, PPP2R5B, LCK, MAP3K8, MAP4K4, RPS6KA5, and MAPKAPK5. The
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Table 8.1: Cordycepin-induced poly(A) tail changes for components of the proposed PABPC1–
LARP1–mTOR signalling platform at 120 min (CoR+LPS vs DMSO+LPS, RAW264.7).
Values are gene-level log2 fold-changes in median poly(A) tail length and Benjamini–Hochberg-
adjusted p-values from the TAILcaller and NanopLen pipelines. Asterisks denote significance
class: ∗ q < 0.05, ∗∗ q < 0.01, ∗∗∗ q < 0.001; “–” indicates no quantifiable signal in that pipeline.
See Figure 8.4 for the corresponding forest plot.

Gene TAILcaller log2FC TAILcaller q NanopLen log2FC NanopLen q

Pabpc1 −0.37 1.1× 10−16 *** −0.36 1.8× 10−18 ***
Larp1 −0.49 3.4× 10−4 *** – –
Eif4b −0.29 4.3× 10−6 *** −0.26 8.1× 10−7 ***
Eif4ebp1 −0.22 2.2× 10−17 *** −0.25 5.1× 10−22 ***
Rps6 −0.12 6.3× 10−30 *** −0.12 2.6× 10−31 ***
Rps6kb2 −0.56 1.1× 10−3 ** −0.66 n.s.
Pik3cb −0.94 4.7× 10−4 *** −0.62 n.s.
Akt1s1 −0.73 1.3× 10−3 ** −1.47 n.s.
Prkcd −0.33 4.4× 10−3 ** −0.92 n.s.
Plcb4 −0.34 n.s. −0.35 2.2× 10−3 **

early-timepoint heatmap (Figure 7.1) places several of these at the signalling/traffick-

ing interface, aligning with receptor-proximal and PI-lipid control points that feed

into PI3K/mTOR pathways. Future work should evaluate these candidates alongside

LINC03121 to determine which RNA species are most directly responsible for cordy-

cepin’s effects on signal transduction. The integrated model emerging from this thesis

can be summarised as follows: (i) Cordycepin is phosphorylated by ADK to CoTP,

which inhibits CPA by acting as a chain-terminating substrate for poly(A) polymerases.

(ii) This CPA inhibition perturbs the polyadenylation, stability or function of a focused

subset of RNAs—in particular, individual scaffold and effector components of the pro-

posed PABPC1–LARP1–mTOR platform such as Pabpc1, Larp1, Eif4b, Eif4ebp1, Rps6

and Pik3cb, and possibly non-coding candidates including LINC03121—whose function

supports efficient PI3K/AKT/mTOR signal transduction (Figure 8.4; Table 8.1), while

the bulk LARP1-target/TOP-mRNA pool is relatively spared. (iii) The resulting sup-

pression of PI3K/AKT/mTOR signalling leads to downstream consequences including

altered autophagy and translational control. (iv) At the transcriptome level, these events

manifest as selective poly(A)-tail shortening and depletion of inflammatory/growth-

factor-linked transcripts, with relative sparing or lengthening of bioenergetic transcripts.
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It remains possible that the RToC has direct effects on additional pathways; the full

mechanism of action will only become clear with further experimental validation.

8.7 Limitations

The key limitations relevant to each conclusion have been noted alongside the conclusions

themselves (Section 8.9). The subsections below provide additional technical detail on

specific methodological constraints and on analyses that could not be completed within

the available timeframe.

8.7.1 Technical Limitations of siRNA and Genetic Approaches

In Chapter 3, siRNA knockdowns were validated at the transcript level but not uniformly

at the protein level. Residual protein may persist, such that negative or partial

phenotypes could reflect incomplete depletion rather than true absence of pathway

involvement. In addition, cordycepin contamination in the 3DI stock means that potency

estimates for 3DI cannot cleanly separate pure 3DI effects from those of co-delivered

cordycepin.

The piggyBac haploid screen (Chapter 4), though yielding tens of thousands of

unique insertions per condition (Figures 4.8–4.10), was far from saturation (piggyBac

recognises 20 million TTAA motifs in the human genome). piggyBac’s strong bias

for TTAA sites in accessible chromatin and the architecture of some lncRNA loci can

inflate insertion counts at specific positions, and these biases informed the conservative

interpretation that emphasised cross-condition recurrence (e.g. ADK; Figure 4.14) over

single-condition spikes.

For LINC03121 specifically, these general concerns about TTAA density and chro-

matin accessibility remain relevant, but the locus-level analysis performed here reduces

the likelihood that the signal is purely technical. LINC03121 is a compact (≈ 2.3 kb),

single-exon lincRNA that does not sit in an obvious transposon-rich cluster or canonical

fragile site. There is therefore no simple structural explanation for its extreme insertion

burden, although only targeted mapping of TTAA sites and chromatin accessibility

in this region would fully exhaust technical possibilities. Until functional experiments
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are completed, LINC03121 should be viewed as a high-priority, biologically plausible

candidate rather than a definitively established RToC.

8.7.2 Technical Limitations of Poly(A)-Tail Analysis

The nanopore tail-calling workflow (Chapters 6–7) relies on 3′-OH-dependent ligation.

RNAs terminating in cordycepin (3′-deoxyadenosine) are predicted to be refractory

to ligation and thus under-represented. Molecules with the most severely affected

tails may therefore be missed in the poly(A) tail analysis; however, such transcripts

should nevertheless appear as changed in the differential expression analysis, since

their altered abundance would still be detected by read counting. This consideration

may explain the apparent correlation between abundance changes and poly(A) tail

changes observed in the data: transcripts with cordycepin-terminated tails that escape

poly(A) quantification would still register as differentially expressed. Short-read datasets

from the de Moor laboratory show concordant patterns [25] [27], arguing that fully

cordycepin-terminated tails are rare at 120 minutes, but it remains possible that some

genuine tail changes fall below detection thresholds, particularly for low-abundance

transcripts where nanopore-derived tail estimates are intrinsically noisy [163]. A direct

comparison between the nanopore and short-read datasets should resolve this issue

and is an important direction for future analysis. IPA activation z-scores provide

directional predictions rather than quantitative effect sizes; pathway calls (for example

ISR or stress-granule signatures) should be treated as hypotheses requiring experimental

validation. The 2-hour design makes it difficult to separate tail changes caused directly

by cordycepin incorporation from those secondary to transcription-rate changes; the

15-minute experiments (Chapter 7) were designed to enrich for more direct effects.

