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Abstract

Natural products have been a major and critically important source of anti-cancer
drugs and inspiration for drug discovery. The Aspidosperma alkaloid Jerantinine A
(JA) is a natural compound that possesses potent antiproliferative activity against
various human-derived carcinoma cell lines. Jerantinines elicit potent but
unselective effects by inhibiting tubulin polymerisation, polo-like kinase 1 (PLK1)
and increasing ROS levels in treated cancer cells. Herein, we address the poor
cancer-selectivity of JA acetate (JAa) and by developing an apoferritin (AFt)
delivery vehicle for JAa, which can target transferrin receptor-1 (TFR1)-
overexpressing breast cancer cells. The therapeutic benefits of AFt-JAa were
evaluated in a panel of breast carcinoma cell lines. By optimising the pH-mediated
reassembly method, a high yield was achieved with ~77% protein recovery.
Following optimisation, ~120 molecules of JAa were successfully encapsulated
within the AFt protein cavity. The AFt-JAa formulation has comparable size, charge
and cage-integrity to AFt stock, as demonstrated by dynamic light scattering (DLS)
and native polyacrylamide gel electrophoresis (PAGE). AFt- JAa was stable for > 10
months of storage at T = 4 2C and pH 7.4. Treatment of cells with AFt-JAa
significantly enhanced breast cancer cell growth inhibition in cells with high TFR1
expression but not MRC-5 fibroblasts that express low TFR1 levels; TFR1 levels
were detected with western blot and flow cytometry. Enhanced selectivity of
encapsulated JAa in TFR1-overexpressing breast cancer cells was explained by
enhanced internalisation of 5-carboxyfluorescein-conjugated-human-AFt
compared to TFR1-low expressing cells (MRC-5 fibroblasts). Consequently,

enhanced AFt-JAa nanoformulation potency (over naked JAa) was attributed to



greater intracellular accumulation of JAa in cells overexpressing TFR1 (SKBR-3,
MDA-MB-231 and BT-474). Greater stability was observed for AFt-JAa in culture
media under the treatment conditions (7 = 37 2C; < 72 h) compared to the naked
agent. The enhanced activity of AFt-JAa was supported by a greater reduction of
colony formation in TFR1+ breast carcinoma cell lines SKBR-3, MDA-MB-468 and
BT-474. Significantly lower number of viable cells, more profound cell cycle
perturbation, including G2/M arrest, and increased apoptosis was evoked by AFt-
JAa compared to JAa alone. Significant dose-dependent upregulation of
biomarkers of apoptosis (cleaved PARP, decreased PLK1 and Mcl-1/Bcl-2
expression) further corroborates apoptosis. Treatment with naked and AFt-
encapsulated JAa leads to the generation of ROS in MCF-7 and MDA-MB-231 cells,
in addition to upregulating expression of WT p53 in MCF-7 cells, while repressing
mutant p53 expression in both SKBR-3 and MDA-MB-231. These results indicate
multiple cancer-related targets of JAa and confirm the natural product’s rich and
diverse pharmacology. AFt alone exerts negligible effects on cell growth or
survival as indicated from MTT, cell count, clonogenic, cell cycle analysis, annexin
V apoptosis assays; neither does AFt impact the expression of
apoptotic/antiapoptotic proteins, as shown by western blot. Thus, AFt is a
potentially biocompatible nanocarrier for targeted delivery of JAa to minimise its

toxicity and enhance its activity in TFR1-overexpressing tumours.
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1 Introduction

1.1 Cancer

1.1.1 Definition and epidemiology

Cancer is characterised by uncontrolled cellular growth associated with increases
in size, disorganisation and malignancy [1]. Mutations in oncogenes and tumour
suppressor genes are the main cause of tumours’ initiation. The bidirectional
interactions between the tumour cells and the extracellular matrix (ECM) regulate

tumour survival, progression and metastasis [2].

Cancer is a global challenge and the second leading cause of death in the United
States of America, with 599,274 deaths recorded in 2018 accounting for 21% of all
deaths. In 2021, It is estimated that the number of new invasive cancer cases is
1,898,160 and 608,570 deaths. The highest number of deaths in men is from lung,
prostate and colorectal cancers, and in women from lung, breast and colorectal
cancers. [3]. According to GLOBOCAN 2020, in the United Kingdom, the estimated
age-standardised incidence rate is 457,960 and 179,648 for mortality rate [4].
However, the number of avoidable cancer deaths is expected to increase
considerably as a result of diagnostic delays due to the COVID-19 pandemic in the

UK [4].



1.1.2 Hallmarks of cancer

Hanahan and Weinberg summarised the biological characteristics that tumour
cells acquire during tumourigenesis - the so-called “hallmarks of cancer”, which
include the following: sustaining proliferative signalling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, activating invasion and metastasis, genome instability,
inflammation, reprogramming of energy metabolism, and evading immune

destruction (Figure 1.1) [5, 6].
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Figure 1.1: A schematic of the hallmarks of cancer. Reproduced from [7].

1.1.2.1 Sustaining chronic proliferation
Sustaining proliferation is one of the most important characteristics of cancer

cells. Normal cells control their entry into the cell cycle by relinquishing their need



for growth-promoting signals. Cancer cells, deregulate growth signals and
maintain continuous progression through various mechanisms [5]. For example,
upon receiving growth factors (GF), cancer cells can enhance the response of GF
receptors by elevating their expression on the cell surface. This hyperactivation
can also result from mutations in the receptors' structure or their downstream
pathways. The same outcome can result from mutations that disrupt negative
feedback mechanisms. Alterations that occur in the structure of the receptor, can
also change receptor activation to be independent of their cognate GF ligands.
Moreover, cancer cells can also be independent of their environment, producing

their own GFs and responding by expressing cognate receptors [5, 8].

1.1.2.2 Evading growth suppression

Normally, cells maintain homeostasis by limiting their growth through regulating
tumour suppressor genes’ activity. Cancer cells, however, proliferate by
circumventing the activity of tumour suppressor genes [5]. TP53 is a tumour
suppressor gene that integrates signals from intracellular sources and regulates
whether the cells enter cell cycle or, alternatively, trigger apoptosis if cell damage
is irreparable [5]. In addition to its role in regulating apoptosis, p53 contributes to
the maintenance of genome integrity by controlling the cell cycle and activating
DNA repair proteins. p53 protein is negatively regulated by MDM2; MDM2 binds
to p53 to stabilise it at low levels by making it detectable for Ubiquitination and
protein degradation [9]. When cells are exposed to stress or damage, the binding
ability of MDM2 to p53 is inhibited leading to an increase in p53 levels. Upon its

activation, p53 prevents cell division until the damage is repaired [10] and stops



the damaged cells from transitioning from G1 to S and from G2 to M phases, as a
result of cyclin-dependent kinase (CDK) inhibition. If the cell’s damage cannot be
repaired, p53 causes cell death mainly through apoptosis [11]. Defects in TP53 and

other suppressor proteins’ normal function are associated with cell proliferation

[5].