8.7.3 Dosing and Concentration Considerations

Dosing was intentionally non-equipotent across compounds: cordycepin was examined

at 20 µM, whereas NUC-7738 and 3DI were used at 200 µM (Chapters 5–7). These

choices were guided by prior RT-qPCR and pharmacological data to give informative

dynamic range rather than to allow strict potency ranking across all molecules. The

Seahorse mitochondrial function validation used MCF-7 rather than macrophages,
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reflecting assay-related technical limitations in dual-induction systems (cordycepin →

LPS); mitochondrial findings should therefore be considered supportive rather than

definitive for RAW264.7.

8.7.4 Limitations Related to eIF2α Phosphorylation

While IPA enrichment of GCN2 and eIF2 signalling pathways (Figure 6.10a) was

observed, the role of eIF2α phosphorylation in cordycepin’s mechanism of action has

been directly investigated previously. Wong et al. (2010) demonstrated that cordycepin

inhibits protein synthesis and cell adhesion through effects on signal transduction,

and directly tested the contribution of eIF2α phosphorylation to these effects [46]. As

discussed in Section 8.5.4, engagement of the PP6C–GCN2–eIF2α axis is best understood

as a downstream consequence of PI3K/AKT/mTOR inhibition rather than a primary

mechanism. Accordingly, further validation of this axis was not prioritised, as it is

unlikely to contribute to identifying the proximal target of cordycepin action.

8.7.5 Scope for Further Analysis

Several analyses that would have strengthened the mechanistic conclusions of this thesis

could not be completed within the available timeframe:

First, distinguishing transcriptional from post-transcriptional effects at both 2 hours

and 15 minutes could be achieved by analysing changes in unspliced RNA as a proxy

for newly transcribed species. This would clarify which poly(A) tail changes reflect

direct effects of cordycepin on polyadenylation versus secondary consequences of altered

transcription rates.

Second, systematic analysis of the poly(A) data for non-coding RNAs was not

performed. Given the hypothesis that the RToC may be a non-coding RNA, dedicated

analysis of lncRNA poly(A) tail dynamics under cordycepin treatment would be highly

informative. The current analysis focused primarily on protein-coding transcripts, and

extending this to the non-coding transcriptome represents an important future direction.

It should be noted that LINC03121, the leading RToC candidate identified in the

haploid screen (Chapter 4), could not be assessed in the NanopLen analysis because

the poly(A) tail experiments were conducted in RAW264.7 cells (mouse macrophages),
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whereas LINC03121 is a human lncRNA identified in eHAP cells (human haploid cell

line). LINC03121 is not expressed in mouse cells and therefore would not appear in

the RAW264.7 datasets. Future poly(A) tail studies in human cell lines, or targeted

analysis in eHAP cells, would be required to assess whether LINC03121 poly(A) tail

dynamics are affected by cordycepin treatment.

8.8 Future Directions

8.8.1 Validation of RToC Candidates

The highest-priority future work is direct testing of candidate RToC species identified in

this thesis. LINC03121 emerges as a leading candidate from the haploid screen (Chapter

4), while the 15-minute poly(A) tail analysis (Chapter 7) identified additional candidates

including mRNAs encoding signalling components such as PIK3C2A, PLCB4, PRKCD,

AKT1S1, PPP2R5B, LCK, MAP3K8, MAP4K4, RPS6KA5, and MAPKAPK5. Future

validation should address multiple candidates in parallel rather than focusing exclusively

on LINC03121. An obvious and important future experiment is to conduct a larger

haploid screen with greater library complexity, which would provide increased statistical

power to confirm LINC03121 and potentially identify additional RToC candidates that

were missed due to incomplete saturation in the current screen. Importantly, LINC03121

poly(A) tail dynamics could not be assessed in the current NanopLen datasets because

the poly(A) tail experiments were conducted in RAW264.7 cells (mouse macrophages),

whereas LINC03121 is a human lncRNA that is not expressed in mouse cells. Future

poly(A) tail analysis in human cell lines—ideally in eHAP cells where LINC03121 was

identified as a resistance determinant, or in other human cell types where cordycepin’s

effects have been characterised—would be essential to determine whether LINC03121

poly(A) tail length is affected by cordycepin treatment. Key experiments for validating

RToC candidates include: (i) Loss-of-function tests: CRISPR knockout or CRISPRi

knockdown to test whether loss phenocopies cordycepin’s effects on PI3K/Akt/mTOR

signalling. (ii) Poly(A)-tail assays: Measurement of candidate RNA tail lengths under

cordycepin, NUC-7738 and 3DI treatment, using targeted nanopore sequencing, PAT-

based assays, or Northern blotting approaches. For LINC03121, these experiments
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must be performed in human cells. (iii) Rescue experiments: Ectopic expression of

candidate RNA variants engineered to be resistant to CPA defects to test whether they

can restore Akt signalling in cordycepin-treated cells. (iv) Physical interaction mapping:

RNA immunoprecipitation or crosslinking approaches to determine whether candidate

RNAs associate with components of the PABPC1-LARP1-mTOR signalling platform

in a cordycepin-sensitive manner.

8.8.2 Metabolic Tracing and Pathway Validation

The findings regarding nucleoside rescue pathways (Chapter 3) would benefit from: (i)

tracer metabolomics using [U-¹³C]adenine or isotopically labelled 3DI/3′-deoxyribose

to quantify flux into 3′-dAMP/3′-dATP/CoTP pools; (ii) systematic verification of

protein depletion for all siRNA targets via immunoblotting; (iii) replication of key

functional datasets using verified pure 3DI to remove contamination confounds; and

(iv) orthogonal validation of the FAMIN/APRT axis using cDNA rescue in knockdown

or knockout backgrounds. These experiments would clarify whether 3DI functions as a

true pro-drug or whether nucleoside rescue pathways are required for full cordycepin

activity through other mechanisms.

8.8.3 Temporal Resolution and RToC Identification

A finer time course around the 15-minute window (Chapter 7) would better resolve

when the largest abundance and tail-length changes emerge. Within existing datasets,

an immediate next step is to identify transcripts whose LPS-induced responses are

attenuated or reversed by cordycepin, then ask whether they exhibit distinctive poly(A)-

tail behaviour. This comparative analysis—contrasting LPS alone versus cordycepin plus

LPS—would identify transcripts whose poly(A) dynamics are specifically cordycepin-

sensitive rather than representing general stress responses. Motif analysis of the 3′-UTRs

of cordycepin-sensitive transcripts could nominate RNA-binding proteins involved in

their regulation. Comparisons with Illumina RNA-seq datasets under similar conditions

could also identify transcripts that disappear from poly(A)-selected libraries due to

blocked tails, providing further candidates for RToC-linked intermediates. Additionally,

systematic analysis of non-coding RNA poly(A) tail dynamics—which was not performed
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in the current study—represents an important future direction given the hypothesis

that the RToC may be a non-coding RNA.

8.8.4 Phosphoproteomic Integration

To fully integrate pathway-level hypotheses with signalling dynamics, time-resolved

phosphoproteomics under cordycepin, NUC-7738 and 3DI would measure changes

in PI3K/Akt/mTOR and MEK/ERK activity and could uncover novel cordycepin-

sensitive substrates. Such experiments would provide direct biochemical validation of

the signalling changes inferred from transcriptomic and poly(A) tail data.

8.8.5 Translational Applications

The clinical development of NUC-7738 provides a practical opportunity to test whether

the mechanisms outlined here translate to human tumours. Analyses of patient biopsies

for poly(A)-tail signatures, candidate RToC expression (including LINC03121 and

other candidates), and pathway biomarkers (PI3K/Akt/mTOR) could validate the in

vivo relevance of the RToC model. Identification of APRT and FAMIN/LACC1 as

determinants of cordycepin efficacy (Chapter 3) suggests that germline variation in

these enzymes could shape therapeutic response, motivating pharmacogenomic studies.

Combined, these translational strands could guide rational combination strategies and

patient stratification in cordycepin- or NUC-7738-based regimens.

8.9 Conclusions

This thesis provides an integrated mechanistic framework linking cordycepin pharma-

cokinetics and nucleoside metabolism to RNA 3′-end processing, poly(A)-tail dynamics

and growth-factor signalling restraint. The key conclusions are:

1. Nucleoside rescue pathways are necessary for full cordycepin activity.

3′-Deoxyinosine (3DI), the major circulating metabolite of cordycepin after oral

dosing, can support anti-inflammatory activity via adenine-linked 3′-deoxyribose

salvage requiring APRT and, in macrophages, FAMIN/LACC1 (Chapter 3; Fig-

ures 3.14–3.17). These findings indicate that nucleoside rescue pathways contribute
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to cordycepin’s efficacy, with implications for understanding the pharmacokinetics

of orally administered cordycepin. Limitation: siRNA knockdowns were validated

at the transcript level but not uniformly at the protein level; residual protein may

mask pathway involvement. Additionally, measurable cordycepin contamination

in the Santa Cruz 3DI preparation means that potency estimates for “pure 3DI”

cannot cleanly separate 3DI-specific effects from co-delivered cordycepin.

2. Stratified resistance architecture. Haploid piggyBac screening defines three

mechanistic classes of resistance: reduced metabolic activation (ADK), modulation

of RNA 3′-end processing (CNOT6, PARN and related factors) and rewiring of

mTOR/autophagy/proteostasis networks (Chapter 4; Figures 4.11–4.18). This

stratified architecture highlights nucleoside metabolism, poly(A) RNA biology

and mTOR-linked cellular homeostasis as coordinated determinants of cordycepin

sensitivity. Limitation: the screen was far from saturation (≈20 million possible

TTAA sites in the genome), and piggyBac’s bias for TTAA sites in accessible

chromatin can inflate insertion counts at specific loci; the interpretation therefore

emphasises cross-condition recurrence (e.g. ADK) rather than single-condition

enrichment.

3. Candidate RToC species identified. The extreme enrichment of LINC03121

loss-of-function insertions in cordycepin-resistant clones (10.86% vs 0.21%), com-

bined with its established role in promoting Akt signalling and the absence of

obvious structural artefacts at its genomic locus, nominates this lncRNA as a bio-

logically credible candidate RNA target of cordycepin (Chapter 4; Figure 4.12bb).

Additionally, the 15-minute poly(A) tail analysis identified mRNAs encoding

signalling components (including PIK3C2A, AKT1S1, MAP3K8, and others) as

candidates whose early poly(A) dynamics may contribute to cordycepin’s effects.

These candidates require experimental validation to determine which RNA species

are most directly responsible for cordycepin’s mechanism of action. Limitation:

LINC03121 appeared only in the hyPB arm and at a single dose; this specificity

may reflect limited library complexity rather than a genuine platform-dependent
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effect. Additionally, LINC03121 poly(A) tail dynamics could not be assessed in

the NanopLen analysis because the poly(A) experiments were conducted in mouse

RAW264.7 cells, whereas LINC03121 is a human-specific lncRNA.

4. Equivalence of natural and synthetic cordycepin and convergence on

CoTP. Natural and synthetic cordycepin produce virtually identical transcrip-

tomic signatures, excluding fermentation contaminants as dominant drivers of

activity (Chapter 5; Figures 5.3–5.4). NUC-7738 reproduces and extends these

effects at higher effective triphosphate exposure (Figures 5.9–5.11), collectively

supporting intracellular CoTP/3′-dATP as the shared active metabolite. Lim-

itation: dosing was intentionally non-equipotent (cordycepin at 20 µM versus

NUC-7738 and 3DI at 200 µM), chosen for informative dynamic range rather

than strict potency ranking; direct quantitative comparisons of potency across

molecules are therefore not possible from these data.

5. Selective poly(A)-tail remodelling as a central mechanism. Cordycepin

and NUC-7738 induce rapid, genome-wide poly(A)-tail shortening with pro-

nounced selectivity: inflammatory and growth-factor-linked transcripts show tail

shortening and reduced abundance, whereas mitochondrial and metabolic tran-

scripts show tail lengthening for transcripts that are predominantly deadenylated

by PARN, and similar gene expression effects are suggested by platforms with

and without a requirement for 3′ hydroxyl groups (Chapter 6; Figures 6.4–6.12).