Evading growth suppression can be due to loss of contact inhibition, resulting in
proliferation. Neurofibromatosis Type 2 (NF2) is a tumour suppressor that inhibits
mitogenic signalling in response to cell contact. Merlin, a cytoskeleton scaffolding
protein (product of the NF2 gene), regulates pathways essential for proliferation
and survival, such as inhibiting the activity of the epidermal growth factor receptor
(EGFR) [12]. Therefore Merlin/NF2 loss is associated with a more malignant

phenotype in breast cancer [13, 14].

1.1.2.3 Resisting cell death

Cell death is an essential process to eliminate damaged cells and maintain
homeostasis. There are several mechanisms of cell death including apoptosis,
autophagy and necrosis [5]. More recently additional modes of cell death were
identified, including entosis, methuosis, paraptosis, mitoptosis, parthanatos,
ferroptosis, pyroptosis, NETosis and necroptosis [15]. Except for necrosis that
results from unexpected injury, all other cell death modalities represent different

types of programmed cell death (Figure 1.2) [16].
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Figure 1.2: Cell death classification according to their signal-dependency,
morphological characteristics and molecular mechanisms. Reproduced from [15].

Evasion from apoptosis in cancer cells is extensively reported [17] [R]. In normal
cells, apoptosis is a strictly regulated mechanism that is triggered by both extrinsic
signals (death receptors’ pathway) and intrinsic signals (mitochondrial pathway).
Both pathways lead to activation of cysteine-dependent aspartate-directed

proteases (caspases), cell shrinkage, membrane blebbing, DNA fragmentation and

condensation, and positional organelle loss [15, 17].
Bcl-2 family proteins play a crucial role in the mitochondrial apoptotic pathway.

Pro-apoptotic (effectors) Bcl-2 proteins include BAX, BAK1, BIM, BID and BBC3
members, and antiapoptotic (inhibitors) include Bcl-2, Bcl-xL, Bcl-w, Mcl-1, Al.

Moreover, PUMA gene encodes two of the BH-3 subclass of proapoptotic proteins,

which can work as both activator and sensitiser to other Bcl-2 family members



[18]. When BH-3 only domain bind to Bcl-2 proapoptotic members [19, 20], or the
anti-apoptotic subclass of Bcl-2 proteins, activators (such as BAX) dislocate from
their binding groove resulting in apoptosis [19]. The activation of BAX monomer
leads to its oligomerisation and conformational changes [21]. BAX oligomer clamp-
like structure creates holes and induces outer mitochondrial membrane
permeabilisation (MOMP), which is followed by releasing of cytochrome cinto the
cytosol (Figure 1.3). Cytochrome c is a proapoptotic signalling protein that
activates, a cascade of caspases that possess proteolytic activities, this ultimately
results in apoptotic cell death. In contrast, active anti-apoptotic members of the
Bcl-2 family binding to the effectors' members inhibits the release of cytochrome

c and subsequently apoptosis [21].
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Figure 1.3: The regulation of apoptosis by Bcl-2 family. BAX, BAK1 and BIM= Pro-
apoptotic proteins (effectors), Bcl-2, Bcl-xL and Mcl-1= antiapoptotic (inhibitors),
BH-3= activator and sensitiser to other Bcl-2 family members, MOMP=



mitochondrial membrane permeabilisation, APAF1= apoptotic peptidase
activating factor 1, PARP= poly-ADP ribose polymerase. Reproduced from [17, 22].

The expression (transcription) and activity of Bcl-2 proteins are regulated by other
proteins, such as p53 and CDKs. Since the tumour suppressor p53 regulates cell
death, it causes apoptosis in cancer cells by regulating the activity of the Bcl-2
proteins. TP53 induces apoptosis by upregulating the expression of Noxa and
Puma BH3-only proteins, which control the intrinsic pathway through the
cytochrome c¢/ apoptotic peptidase activating factor 1 (APAF-1)-dependent
pathway [11, 23]. Loss of p53 activity due to mutations is one of the main
mechanisms in which cancer cells escape apoptosis [24]. The anti-proliferative Bcl-
2 family proteins are elevated in certain tumours, making them promising
therapeutic targets. However, other tumours can achieve proliferation by

downregulating pro-apoptotic factors [25].

1.1.2.4 Enabling replicative Immortality

Immortalisation (unlimited cell division) is a main characteristic of cancer cells.
Normally, cells can undergo a limited number of cell divisions before they senesce
and undergo apoptosis; the number of divisions is defined by the presence of
telomeres at the end of each chromosome [5]. Telomeres are DNA—protein
complexes that protect the genome from degradation and interchromosomal
fusion. In every cell division, chromosomes shorten at the telomeric DNA ends;
incomplete synthesis of the lagging strand during DNA replication [26]. When

telomeres reach the Hayflick limit and are no longer able to protect chromosomes,



the cell enters senescence (metabolically active, but no longer able to divide) and
ultimately, apoptosis is triggered. In cancer cells, however, telomeres are
lengthened enough to avoid triggering apoptosis. This is related to high levels of
telomerase; a terminal transferase ribonucleoprotein that adds telomere

segments to the ends of DNA [26].

1.1.2.5 Inducing Angiogenesis

Angiogenesis is the development of new blood vessels from pre-existing
vasculature. In order to support neoplastic growth, tumour cells switch on and
maintain the angiogenesis to provide required nutrients and oxygen and to
remove the metabolic waste. Tumour angiogenesis enables metastasis through
extravasation [27]. Normally, the process of angiogenesis is quiescent and
activated when needed; during embryonic development, wound healing, and the
menstrual cycle [5]. This process is strictly regulated through angiogenic

stimulatory and inhibitory factors (Figure 1.4).
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Figure 1.4: Homeostasis of angiogenesis results from an equilibrium between
promotors and inhibitors of angiogenesis. Reproduced from [28].

In cancer, the state of relatively poorly blood-supplied hyperplasia and hypoxia
causes an imbalance of inhibitory factors, thus inducing angiogenesis [29]. For
instance, upregulated vascular endothelial growth factor (VEGF) increases
angiogenesis. The upregulation of VEGF expression in response to hypoxia occurs
through the transcription factor, hypoxia-inducible factor 1 (HIF-1) [30]. Oncogenic
signals such as rat sarcoma (RAS) protein and other well-investigated GFs also

contribute to the upregulation of VEGF and angiogenic switch [31, 32].