Early-timepoint data indicate that tail remodelling precedes expression changes

(Chapter 7; Figure 7.6), supporting a model in which interference with CPA and

poly(A)-tail homeostasis is a proximal event in signalling restraint. Limitation:

the nanopore poly(A)-tail workflow relies on 3′-OH-dependent adapter ligation;

RNAs terminating in cordycepin are therefore predicted to be refractory to liga-

tion and under-represented, meaning that the most severely affected tails may

escape measurement. Additionally, the 2-hour timeframe makes it difficult to

fully separate tail changes caused directly by cordycepin incorporation from those

secondary to altered transcription rates.
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6. Central role of PI3K/Akt/mTOR signalling. The data presented in this

thesis support the literature establishing PI3K/Akt/mTOR as a central target of

cordycepin action [25]. Cordycepin suppresses this pathway across diverse cell

types, and the RToC hypothesis provides a mechanistic framework linking CPA

inhibition to signalling suppression. The proposed model—in which polyadeny-

lation of specific RNA species enables assembly of a PABPC1-LARP1-mTOR

signalling platform that is disrupted by cordycepin—offers a testable mechanism

that does not require ongoing protein synthesis, consistent with the observation

that signal transduction proceeds independently of translation. Re-analysis of the

120-minute poly(A) datasets against canonical LARP1/TOP-mRNA reference

sets provides focused, statistically supported evidence for this refined hypoth-

esis: several individual platform components, including Pabpc1, Larp1, Eif4b,

Eif4ebp1, Rps6 and Pik3cb, undergo concordant, highly significant tail shortening

under cordycepin in two independent pipelines (Figure 8.4; Table 8.1), whereas

the LARP1-target/TOP-mRNA pool as a whole is relatively spared. The plat-

form model should therefore be read as a refined, regulator-focused hypothesis

rather than a pan-LARP1-target effect. Limitation: while the proposed PABPC1–

LARP1–mTOR platform model is consistent with available data, the evidence

for a direct physical link between RToC polyadenylation and PI3K/Akt/mTOR

complex assembly remains correlative; direct biochemical or structural validation

(e.g. RNA immunoprecipitation, crosslinking) has not been performed.

Taken together, these findings support the RToC hypothesis: cordycepin restrains

PI3K/Akt/mTOR signalling by disrupting the polyadenylation-dependent function of

specific RNA species, with LINC03121 and several signalling-related mRNAs emerging

as candidates for future validation. This work provides a mechanistic bridge from cordy-

cepin’s pharmacokinetics and metabolic activation to its effects on mRNA processing

and growth-factor signalling, while nominating RNA targets for future experimental

validation and translational exploitation. It remains possible that the RToC has direct

effects on additional pathways; the full mechanism of action will only become clear with

further experimental work.
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Appendix A

List of Abbreviations

The table below lists the recurring abbreviations used throughout Chapters 1–8.

Abbreviation Meaning

3DI 3′-deoxyinosine
3′-dAMP 3′-deoxyadenosine monophosphate
3′-dATP 3′-deoxyadenosine triphosphate
4E-BP1 eukaryotic translation initiation factor 4E-binding protein 1
A549 Human lung adenocarcinoma epithelial cell line
ADA Adenosine deaminase
ADK Adenosine kinase
ADME Absorption, distribution, metabolism and excretion
ADSL Adenylosuccinate lyase
ADSS2 Adenylosuccinate synthetase 2
AKT Protein kinase B
AMP Adenosine monophosphate
AMPK AMP-activated protein kinase
APA Alternative polyadenylation
APRT Adenine phosphoribosyltransferase
ARE AU-rich element
ASM Airway smooth muscle
ATP Adenosine triphosphate
AUC Area under the curve
BAM Binary Alignment/Map format
BH Benjamini-Hochberg
CAB Centre for Analytical Bioscience
Caco-2 Human colorectal adenocarcinoma epithelial cell line
cDNA Complementary DNA
CCR4-NOT Major cytoplasmic deadenylase complex
CFIm Cleavage factor I mammalian
cGKII cGMP-dependent protein kinase II
cGMP Cyclic guanosine monophosphate
CoMP Cordycepin monophosphate
CoR Cordycepin
CoTP Cordycepin triphosphate
CPA Cleavage and polyadenylation
CPEB Cytoplasmic polyadenylation element-binding protein
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Abbreviation Meaning

CPSF Cleavage and polyadenylation specificity factor
CstF Cleavage stimulation factor
DCP1/DCP2 Decapping proteins 1 and 2
DE Differential expression
DEG Differentially expressed gene
DGE Differential gene expression
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DTT Dithiothreitol
ECDF Empirical cumulative distribution function
eHAP Engineered haploid human cell line derived from HAP1
EGF Epidermal growth factor
EHNA Erythro-9-(2-hydroxy-3-nonyl)adenine
ENT1 Equilibrative nucleoside transporter 1
ENT2 Equilibrative nucleoside transporter 2
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
FaSSGF Fasted-state simulated gastric fluid
FaSSIF Fasted-state simulated intestinal fluid
FAMIN/LACC1 Fatty acid metabolism-immunity nexus / laccase domain-containing 1
FBS Foetal bovine serum
FDR False discovery rate
FeSSIF Fed-state simulated intestinal fluid
GC Guanine-cytosine
GCN2 General control nonderepressible 2 kinase
GLM Generalized linear model
GTF Gene Transfer Format
HAP1 Human haploid cell line
hENT1 Human equilibrative nucleoside transporter 1
HILIC Hydrophilic interaction liquid chromatography
HINT1 Histidine triad nucleotide-binding protein 1
HPC High-performance computing
HPLC High-performance liquid chromatography
HPRT Hypoxanthine phosphoribosyltransferase
HTCondor High-throughput computing workload manager
hyPB Hyperactive piggyBac transposase
IFN Interferon
IGF-1 Insulin-like growth factor 1
IL Interleukin
IPA Ingenuity Pathway Analysis
IR Inverted repeat
ISR Integrated stress response
ITR Inverted terminal repeat
LARP1 La-related protein 1
LAST Local Alignment Search Tool
LC-MS Liquid chromatography-mass spectrometry
LC-MS/MS Liquid chromatography-tandem mass spectrometry
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Abbreviation Meaning

LMM Linear mixed-effects model
lncRNA Long non-coding RNA
LoF Loss of function
LPS Lipopolysaccharide
MA Log ratio versus mean average abundance plot
MAPK Mitogen-activated protein kinase
MAPQ Mapping quality
MCF-7 Human breast adenocarcinoma cell line
MEK Mitogen-activated protein kinase kinase
mRNA Messenger RNA
mRNP Messenger ribonucleoprotein
MS Mass spectrometry
MTAP Methylthioadenosine phosphorylase
mTOR Mechanistic target of rapamycin
mTORC1 Mechanistic target of rapamycin complex 1
mTORC2 Mechanistic target of rapamycin complex 2
NBTI Nitrobenzylthioinosine
NF-κB Nuclear factor kappa B
NO Nitric oxide
NT5C2 Cytosolic 5′-nucleotidase II
NUC NUC-7738
NUC-7738 Phosphoramidate ProTide form of cordycepin
OCR Oxygen consumption rate
ONT Oxford Nanopore Technologies
PABP Poly(A)-binding protein
PABPC1 Poly(A)-binding protein cytoplasmic 1
PABPN1 Poly(A)-binding protein nuclear 1
PAIP1 PABP-interacting protein 1
PAP Poly(A) polymerase
PARN Poly(A)-specific ribonuclease
PAS Polyadenylation site
PB piggyBac transposon system
PBS Phosphate-buffered saline
PCR Polymerase chain reaction
PDGF Platelet-derived growth factor
PDK1 Phosphoinositide-dependent kinase 1
PGM2 Phosphopentomutase 2
PH Pleckstrin homology
PI3K Phosphoinositide 3-kinase
PIP2 Phosphatidylinositol 4,5-bisphosphate
PIP3 Phosphatidylinositol 3,4,5-trisphosphate
PKR Protein kinase R
PNP Purine nucleoside phosphorylase
POD5 Oxford Nanopore raw signal file format
poly(A) Polyadenosine
PRPP Phosphoribosyl pyrophosphate
PRPS1 Phosphoribosyl pyrophosphate synthetase 1
ProTide Phosphoramidate prodrug technology