Antiangiogenic therapies have been developed such as small molecule tyrosine
kinase inhibitors (e.g. sunitinib) to try to thwart tumour growth [33]. In addition,
bevacizumab is an approved anti-VEGF monoclonal antibody (mAb) for the
treatment of metastatic colorectal cancer in combination with chemotherapy. On
the other hand, recruiting the impaired vasculature of tumour tissues to enhance

the drug delivery is also widely investigated (Section 1.5) [34].

However, the process of angiogenesis in tumours results in the development of
impaired vasodilation. The first angiogenic tumour vessel to form is the mother
vessels, these originate from normal capillaries and venules. Mother vessels are
known to be composed of thin, flattened and compressed endothelial cells that
exhibit high permeability for bigger molecules up to 500 nm; depending on the
gap size in the vessel wall. Impaired vasodilation plays a main role in enhanced
permeability of the tumour-associated blood vessels to nanoparticles (NPs) [35-

38].
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1.1.2.6 Activating Invasion and Metastasis

Invasion and metastasis represent a key hallmark for malignancy and account for
most cancer mortalities [39]. Metastasis is a multistep process known as the
invasion-metastasis cascade that is initiated by local invasion of cancerous cells
into the surrounding ECM. This is followed by intravasation into the tumour
vasculature, into the bloodstream, from where cancer cells can extravasate into
the parenchyma of distant tissues and form micro metastases, eventually, they
colonise to form macroscopic metastases [40]. The capability of cancerous cells to
dissociate from their place of origin is related to the loss of cellular adhesion.
Downregulation or inactivation of molecules normally associated with cell-to-cell
adhesion (e.g. E-cadherin), or upregulation of molecules normally associated with
the cell migrations (e.g. N-cadherin) is detected in many invasive carcinomas [41].
While understanding the process of metastasis and the factors governing this
hallmark is growing, no anti-metastatic drugs have been approved yet. Such
therapy could potentially improve treatments and outcomes for patients with

malignant cancers [42].

1.1.2.7 Deregulating cellular energetics

Deregulating cellular energetics, commonly termed metabolic reprogramming [5,
43, 44] is observed even in the presence of oxygen, where the energy metabolism
production pathway is reprogrammed to aerobic glycolysis. Under normoxia, cells
produce their energy by mitochondrial oxidative phosphorylation, which is ~15-
times more efficient in producing ATP than glycolysis [44]. This energy metabolic

reprogramming provides the cancer cells with glycolytic intermediates needed for
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the biosynthesis of nucleosides and amino acids required for cancer proliferation
[5]. Moreover, these intermediates themselves can be oncogenic by altering cell
signalling and blocking cellular differentiation [43]. Cancer cells compensate for
energy loss by upregulating glycolysis by upregulating glucose transporters (e.g.,
GLUT1) [45]. Upregulating glycolysis in cancer is related to the increase in the
activity of HIF-1 or some oncogenes (e.g., RAS, a master regulator of cell cycle
(MYC)) [46]. Glycolysis can also be activated following some mutations in tumour
suppressors. In general, most mutations in TP53 gene were found to increase
glycolysis in cell culture in addition to its association with other hallmarks of cancer

[47].

1.1.2.8 Evading Immune Destruction

Immune surveillance is a system able to recognise and eliminate emerging cancer
cells. Cancer cells capable of evading detection or eradication by the immune
system, grow into detectable tumours [5]. The relation between the defective
immune system and the development of cancers is established [48-50], showing
that immunocompromised individuals more often develop virus-induced cancers
such as HIV-associated Kaposi sarcoma [50, 51]. Thus, the immune system acts as

a barrier to tumour formation, progression, and invasion [50, 52].

1.1.2.9 Enabling hallmarks of cancer
For the hallmarks to emerge, two enabling characteristics have been recognised:
development of genomic instability in cancer cells, and tumour-promoting

inflammation [5].
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Genome Instability and Mutation

Mutations in certain genotypes enable cellular growth. Mutability results from
defects in the genomic maintenance and DNA repair machinery [5]. These defects
can be generated through inactivation of mutations and epigenetic repression of
these types of machinery, which may also be inherited. For example, in breast
cancer, mutations in the suppressor breast cancer genes (BRCA-1 and BRCA-2)
represent the largest proportion of inherited gene mutations and increase the
lifetime risk for developing breast cancer by ~70% compared to non-carriers [4].
Moreover, inherited TP53 mutations are found in 75% of patients with classic Li-
Fraumeni syndrome, which is a cancer predisposition disorder associated with

early-onset cancers in diverse tissues of origin [53].

Tumour-Promoting Inflammation

Tumour tissues are known to be infiltrated with different densities of immune
cells. However, despite its attempt to eradicate some tumours, the inflammatory
response itself can promote the development of incipient neoplasias into cancers
through acquiring hallmarks capabilities [5]. This comes from the ability of
Inflammation to supply the tumour microenvironment with the required bioactive
molecules, such as GFs, angiogenesis-facilitating enzymes and reactive oxygen
species (ROS) [5]. For example, Barratt’s oesophagus and Helicobacter pylori

infection are found to predispose oesophageal and gastric adenocarcinomas,
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respectively. In both conditions, tumourigenesis is caused as a result of

inflammation [54, 55].

1.2 Breast cancer

1.2.1 Epidemiology

Breast cancer is the most diagnosed cancer in the world (Figure 1.5). With an
estimated 2.3 million new cases in 2020, breast cancer represents 11.7% of all
cancer cases [56]. 88% higher incidence rates are reported in transitioned
countries than in transitioning countries, corresponding to 56 and 30 individuals
per 100,000, respectively. This is related to a greater prevalence of breast cancer
risk factors, including lifestyle-related triggers such as higher levels of excess body

weight and physical inactivity [57].

Incidence, females
Breast (159)
Cervix uteri (23)
Liver (1)
Lung (1)
Thyroid (1)

Nodata [ Not applicable

Figure 1.5: Most common type of cancer incidence in 2020 in each country among
women [56].
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In women, breast cancer is a leading cause of cancer death in 110 out of 185
countries across the globe [56]. In the UK, the estimated age-standardised
incidence rate for breast cancer was the greatest among other cancers, with
53,889 female cases recorded in 2020 [58]. Breast cancer is the second-highest
cause of cancer mortality in women in the UK after lung cancer (Figure 1.6). In

2020, 11,839 deaths due to breast cancer were recorded [58].

Incidence Mortality . .
World L] United Kingdom
Breast 448 813
11.7 10.8
Prostate 236 63.1
141 149
Colorectum 156 27.4
62 73
Cervix uteri 13.0 9.9
6.8

100 %0 80 70 60 50 40 30 20 10 (l) 10 20 30 40 50 60 70 80 90 100

Data source:GLOBOCAN 2020
Graph production: Global Cancer Observatory (hng:ffgco.larc,frf)
© International Agency for Research on Cancer 2021

ASR(World) per 100 000

Figure 1.6: Estimated age-standardised incidence and mortality rates (World) in
2020, both sexes, all ages. Modified from GLOBOCAN 2020 [58].