Continued on next page
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Abbreviation Meaning

QC Quality control
qPCR Quantitative polymerase chain reaction
Q-Exactive Thermo Q-Exactive Orbitrap mass spectrometer
RAF RAF kinase family
RAW264.7 Murine macrophage cell line
RIN RNA integrity number
RNA Ribonucleic acid
RNA-Seq RNA sequencing
RNAPII RNA polymerase II
RToC RNA target of cordycepin
RTK Receptor tyrosine kinase
RT-qPCR Reverse transcription quantitative polymerase chain reaction
SEM Standard error of the mean
siRNA Small interfering RNA
suPB Super piggyBac transposase
Synth CoR Synthetic cordycepin
T75 75 cm2 tissue culture flask
TLR4 Toll-like receptor 4
TMM Trimmed mean of M-values
TNF Tumour necrosis factor
TNFR1 Tumour necrosis factor receptor 1
TNFR2 Tumour necrosis factor receptor 2
TOP Terminal oligopyrimidine
TTAA piggyBac target tetranucleotide insertion site
uORF Upstream open reading frame
UTR Untranslated region
XIC Extracted ion chromatogram
ZIC-pHILIC Zwitterionic hydrophilic interaction liquid chromatography
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Appendix B

Bioinformatics Scripts and Code

B.1 Quality Control Scripts
Listing B.1 shows the LongQC execution script used for quality control of FASTQ files
from the 18-sample sequencing experiment.

1 #!/bin/bash
2

3 # Activate conda environment
4 eval "$(conda shell.bash hook)"
5 source ~/. bashrc
6 conda activate longqc
7

8 # Define input files and output directory
9 # Array of input FASTQ files for 18 samples (6 conditions x 3

replicates)
10 INPUT_FILES =(
11 "/users/paxak6/RAW264_18samples_120min/

P1_and_P2_Pooled_Concatenated_Fastq/barcode02/DMSO_LPS_1.fastq
.gz"

12 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode08/DMSO_LPS_2.fastq
.gz"

13 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode14/DMSO_LPS_3.fastq
.gz"

14 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode03 /3 DI_LPS_1.fastq.
gz"

15 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode09 /3 DI_LPS_2.fastq.
gz"

16 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode15 /3 DI_LPS_3.fastq.
gz"

17 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode04/Synth_CoR_LPS_1.
fastq.gz"

18 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode10/Synth_CoR_LPS_2.
fastq.gz"
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19 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode16/Synth_CoR_LPS_3.
fastq.gz"

20 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode05/NUC_LPS_1.fastq.
gz"

21 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode11/NUC_LPS_2.fastq.
gz"

22 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode17/NUC_LPS_3.fastq.
gz"

23 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode06/CoR_LPS_1.fastq.
gz"

24 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode12/CoR_LPS_2.fastq.
gz"

25 "/users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode18/CoR_LPS_3.fastq.
gz"

26 )
27 # Directory to store LongQC output
28 OUTPUT_DIR="/users/paxak6/RAW264_18samples_120min/

LongQC_output_18samples_120min"
29

30 # Create output directory if it doesn ’t exist
31 mkdir -p "$OUTPUT_DIR"
32

33 # Check if all input files are readable
34 for input_file in "${INPUT_FILES[@]}"; do
35 if [ ! -r "$input_file" ]; then
36 echo "Error: Cannot read input file $input_file. Please

check file permissions."
37 exit 1
38 fi
39 done
40

41 # Run LongQC for each input file
42 for input_file in "${INPUT_FILES[@]}"; do
43 # Extract sample name from input file path
44 sample_name=$(basename "$input_file" .fastq.gz)
45 echo "Processing $sample_name"
46

47 # Run LongQC command
48 python /users/paxak6/LongQC/longQC.py sampleqc \
49 -x ont -rapid \
50 -o "$OUTPUT_DIR/$sample_name" \
51 "$input_file"
52

53 # Check if LongQC ran successfully
54 if [ $? -eq 0 ]; then
55 echo "LongQC completed successfully for $sample_name"
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56 else
57 echo "LongQC encountered an error for $sample_name"
58 exit 1 # Exit the script if an error occurs
59 fi
60 done
61

62 echo "All samples processed successfully"

Listing B.1: LongQC Execution Script

B.2 Haploid Genetic Screening Scripts
Listing B.2 demonstrates the multi-step filtering approach used to identify the best
alignment hit for each read during the haploid genetic screening analysis.

1 # Extract alignment information and identify best hit per read
2 cut -f7 ,8,9,10,13 alignments.tsv | \
3 awk ’BEGIN{FS="\t";OFS="\t"}{ print $5,$2,$3,$4,$1}’ | \
4 sort -g -k1 ,1 | nl | sort -k6 ,6 -k1 ,1n | uniq -f5

Listing B.2: multi-step filtering approach for alignments.tsv file

Listing B.3 shows the minimap2 configuration and parameters used for mapping
filtered reads to the GRCh38 reference genome.

1 minimap2 -ax map -ont --secondary=no -t 4 reference.fa reads.fq.
gz | \

2 samtools view -h -b -q 10 | \
3 samtools sort > mapped.bam
4

5 # Key mapping parameters included:
6 # - Preset: -ax map -ont (optimized for Oxford Nanopore reads)
7 # - Secondary alignments: suppressed (--secondary=no)
8 # - Minimum mapping quality (MAPQ): 10
9 # - Threads: 4

Listing B.3: Minimap2 setting

B.3 RNA Sequencing Analysis Scripts
Listing B.4 presents the IsoQuant script used for gene quantification from long-read
RNA sequencing data across all 18 samples.