The management of breast cancer is known to be multidisciplinary, and its effect
varies from a curable disease when diagnosed at an early stage to incurable
metastatic disease [59]. The management strategies including locoregional and
systemic therapies differ according to the heterogeneity of breast cancer on the
molecular level and the stage of the disease at diagnosis [60]. On the other hand,
challenges facing the currently available chemotherapies including off-target
effects and drug resistance have reduced the desired therapeutic outcome

including improving patients’ survival and quality of life [60-62].
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Understanding the different classifications of breast cancer and the available
treatments’ challenges (briefed in Section 1.3) is essential to develop novel

therapeutic approaches such as nano therapy to diminish its global burden.

1.2.2 Histological classification of breast cancer
The breast is a mammary gland composed of adipose tissue and glandular
structures called lobules. The lobules are joined into lobes, which supply the ducts
with milk [63]. Morphologically, breast cancers are classified according to their site
of origin (ductal or lobular carcinoma) and depending on whether they invade the
stroma or are limited to the epithelial component (invasive or non-invasive/in situ
carcinoma) [64]. Up to 80% of the diagnosed invasive breast carcinomas are
invasive ductal carcinoma (IDC). When IDC exhibit no specific morphological
characteristics, they are classified into “no specific type” and constitute 40% to

75% of all invasive breast carcinomas [65].

1.2.3 Molecular classification of breast cancer
Breast cancer is known to represent a collection of biologically and phenotypically
heterogeneous diseases. The heterogeneity affects the response to treatment and
emergence of resistance [66]. Hence understanding the basic biology of the
disease is crucial, yet it cannot be provided by the histopathological staging of
breast cancer. Analysis of the molecular patterns of breast cancers can provide the
data required for prognosis, predictive testing, and treatment planning, such as

surgical decision-making to improve local-regional control [67].
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Based on the results of microarray gene expression study by Perou et al. breast
cancers are divided into five subtypes including luminal A, luminal B, basal-like,
HER2 over-expression and normal-like. Recently another subtype, claudin-low,
was added by Sorlie et al. [68-71]. This molecular classification is based on the
presence of genes related to the expression of oestrogen receptors (ER),
progesterone receptors (PR), human epidermal growth factor receptor-2 (HER2),
and cell proliferation regulator (Ki-67) (Table 1.1) [72]. There is a strong link
between the molecular subtype of breast cancer and the survival rate, with
luminal A and B having a survival rate of more than 90% over 4 years, while other
subtypes have lower survival rates [73]. Cells of different molecular subtypes also
have a different response to therapy (Table 1.1). For instance, hormone receptor-
positive and HER2-positive breast cancers respond to endocrine (Section 1.3.3.2)
and anti- HER2 therapy respectively. On the other hand, breast cancers not
expressing any of those receptors are treated with cytotoxic chemotherapy,
targeted therapies such as poly-ADP ribose polymerase (PARP) inhibitors, and

immunotherapy.

Evidence for molecular breast cancer heterogeneity continues to grow and to
date, genome-wide studies have revealed the presence of over 300 mutations in
the coding sequence per tumour and somatic mutations [64, 74]. The most
frequently mutated and/or amplified genes are TP53 (41% of tumours), PIK3CA
(30%), MYC (20%), phosphatase and tensin homolog (PTEN, 16%), cyclin D1
(CCND1, 16%), HER2 (13%), fibroblast growth factor receptor 1 (FGFR1, 11%) and

GATA Binding Protein 3 (GATA3, 10%), as reported for a series of early breast
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cancers. A collective of low-penetrance mutations of these genes encodes cell-

cycle modulators that either sustain proliferation and/or inhibit apoptosis [75].

Table 1.1: Molecular subtypes of breast cancer. Edited from [65, 70, 76].

Molecular Luminal A Luminal B HER2 over- Triple-negative
Subtypes HER- HER+ expression Basal- claudin-
like low
Biomarkers ER+ ER+ ER+ ER— ER- ER—
PR+ PR- PR-/+ PR- PR- PR-
HER2- HER2- HER2+ HER2+ HER2- HER2-
Ki67low Ki67high Ki67 low/ Ki67 high Ki67high | Ki67 low
high
Frequency 40-50 20-30 15-20 15-20
of Cases (%)
Histological Well, Moderately Little Little Differentiated
grade Differentiated Differentiated (Grade | Differentiated (Grade 1l1)
(Grade 1) ) (Grade 111)
Response to Endocrine Endocrine for ER+, Target Intermediate
therapies responsive, target therapy therapy for response to
often for HER+, HER+, chemotherapy, PARP
chemotherapy chemotherapy often inhibitors
responsive responsive chemotherapy
responsive
Other Best prognosis Lower survival than Worse EGFR+ E-
features Luminal A, cytokeratin prognosis and/or cadherin,
8+ than luminous cyto- claudin-
subgroups keratin 3,
5/6+ claudinin
-4, and
claudinin
-7 low
Example cell MCF-7, T47D ZR-75;-BT- SKBR-3, MDA-MB-468, MDA-
lines 474 MDA- SUM190 MB-231,
MB-453 BT549

1.2.4 Major signalling pathways

progression

in breast cancer development and

As previously described in the hallmarks of cancer (Section 1.1.2), mutations in

certain genes enable carcinogenesis. In breast cancer, various alterations affect

the signalling pathways that govern cell proliferation, division, cell death, cell

differentiation, and cell motility. Hyperactivation of proto-oncogenes and
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inactivation of tumour suppressors in the predominant signalling pathways that
regulate normal mammary gland development and breast cancer stem cell
functions including, ER, PR, HER2, and canonical Wnt signalling are briefly

described below [77].

1.2.4.1 Oestrogen receptors signalling in breast cancer
ERs (ERa, ERPB) are transcriptional factors that regulate the transcription of many
genes upon ligand binding. These genes are crucial for cell division, and the
development of the mammary gland, for example during the pubertal ductal
elongation [78]. On the other hand, ER signalling is regulated by many co-
activators and co-repressors; for example, BRCA1, acts partially by inhibiting ERa

signalling [79].

ERa has been found to be expressed in 75% of breast cancers and plays an
important role in the pathogenesis of the disease through different mechanisms.
For instance, ERa increases the growth of breast tumour cells by promoting the
transition of cells from the G1 into the S phase. This occurs following its binding to

cyclin D1 which activate CDKs 4 and 6 that coordinate the G1-S transition [80].