1 #!/bin/bash
2

3 # Initialize conda
4 eval "$(conda shell.bash hook)"
5

6 # Activate conda environment
7 source ~/. bashrc
8 conda activate isoquant
9

10 # Check IsoQuant version
11 isoquant.py --version
12

13 # Set the number of threads based on Condor allocation
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14 # If CONDOR_CPUS is not set , default to 16
15 THREADS=${CONDOR_CPUS:-$(nproc)}
16

17 # Define the output directory
18 OUTPUT_DIR="/users/paxak6/RAW264_18samples_120min/IsoQuant/

IsoQuant_Results_Without_Illumina_BAM_24042025"
19

20 echo "Starting IsoQuant run with $THREADS threads ..."
21 # Ensure the output directory exists
22 mkdir -p "$OUTPUT_DIR"
23

24 isoquant.py \
25 --reference /users/paxak6/RAW264_15min/ref_gtf/GRCm39.

primary_assembly_genome.fa.gz \
26 --genedb /users/paxak6/RAW264_15min/ref_gtf/gencode.vM34.

primary_assembly.basic_annotation.gtf --complete_genedb \
27 --fastq \
28 /users/paxak6/RAW264_18samples_120min/

P1_and_P2_Pooled_Concatenated_Fastq/barcode01/DMSO_1.fastq.gz
\

29 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode07/DMSO_2.fastq.gz
\

30 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode13/DMSO_3.fastq.gz
\

31 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode02/DMSO_LPS_1.fastq
.gz \

32 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode08/DMSO_LPS_2.fastq
.gz \

33 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode14/DMSO_LPS_3.fastq
.gz \

34 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode03 /3 DI_LPS_1.fastq.
gz \

35 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode09 /3 DI_LPS_2.fastq.
gz \

36 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode15 /3 DI_LPS_3.fastq.
gz \

37 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode04/Synth_CoR_LPS_1.
fastq.gz \

38 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode10/Synth_CoR_LPS_2.
fastq.gz \

39 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode16/Synth_CoR_LPS_3.
fastq.gz \
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40 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode05/NUC_LPS_1.fastq.
gz \

41 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode11/NUC_LPS_2.fastq.
gz \

42 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode17/NUC_LPS_3.fastq.
gz \

43 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode06/CoR_LPS_1.fastq.
gz \

44 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode12/CoR_LPS_2.fastq.
gz \

45 /users/paxak6/RAW264_18samples_120min/
P1_and_P2_Pooled_Concatenated_Fastq/barcode18/CoR_LPS_3.fastq.
gz \

46 --stranded none \
47 --data_type ont \
48 --genedb_output /users/paxak6/RAW264_18samples_120min/IsoQuant/

IsoQuant_gene_db_Without_Illumina_BAM \
49 --no_model_construction \
50 --gene_quantification unique_splicing_consistent \
51 --threads $THREADS \
52 --label DMSO_1 DMSO_2 DMSO_3 DMSO_LPS_1 DMSO_LPS_2 DMSO_LPS_3 3

DI_LPS_1 3DI_LPS_2 3DI_LPS_3 Synth_CoR_LPS_1 Synth_CoR_LPS_2
Synth_CoR_LPS_3 NUC_LPS_1 NUC_LPS_2 NUC_LPS_3 CoR_LPS_1
CoR_LPS_2 CoR_LPS_3 \

53 --keep_tmp \
54 --output "$OUTPUT_DIR"
55

56 # Check if IsoQuant ran successfully
57 if [ $? -eq 0 ]; then
58 echo "IsoQuant completed successfully."
59 else
60 echo "IsoQuant encountered an error."
61 exit 1
62 fi

Listing B.4: IsoQuant Script

Listing B.5 provides the Condor submit file configuration for running IsoQuant on a
high-performance computing cluster.

1 # Condor submit file for running or resuming IsoQuant analysis
2

3 # Including Path to Condor Common Template
4 FNAME = isoquant_run_Without_Illumina_BAM
5

6 include : /users/paxak6/condor_common.tmpl
7

8 # Job description
9 universe = vanilla

10 getenv = True
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11

12 executable = /users/paxak6/RAW264_18samples_120min/IsoQuant/
run_isoquant_Without_Illumina_BAM_18samples_120min_v3.sh

13

14 # Resources Requirements at Least 50 GB RAM and all the
available CPUs cores in a workstations

15 request_memory = 50 GB
16 Request_CPUs = Target.TotalCPUs
17 rank = KFlops
18

19 queue 1

Listing B.5: condor submit file for IsoQuant to choose an HPC workstation with highest
configuartion

Listing B.6 presents the Python script used to convert gene IDs from the IsoQuant
output to gene names by parsing the GTF annotation file.

1 #!/usr/bin/env python3
2

3 import pandas as pd
4

5 def parse_gtf(gtf_file):
6 """
7 Parses a GTF file to extract gene_id (with version) to

gene_name mapping.
8

9 Parameters:
10 - gtf_file: path to the GTF file
11

12 Returns:
13 - gene_id_to_name: dictionary mapping gene_id (with version)

to gene_name
14 """
15 gene_id_to_name = {}
16 with open(gtf_file , ’r’) as f:
17 for line in f:
18 if line.startswith(’#’):
19 continue # Skip header lines
20 fields = line.strip().split(’\t’)
21 if len(fields) < 9:
22 continue # Skip incomplete lines
23 if fields [2] != ’gene’:
24 continue # Process only ’gene’ entries
25 # Parse attributes field
26 attributes_field = fields [8]
27 attributes = {}
28 for attr in attributes_field.strip().split(’;’):
29 if attr.strip() == ’’:
30 continue
31 key_value = attr.strip().split(’ ’, 1)
32 if len(key_value) == 2:
33 key = key_value [0]
34 value = key_value [1]. strip(’"’)
35 attributes[key] = value
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36 gene_id = attributes.get(’gene_id ’, ’’)
37 gene_name = attributes.get(’gene_name ’, ’’)
38 if gene_id and gene_name:
39 # Use gene_id with version as key
40 gene_id_to_name[gene_id] = gene_name
41 return gene_id_to_name
42

43 def main():
44 # Paths to your files
45 counts_file = ’OUT.gene_grouped_counts.tsv’
46 gtf_file = ’gencode.vM34.primary_assembly.basic_annotation.