1.2.4.2 Progesterone signalling in breast cancer
PR signalling in mammary epithelial cells is essential for ductal side branching and
alveologenesis. PR can be either co-expressed or segregated from ER and
extensive paracrine crosstalk between ER and PR signalling normally takes place.
Using the same pathways, PR may cooperate with ER to drive malignant tumour

progression [81]. PR signalling is known to affect signal transducers and activators
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of transcription (STAT) downstream pathways. STAT proteins consist of three
domains: a DNA binding domain, SH2/SH3 domains and a C-terminal
transactivating domain. Following their activation, STAT members dimerise as a
result of upstream regulators phosphorylation including janus associated kinases
(JAK) and mitogen activated protein kinases (MAPKs) (Figure 1.7) [82, 83]. STAT
dimers then translocate to the nucleus where the transcriptions of many genes
associated with the mammary gland development take place [84]. Agreeing to its
function, STAT members have been found to highly impact breast cancer
development, ranging from potential tumour suppressor function of STAT1 in
postmenopausal women to cancer-promoting effect as shown in triple-negative
breast cancer (TNBC) [85, 86]. For instance, studies have suggested a positive
correlation between active STAT3 and inducing genes required for proliferation,
survival, and angiogenesis [87, 88], in addition to its constitutively active state in

TNBC [89].
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Figure 1.7: HER2 signalling pathway. Upon its response to various ligands, HER2
initiates downstream oncogenic signalling pathways such as Ras/MAPK, PI3K/AKT,
and JAK-STAT pathway. Reproduced from [66, 90].

1.2.4.3 HER receptors in breast cancer
HER2/NEU, c-HER2 is a tyrosine kinase receptor belonging to the family of the
human EGFRs, which constitute 4 family members [91]. EGFRs consist of three
domains: an extracellular ligand-binding domain, a trans-membrane domain, and
an intracellular domain [92]. Unlike other EGFRs, HER2 activity is independent of
ligand-binding; HER2 dimerises with another HER2 molecule or other EGFR
members and stimulates the phosphorylation of its intracellular tyrosine domain,
resulting in activating multiple downstream signalling pathways that affect various
cellular functions [93]. MAPK and the phosphatidylinositol 4,5-bisphosphate 3-

kinase (PI3K) are two pathways that are highly associated with breast
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tumourigenesis and activated as a result of HER2 dimerisation (Figure 1.7) [66]. As
previously classified (Table 1.1), various breast cancer subtypes overexpress HER2
protein as a result of HER2 amplification, which is known to be linked to tumour

proliferation and cancer progression and metastasis [94].

1.2.4.4 Canonical Wnt/b-catenin signalling in breast cancer
The B-catenin-dependent (canonical) route is one of the intracellular Wnt
signalling cascades that is found to play critical roles in tumour cell proliferation,
survival and metastasis [95]. When Wnt signalling is inactivated, the tumour
suppressors glycogen synthase kinase 3B (GSK-3B) and casein kinase 1 (CK1)
phosphorylate the cytoplasmic B-catenin proteins and form a complex along with
Axin, and adenomatous polyposis coli (APC). This destruction complex leads to
ubiquitination and proteolysis by proteasomes resulting in the inactivation of B-
catenin signalling (Figure 1.8) [96]. On the other hand, binding of Wnt protein to
its co-receptors (Frizzled (FZD1) and low-density lipoprotein receptor-related
proteins 5 and 6 (LRP5, LRP6) ) recruits many proteins including CK1 and Axin to the
cell membrane. Dissociating the destruction complex results in inhibition of GSK-
3b protein and thus B-catenin proteasomal degradation and accumulation [97,
98]. Following its accumulation in the cytoplasm and translocation into the
nucleus, B-catenin acts as a co-transcriptional activator to regulate multiple

downstream genes like C-MYC and cyclin D1, known oncogenes [99].
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Figure 1.8: Canonical Wnt/B-catenin signalling [66].

Therefore, defects in the regulation of B-catenin target genes may result in tumour
development. The prolonged activity of this signalling pathway is associated with
clinical poor outcomes, metastasis, and resistance to chemotherapy [100-102].
For example, significant activation of Wnt/b-catenin pathway was reported in
HER2-driven mammary tumours and TNBC. In basal-like breast tumours, nuclear

localisation of B-catenin was associated with a worse prognosis [103-105].

1.2.5 Other pathways and proteins in breast cancer
In addition to the main pathway networks mentioned above, it is important to
note that various signalling pathways affect normal mammary development and
correspondingly breast cancer development when they are dysregulated. For

example, CDKs, Notch, Sonic Hedgehog (SHH), PI3K [66]. On the other hand, the
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upregulation and activation of receptors that promote the progression of breast
cancer cells are not restricted to the ones that play roles in their major signalling
pathways (e.g. ER) [106], but expand to include other proteins that are widely
distributed in the body and participate in essential biological functions, for
example, G protein-coupled- 6-opioid receptors and transferrin receptors (TFR)

[107, 108].

1.2.5.1 Transferrin receptor
TFRs are transmembrane glycoproteins composed of a dimer of two identical
subunits linked together by a disulfide bridge [109]. There are two subtypes of
TFR: TFR1 which is expressed by most cells and TFR2 which is found on the surface
of liver cells [110, 111]. TFR1 (also known as CD71) binds to transferrin and imports
it inside the cells through clathrin-mediated endocytosis, where it releases its iron
content under acidic conditions (pH ~ 5.5). This is followed by recycling the binding
complex to the surface of the cell at physiological pH and releasing the empty
transferrin [109-112]. It has been found that TFR1 also binds to ferritin (Ft) using
the same described pathway [113]. As the gatekeeper of cellular iron uptake, TFR1
expression encoded by TFRC is precisely regulated by several genes whose
activation is mediated by the iron needs of the cells expressing it [112]. TFR1
expression responds not only to the intracellular levels of iron but also to
extracellular effectors such as hypoxia [114], inflammation [115] and oxidative
stress [116]. Moreover, TFR1 expression is dysregulated in many cancers,
indicating its participation in tumour onset and progression. It has been found that

oncogenic C-MYC can induce the transcription of TFRC and contribute to its
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overexpression [117]. In order to meet their excessive iron demands,
overexpression of TFR1 has been found in many cancers including the brain [118],
colorectal [119], hepatocellular carcinoma [120], prostate cancer [121], lung

cancer [122], leukaemia [123], ovarian [124] and breast cancer [108].

In breast cancer, studies have shown that the expression of TFR1 can be an
appropriate marker for diagnosis, prognosis, and a putative therapeutic target. In
the ER+/luminal-like tumours, TFR1 overexpression was related to a higher grade
of tumour and proliferation, and lower Nottingham Prognostic Index (NPI) score.
The expression of TFR1 was also reported to be higher in patients with invasive
breast carcinoma [125]. The study showed an association between the expression
of TFR1 and the malignant transformation in breast tissues [126]. Moreover, the
expression of TFR1 is proposed as an early detectable diagnostic biomarker in
patients with ER+/PR+ invasive ductal breast cancer, where the study found that
expression of TFR1 was significantly higher in those patients compared to
matching controls [127]. The role of TFR1, as a signalling molecule in
tumourigenesis, has been exposed in several studies. For instance, in breast cancer
cells the phosphorylation of TFR1 at position 20 by Src tyrosine kinase was found

to reduce apoptosis and enhance its survival [94].
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1.3 Breast cancer treatments

Imaging and biopsy are routinely used for cancer diagnosis [128]. The treatment
is based on the stage of the axilla and molecular profiling, and the best-
individualised therapy depends on the stage of breast cancer according to the
tumour, lymph node involvement, metastasis (TNM) system, the tumour grade
and receptor status (ER, PR, and HER2). According to the TNM system, three
clinical characteristics determine whether cancer cells have expanded into nearby
tissue, into the lymph node, and metastasised beyond the breast [129]. Breast
cancer stages are on a scale from 0 to IV, with stage IV describing invasive
incurable cancers that have metastasised outside the breast to other parts of the
body. Metastatic tumours of the breast commonly spread to the lung, liver, bone,
adrenal glands and brain [130]. However, if the diagnosis confirmed non-
metastatic breast cancer (stage O-lll), appropriate multimodal treatment with

curative intent is then initiated, as briefly described below.

1.3.1 Breast surgery
Regardless of the molecular subtype of breast cancer, surgery of the primary
tumour remains a cornerstone of locoregional therapy. Wide excision of the entire
breast (mastectomy) was the typical surgery procedure, however, this was
associated with a high rate of local recurrence and poor survival [131]. Breast
conservation therapy (BCT) has substituted mastectomy without compromising
survival, and become the primary surgical goal [132]. Compared with mastectomy,

BCT renders equivalent overall survival in patients younger than 40 years of age
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[133]. Following surgery, some form of systemic therapy is often given dependent

on the risk of recurrence and other biomarkers [134].

1.3.2 Radiotherapy
Radiation is a valuable therapeutic option in the treatment of breast cancer [135].
In non-metastatic tumours, radiating the breast following BCT gives similar
survival outcomes to those following mastectomy [133]. In addition, radiation
therapy is associated with a lower risk of loco-regional recurrence by ~75% [136,
137]. Radiotherapy is also used in palliative therapy, as it can facilitate local control
when surgical resection is not feasible and helps maintain or increase the quality
of life [138]. In terms of treating distant metastases, radiotherapy is indicated
following evaluation of benefits versus risk of toxicities; as treating distant
metastases usually requires a high volume of radiation, increasing the risk to the
lungs and heart. In this case, a strict adaptation of the irradiated volume is applied
to shorten the duration of radiation therapy. This can be achieved by reducing
numerical doses while slightly increasing the dosed fractions [139], indicating a
boost dose to the primary tumour bed after BCT [140], or using a single
intraoperative dose delivery during the surgical procedure [141]. As an alternative,

adjuvant systemic therapy can also be indicated in some cases [142].

1.3.3 Neoadjuvant/ adjuvant systemic treatment
Surgery and radiotherapy are considered primary therapies and are usually
combined with systemic therapy for patients with early breast cancer [143]. The
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type of neoadjuvant and/or adjuvant therapy depends on the molecular subtype,
tumour burden and risk of recurrence [144]. Usually, neoadjuvant therapy is used
to reduce the tumour size before surgery or to evaluate the response of the
tumour to additional adjuvant therapy. In HER2-positive breast cancers and
TNBCs, neoadjuvant administration has become the standard [60]. Moreover, in
clinically node-negative women, neoadjuvant chemotherapy has been found to

significantly reduce the rate of axillary metastases [145].

On the other hand, adjuvant therapy is prescribed after surgical resection of the
primary breast cancer to eradicate the residual micro-metastatic disease that may
develop into frank metastatic disease if left untreated [146]. For early breast
cancers, adjuvant chemotherapy and/or endocrine therapy decrease breast

cancer mortality by up to 30% and reduce the risk of recurrence [147] - [148].

Although the selection of appropriate systemic therapies is based on
individualised diagnoses, its implementation is hampered by access to the
required medications and facilities [59]. The available systemic therapy for breast

cancer can be categorised into cytotoxic chemotherapy and targeted therapy.

1.3.3.1 Cytotoxic chemotherapy
Usually, adjuvant chemotherapy is prescribed for most breast cancer patients,
days to weeks after surgery and continued for months to years. The patient can
be treated with a single agent or combination chemotherapy. Chemotherapy
arrests the growth and causes death of the cancer cells. There are four phases of

the cell cycle: G1 (gap 1), S (synthesis), G2 (gap 2), and M (mitosis). Chemotherapy
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affects one of the phases (specific agents) or more (nonspecific agents). The

commonly used chemotherapies for breast cancer treatment are discussed below.

Alkylating agents
Alkylating agents bind an alkyl group to a DNA during its synthesis in the S phase.
molecule by a covalent bond and thus prevent the DNA from forming a double
helix. This results in DNA strand breaks, the production of ROS and the inactivation
of DNA polymerases which catalyse the synthesis of DNA molecules [149, 150].
Cyclophosphamide is the most commonly used alkylating agent in breast cancer
treatment as a single agent or a combination therapy [151]. Despite these
advantages, cyclophosphamide is associated with the highest risk of

gonadotoxicity when treating breast cancer [152].

Platinum-based agents
Platinum-based agents are other non-phase specific agents (e.g., cisplatin,
carboplatin) that are regularly prescribed in the treatment of breast cancer. These
agents restrict DNA repair by forming DNA intra and inter strands crosslinks and
DNA protein crosslinks [153]. Although effective, their adverse effects limit their
use. The dose-limiting side effect for cisplatin is nephrotoxicity, for carboplatin it
is myelosuppression. In breast cancer, platinum therapy is usually prescribed in
combination with other agents to reduce the used dose and hence their adverse
effects [154, 155]. For instance, in the guidelines for the treatment of HER2-
positive early breast cancer, carboplatin is combined with docetaxel and anti-

HER2 therapy in adjuvant therapy for one year [156].
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Antimetabolites
Antimetabolites are agents that arrest cancer cells’ DNA and RNA synthesis in the
G1 phase resulting in starving cells of DNA building blocks, thus preventing the S
phase. Due to their structure that mimics the building blocks of genetic material
(e.g., nucleosides), they incorporate into DNA and RNA strands and act as chain
terminators to inhibit DNA polymerase [157]. Gemcitabine, 5-fluorouracil,
methotrexate, and capecitabine are antimetabolite agents that can be prescribed
for the treatment of breast cancer in both early and advanced stages. 5-
fluorouracil and methotrexate are usually combined with cyclophosphamide in
the cyclophosphamide methotrexate fluorouracil (CMF) classic regime [155]. In
premenopausal patients who had high-risk breast cancer, a significant
improvement in disease-free survival and overall survival for at least 25 years is

observed [158].