gtf’
47 output_file = ’OUT.gene_grouped_counts_with_gene_names.tsv’
48

49 # Step 1: Parse GTF file to get gene_id to gene_name mapping
50 print("Parsing GTF file to extract gene_id to gene_name

mapping ...")
51 gene_id_to_name = parse_gtf(gtf_file)
52 print(f"Total gene_id to gene_name mappings: {len(

gene_id_to_name)}")
53

54 # Step 2: Read counts file
55 print("Reading counts file ...")
56 # Read the header line (which starts with ’#’)
57 with open(counts_file , ’r’) as f:
58 for line in f:
59 if line.startswith(’#’):
60 header = line.strip().lstrip(’#’).split(’\t’)
61 break
62 # Read the data , skipping lines starting with ’#’
63 df_counts = pd.read_csv(counts_file , sep=’\t’, comment=’#’,

header=None , names=header)
64 print(f"Total genes in counts file: {len(df_counts)}")
65

66 # Step 3: Map gene IDs to gene names using the mapping from
GTF file

67 print("Mapping gene IDs to gene names ...")
68 df_counts[’Gene_name_mapped ’] = df_counts[’feature_id ’].map(

gene_id_to_name)
69

70 # Step 4: For gene IDs not found in mapping , keep original
gene ID

71 df_counts[’Gene_name_final ’] = df_counts[’Gene_name_mapped ’
]. fillna(df_counts[’feature_id ’])

72

73 # Step 5: Drop unnecessary columns
74 df_counts.drop([’feature_id ’, ’Gene_name_mapped ’], axis=1,

inplace=True)
75

76 # Step 6: Group counts by gene name , summing counts for
genes with the same gene name

77 print("Grouping counts by gene name ...")
78 df_counts_grouped = df_counts.groupby(’Gene_name_final ’,
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as_index=False).sum()
79

80 # Step 7: Save the result to a new file
81 print("Saving the grouped counts to output file ...")
82 df_counts_grouped.rename(columns ={’Gene_name_final ’: ’Gene

name’}, inplace=True)
83 df_counts_grouped.to_csv(output_file , sep=’\t’, index=False ,

float_format=’%.2f’)
84 print(f"Output file created: {output_file}")
85 print(f"Total genes after grouping: {len(df_counts_grouped)}

")
86

87 # Optional: Print first few rows of the final DataFrame
88 print("\nFirst few rows of the final DataFrame:")
89 print(df_counts_grouped.head().to_string ())
90

91 if __name__ == "__main__":
92 main()

Listing B.6: Script to convert genes ID to gene name

Listing B.7 shows the R script used to perform differential gene expression analysis
on the normalized count data using the edgeR package.

1 # Load required libraries
2 library(edgeR) # For differential expression analysis
3 library(writexl) # For writing Excel files
4

5 # Configurable parameters
6 input_file <- "OUT.gene_grouped_counts_with_gene_names.tsv" #

Input file with DMSO data
7 output_prefix <- "edgeR_results"
8 fdr_cutoff <- 0.05
9

10 # Load the raw counts file
11 raw_counts <- read.delim(input_file , header=TRUE , sep="\t", row.

names=1, check.names=TRUE)
12

13 # Print column names to verify column order
14 cat("Column names in data file:\n")
15 print(colnames(raw_counts))
16

17 # Define groups in the EXACT order they appear in the columns
18 # Using the column order from the print output
19 group <- factor(c(rep("X3DI_LPS" ,3),
20 rep("CoR_LPS" ,3),
21 rep("DMSO" ,3),
22 rep("DMSO_LPS" ,3),
23 rep("NUC_LPS" ,3),
24 rep("Synth_CoR_LPS" ,3)))
25

26 # Verify group assignment is correct
27 cat("\nGroup assignments :\n")
28 print(data.frame(Sample=colnames(raw_counts), Group=group))
29

394



30 # Create a DGEList object from the raw counts and groups
31 y <- DGEList(counts=raw_counts , group=group)
32

33 # Filter out low -count genes (optional , but recommended)
34 keep <- filterByExpr(y, group=group)
35 y <- y[keep ,,keep.lib.sizes=FALSE]
36

37 # Normalize using the TMM method
38 y <- calcNormFactors(y, method="TMM")
39

40 # Create a design matrix without an intercept , one column per
group

41 design <- model.matrix(~0+ group)
42 colnames(design) <- levels(group)
43

44 # Print design matrix information for debugging
45 cat("\nDesign matrix column names:\n")
46 print(colnames(design))
47

48 # Estimate dispersions
49 y <- estimateDisp(y, design)
50 fit <- glmFit(y, design)
51

52 #################################################
53 # Define all the requested comparisons
54 #################################################
55

56 # Create all contrasts as requested
57 cat("\nCreating contrasts ...\n")
58 # Use the exact column names from the design matrix (without ’

group ’ prefix)
59 my_contrasts <- makeContrasts(
60 # DMSO_LPS vs DMSO (DMSO as control)
61 DMSO_LPS_vs_DMSO = DMSO_LPS - DMSO ,
62

63 # Other treatments vs DMSO_LPS (DMSO_LPS as control)
64 X3DI_LPS_vs_DMSO_LPS = X3DI_LPS - DMSO_LPS ,
65 CoR_LPS_vs_DMSO_LPS = CoR_LPS - DMSO_LPS ,
66 Synth_CoR_LPS_vs_DMSO_LPS = Synth_CoR_LPS - DMSO_LPS ,
67 NUC_LPS_vs_DMSO_LPS = NUC_LPS - DMSO_LPS ,
68

69 levels = design
70 )
71

72 cat("Contrast matrix created with columns :\n")
73 print(colnames(my_contrasts))
74

75 # Loop over each contrast , perform LRT , and write outputs
76 for (contrast_name in colnames(my_contrasts)) {
77 cat("\nProcessing contrast:", contrast_name , "\n")
78

79 # Perform likelihood ratio test for the given contrast
80 lrt <- glmLRT(fit , contrast=my_contrasts[,contrast_name])
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81

82 # Get all results (no filtering yet)
83 top <- topTags(lrt , n=Inf , p.value =1)
84

85 # Subset significant results based on FDR cutoff
86 sig <- top$table[top$table$FDR < fdr_cutoff , ]
87 cat("Significant genes at FDR <", fdr_cutoff , ":", nrow(sig)

, "\n")
88

89 # Move GeneName from rownames to a new column
90 res_full <- top$table
91 res_full <- cbind(GeneName=rownames(res_full), res_full)
92 rownames(res_full) <- NULL
93