Antitumour Antibiotics
Anthracyclines are one class of antitumour antibiotics usually prescribed in breast
cancer treatment. Anthracyclines’ main antitumour effect is interfering with
enzymes involved in uncoiling DNA during the cell cycle; topoisomerase Il. This
results in DNA strand breaks and apoptosis [159]. Other mechanisms include
inhibiting DNA and RNA synthesis by intercalating their chromophore moiety
between adjacent base pairs of DNA, or by adducting DNA by formaldehyde-
releasing pro-drugs, resulting in blocking cell division and apoptosis.
Anthracyclines are also known to produce ROS, resulting in oxidative stress, DNA
damage, and lipid peroxidation triggering cell apoptosis [160]. Doxorubicin and

Epirubicin are anthracycline anti-tumour antibiotics indicated in breast cancer. An
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anthracycline - taxane regimen is recommended in luminal HER2-negative (HER-)
early breast cancer, in addition to endocrine therapy depending on the individual
risk of recurrence [161]. The anthracycline - taxane regimen is also indicated in the
adjuvant treatment regime for HER2-positive (+) early breast cancer, and the

preferred neoadjuvant chemotherapy in HER2+ early breast cancer and TNBC [60].

Microtubule inhibitors
Microtubule inhibitors are phase-specific agents that disrupt microtubule spindle
formation during the M phase. Due to their key role in mitosis, stabilising (by
taxanes) or destabilising (by vinca alkaloids) microtubules suppress their dynamics
required for appropriate mitotic function, resulting in mitotic arrest, blocking cell
cycle progression and ultimately causing apoptosis [162]. Taxanes (e.g., paclitaxel,
docetaxel, and ixabepilone) and vinca alkaloids (e.g., vinblastine, vincristine (VCR),
vindesine, and vinorelbine) are indicated in breast cancer during early and/or
advanced stage [60]. For instance, adjuvant paclitaxel and trastuzumab are
indicated for 1 year in patients with node-negative HER2+ tumours with size < 3
cm, as it is associated with few recurrences [163]. In addition, For HER2+ advanced
breast cancer previously untreated with trastuzumab, a combination of
chemotherapy (e.g., docetaxel, paclitaxel) and anti-HER2 agents (trastuzumab) is

the preferred first-line therapy option [164].

1.3.3.2 Targeted therapies
The expression of ER, PR, HER2 and Ki-67 subtypes that identify the molecular

classification of breast cancer, can also be used as targets for specific treatments
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[72]. Breast cancer-targeted agents work by interfering with the function of these

proteins responsible for cancer proliferation and survival [165].

Endocrine treatment
Endocrine or hormonal therapy is the mainstay of treatment for patients with
hormone-positive breast cancer (that is, all ER+ and/or PR+ tumours). They work
by manipulating oestrogen signalling via ER which represents the driving

transcription factor in around 70% of breast cancer [166], these include:

e Tamoxifen is a selective oestrogen receptor modulator that binds to the
oestrogen binding domain of ER to block its effect, thus reducing the
proliferation of tumour cells [167].

e Aromatase inhibitors (such as anastrozole, letrozole) are agents that stop
oestrogen production from aromatase enzymes that convert androgens to
oestrogen [168].

e Fulvestrant is a selective ER degrader. It binds to active ER and degrades

it, resulting in losing its expression [169].

All patients with ER+ breast cancer, independent of PR/HER2 status, should
receive endocrine therapy to block ER activity. In addition to breast cancer stage,
the choice of endocrine therapy is also related to menopausal status. For instance,
in early breast cancer with a low risk for recurrence, Tamoxifen can be indicated
as a single agent for both pre- and postmenopausal patients for at least 5 years
after surgery [60]. However, in postmenopausal women, aromatase inhibitors are

the preferred choice over tamoxifen as the oestrogen is not mainly produced from
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the ovary [170]. Patients with a high risk of recurrences are treated with endocrine

therapy for up to 10 years along with appropriate chemotherapy [171].

Immunotherapy
Recombinant antibodies are also part of breast cancer treatment. Anti-HER2 mAb
trastuzumab was the first approved mAb in 1998 for treatment of HER2(+) breast
cancers [172]. Due to its overexpression in breast cancer, HER2 protein is
considered a relevant biomarker for treatment. Trastuzumab binds to the
extracellular domain of HER2 and inhibits its downstream signals. This results in
blocking its action including proliferation and angiogenesis [173]. In HER2+ early
breast cancer, neoadjuvant and adjuvant chemotherapy together with anti-HER2
therapy is used as standard therapy and correlates with decreased recurrence and
improved disease-free survival and overall survival [172]. In HER2(+) advanced
breast cancer, anti-HER2 therapy is also a standard in combination with other

cytotoxic chemotherapy [60].

Other targeted agents
The conventional treatment for TNBC is chemotherapy including anthracyclines
and taxanes. Although targeted therapies for TNBC have not yet been discovered,
it may respond to PARP inhibitors targeted therapy [165]. Inhibition of PARP in
BRCA-mutant cancers via the concept of synthetic lethality is well-established.
Synthetic lethality occurs when two non-lethal genetic alterations contribute to
lethality together (e.g., BRCA and PARP). In BRCA-mutant and BRCA-deficient (e.g.,
homologous recombination-deficient) tumours, PARP activity is essential in base

excision repair (BER). Thus, BRCA-deficient tumours are acutely sensitive when
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challenged with PARP inhibitors (that inhibit DNA BER), resulting in chromosomal
instability, and selective cellular death with limited toxicity for the patient [165,
174, 175]. Thus, individuals with BRCA mutations in the breast cancer population
including TNBC are potential targets for BRCA mutation-targeted therapies such

as olaparib [176].

TNBC patients with high expression and/or functional activation of EGFRs
represent a potential target for anti-EGFRs antibodies and/or small-molecule EGFR
inhibitors [177]. However, due to the low response and high resistance, no EGFR
therapies are currently approved for the treatment of TNBC [178]. On the other
hand, EGFR therapies are effectively used in HER2(+) breast tumours. For example,
gefitinib targets EGFR with high selectivity, lapatinib targets both EGFR and HER2

and neratinib targets multiple kinases [179].

1.3.3.3 Challenges associated with breast cancer treatment
Challenges associated with anticancer agents include innate or acquired drug
resistance besides the previously mentioned significant toxicity (Section 1.3.3.1)
which limits their overall clinical efficacy [155, 194]. Indeed, ~ 90% of
chemotherapy fails at some point during invasion and metastasis of cancers, which
are related to drug resistance [192]. In cancer cells, drug-resistant diseases result

from their genome instability and mutation (Section 1.1.2.9).