94 # Write the full results to a tab -delimited file
95 write.table(res_full ,
96 file=paste0(output_prefix ,"_",contrast_name ,"_

full.txt"),
97 sep="\t", quote=FALSE , row.names=FALSE)
98

99 # If we have any significant results , write them to a
separate file

100 if (nrow(sig) > 0) {
101 sig_res <- cbind(GeneName=rownames(sig), sig)
102 rownames(sig_res) <- NULL
103 write.table(sig_res ,
104 file=paste0(output_prefix ,"_",contrast_name ,

"_sigFDR_",fdr_cutoff ,".txt"),
105 sep="\t", quote=FALSE , row.names=FALSE)
106 }
107

108 # Create two additional output files for QIAGEN IPA:
109 # 1. GeneName , logFC , and PValue
110 # 2. GeneName , logFC , and FDR
111 #
112 # These are written as Excel files using the writexl package

.
113 #
114 # res_full contains all results; just subset the columns

needed.
115 res_for_pval_excel <- res_full[, c("GeneName","logFC","

PValue")]
116 res_for_fdr_excel <- res_full[, c("GeneName","logFC","FDR")

]
117

118 # Write them to Excel files
119 write_xlsx(res_for_pval_excel , paste0(output_prefix ,"_",

contrast_name ,"_GeneName_logFC_Pvalue.xlsx"))
120 write_xlsx(res_for_fdr_excel , paste0(output_prefix ,"_",

contrast_name ,"_GeneName_logFC_FDR.xlsx"))
121 }
122

123 # Print a summary of what was done
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124 cat("\nCompleted analysis with the following comparisons :\n")
125 for (cn in colnames(my_contrasts)) {
126 cat(" - ", cn, "\n", sep="")
127 }
128 cat("\nResults have been saved to files with prefix: ", output_

prefix , "\n", sep="")

Listing B.7: Running edgeR for DGE

B.4 Poly(A) Tail Length Analysis Scripts

Listing B.8 demonstrates the Dorado basecalling command with integrated poly(A) tail
estimation used to process POD5 files.

1 #!/usr/bin/env bash
2 set -euo pipefail
3

4 POD5="/users/paxak6/RAW264_18samples_120min/POD5"
5 MODEL="/users/paxak6/software/dorado/models/dna_r9 .4.1 _e8_hac@v3

.3" # Update to latest version if available
6 IDX="/users/paxak6/RAW264_15min/ref_gtf/mmus_r114_cdna.mmi" #

minimap2 index
7 OUT="/users/paxak6/RAW264_18samples_120min/NanopLen_120min/

called_bam_120min"
8

9 mkdir -p "$OUT"
10 # Use Dorado 0.9.6 for R9.4.1 support
11 export LD_LIBRARY_PATH =/users/paxak6/software/dorado/dorado

-0.9.6 -linux -x64/lib:${LD_LIBRARY_PATH :-}
12 unset CUDA_VISIBLE_DEVICES # lets Condor set the GPU
13

14 /users/paxak6/software/dorado/dorado -0.9.6 -linux -x64/bin/dorado
basecaller \

15 "$MODEL" "$POD5" \
16 --recursive \
17 --device cuda:0 \
18 --no-trim \
19 --kit -name SQK -PCB111 -24 \
20 --estimate -poly -a \
21 --reference "$IDX" \
22 --output -dir "$OUT"
23

24 # Produces $OUT/calls_ *.bam; each read is already aligned and
carries the pt:i tag

25

26 Key parameters included:
27 - --kit -name SQK -PCB111 -24: Specified the PCR barcoding kit

for automatic demultiplexing
28 - --estimate -poly -a: Enabled computational estimation of poly(

A) tail lengths from raw signal
29 - --no -trim: Preserved adapter sequences during basecalling to

maintain poly(A) signal information
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30 - --reference: Aligned reads to the reference transcriptome
index (minimap2 format) during basecalling

Listing B.8: dorado_basecalling

Listing B.9 shows the Dorado demultiplexing command used to separate multiplexed
reads into individual samples using a sample sheet.

1 dorado demux \
2 --output -dir /path/to/demux_output \
3 --sample -sheet sample_sheet.csv \
4 --no-classify \
5 --no-trim \
6 --emit -summary \
7 --threads 8 \
8 basecalled.bam

Listing B.9: Reads Demultiplexing

Listing B.10 presents the command used to extract poly(A) tail lengths from aligned
BAM files with quality filtering criteria.

1 python bam2nanoplen_dorado_v2.py \
2 --mapq 20 \
3 --tail -max 400 \
4 input.bam > output.tsv

Listing B.10: extract_polyA_data

Listing B.11 demonstrates the metadata file format specifying sample identifiers
and their corresponding treatment condition labels.

1 library_id condition
2 DMSO_LPS_Rep1 DMSO_LPS
3 DMSO_LPS_Rep2 DMSO_LPS
4 DMSO_LPS_Rep3 DMSO_LPS
5 CoR_LPS_Rep1 CoR_LPS
6 CoR_LPS_Rep2 CoR_LPS
7 CoR_LPS_Rep3 CoR_LPS

Listing B.11: metadata

Listing B.12 shows the command-line flags used for differential poly(A) tail length
analysis with linear mixed-effects modeling.

1 Rscript diff_length.R \
2 --data_path all_samples.tsv \
3 --metadata_path metadata.tsv \
4 --test m \
5 --baseline DMSO_LPS \
6 --logscale \
7 --ofile results_lmm.tsv

Listing B.12: lmm_flgs

Listing B.13 summarizes the command-line flags used in customized visualization
scripts for plotting poly(A) tail distributions and differential length changes.

1 # Linear scale (0-400 nucleotides)
2 python nanoplen_two_col_plots_final.py \
3 -i results.tsv \
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4 -c mean_length.DMSO_LPS \
5 -t mean_length.alt \
6 -l 0 -u 400 \
7 -f plots_linear.pdf
8

9 # Volcano plot with absolute change threshold
10 Rscript ma_or_volcano_nanoplen_ABSOLUTE.R \
11 -t results.tsv \
12 -o volcano_absolute.png \
13 --type volcano \
14 --abs -threshold 10 \
15 --stat padj \
16 --th 0.05 \
17 --jitter -width -1
18

19 # MA plot with absolute change threshold
20 Rscript ma_or_volcano_nanoplen_ABSOLUTE.R \
21 -t results.tsv \
22 -o ma_absolute.png \
23 --type ma \
24 --count -col n.alt \
25 --abs -threshold 10 \
26 --stat padj \
27 --th 0.05 \
28 --jitter -width -1

Listing B.13: polyA_Data_Visualization
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