The mechanisms of resistance are:

e Multi-drug resistance (MDR) develops when cancer cells can survive
against a wide range of anti-cancer drugs as a result of increased drug

efflux outside the cells and reduced drug uptake into the cells [191].
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e |Inactivation of anticancer drugs. Mechanisms include mutations, and
changing the drug metabolism by down- or up-regulating the proteins and
enzymes needed for activation or detoxification of anticancer agents
respectively [192].

e Changing the anticancer drugs’ targets. Mechanisms involve mutations in
the structure of target proteins or changes in their expression levels,
resulting in improper binding of the drugs to their targets [193].

o Enhancing the DNA repair mechanisms and inhibiting cell death can also

result in resistance to chemotherapy [192].

1.4 Natural products and breast cancer treatment

Natural products have historically been a major and critically important source of
therapy [180]. The earliest known prescriptions are recorded on Sumerian
cuneiform clay tablets date back to ~2600 BCE [181]. The Ebers Papyrus is the
largest and one of the oldest medical scrolls (c.1500 BCE), which documents over
700 plant-based remedies [182]. Ancient Egyptians were using castor oil, as a
medicine, to eradicate tumours near the breast surface [183]. Exploiting natural
products from different sources including plants has led to the discovery of many
medicines. In one screening study for 32 plants from the rain Malaysian forests,
13 crude extracts from 11 plant species were found to possess an anti-proliferative
activity in breast cancer cell lines [8]. Advanced technologies, such as high-
performance liquid chromatography (HPLC), and nuclear magnetic resonance
(NMR) coupled with mass spectrometry (MS)enabled purification, isolation, and
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identification of the active component(s) responsible for the biological activity
[184]. Following this, identified compound(s) are screened through the available
natural product libraries (high-throughput screening) in order to predict their
biological activity (de-replication) [185]. A panel of anti-cancer drugs related to
natural products was identified, corresponding to 25% of all newly approved anti-

cancer drugs between 1981 and 2019 [186].

Among these are taxanes and vinca alkaloid anti-microtubules agents used as
standard adjunct agents (Section 1.3.3.1) [187] Those plant-derived drugs that
cause cell death in treated cancer cells, serve as standard adjunct agents in breast
cancer treatment [162]. For instance, docetaxel demonstrates significant
improvements in survival rates in high-risk breast cancer patients regardless of
their prognostic factors. However, the potentially life-threatening adverse effects
associated with taxanes (e.g. docetaxel) limit its use [188, 189]. In addition,
acquired resistance to taxanes and other anticancer agents isolated from natural
sources is reported in multiple types of solid tumours after long-term

administration [190].

Challenges associated with anticancer agents (from natural sources and traditional
systemic chemotherapy) including toxicity and drug resistance oriented the efforts
toward the discovery of novel agents and strategies that may provide higher
efficacy with limited toxicity along with overcoming innate or acquired drug
resistance commonly associated with chemotherapeutic agents [162]. Among the

efforts is re-examining the natural products as a rich reservoir of chemical diversity
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[162, 195]. In addition, new strategies for safer delivery of available agents are

being developed (e.g., nanomedicines) [196].

1.4.1 Jerantinines
Aspidosperma indole alkaloids, Jerantinines A-G, were first isolated and
characterised in 2008 (Figure 1.9) [197]. Those alkaloids extracted from
Tabernaemontana corymbosa leaves had shown in vitro cytotoxic activity in KB
cells (ICso < 1pg/ml) [197]. Subsequently, many jerantinines were tested for their
in vitro antiproliferative activities. Jerantinines A (JA) and B (JB) have been found
to display promising antiproliferative effects against many human cancer cell lines
including breast (MCF-7, MDA-468), colorectal (HCT-116, HT-29), and lung (A549)
carcinomas. JA and JB inhibit tubulin polymerisation leading to G2/M cell cycle
phase arrest. Additionally, JB inhibits polo-like kinase 1 (PLK1; an early trigger for
the G2/M transition) and increases ROS levels. Treatment with jerantinines results
in cellular apoptosis, which is concentration- and time-dependent [198-203]. More
recently, JA was shown to induce antiproliferative effects by targeting the
spliceosome in breast cancer and causing abnormal splicing patterns that result in
cell death. This is caused by stabilising the splicing factor 3b subunit 1 (SF3B1)

protein and dissociating it from the nucleosome complex [204].
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Figure 1.9: Jerantinine A-G cytotoxic alkaloid compounds isolated from
Tabernaemontana corymbose. (1) jerantinine A, (2) jerantinine B, (3) jerantinine
C, (4) jerantinine D, (5) jerantinine E, (8) jerantinine A acetate, (9) jerantinine B
acetate, (10) 10-O-Methyl jerantinine A, (11) 10-O-Methyl jerantinine B [197].

Both JA and JB were found to evade poly glycoprotein (P-gp) mediated MDR
induced by VCR in HCT-116 (colorectal cancer) cells [202, 203, 205-208]. P-gp is
the first known ATP-binding cassette (ABC) transporter; also known as ABCB1. The
contribution of ABC efflux pumps to drug resistance has been widely explored and
the relationship between many MDR and ABC transporters has been established
through their overexpression in different breast cancer cells [209-212]. P-gp,
breast cancer resistance protein (BCRP), and MDR-associated protein 1 (MRP1) are
the most prevalent ABC efflux transporters related to MDR in breast cancer [213].

P-gp is found to be overexpressed in breast cancer cell lines and its overexpression
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is shown to be responsible for MDR in 41% of breast cancer patients [214-216]. A
subsequent study has indicated that jerantinine may offer a potential alternative
to VCR in the treatment of paediatric medulloblastoma [217]. With comparable
antiproliferative effects to VCR, jerantinine activity is independent of intrinsic

ABCB1 expression, thus avoiding MDR [217].

JA inhibited the growth of ER-positive MCF-7, TNBC MDA-MB-468 breast and HCT-
116 colon cancer cells with Glsg values of <1 uM. JA acetate (JAa) which is a more
stable derivative of JA has shown comparable activity in colon cancer cells and
greater potency against A549 lung and HT-29 colon cancer cell lines [202]. The
promising high potency, multi-target effects and ability to overcome MDR in vitro
encourage the belief that jerantinines are worthy of preclinical development.
However, JA has poor selectivity and exhibited cytotoxicity against non-cancerous
normal lung fibroblast cells (MRC-5) with a Glso = 1.72 uM [202]. Also, the
availability of isolated natural agents is limited, hence the synthesis of jerantinines
A and E using (-)-tabersonine as a precursor has been developed by John E. Moses

and his co-workers [198-201].

1.5 Drug delivery — nanotechnology and nanomedicine

Nanomedicine is a developing field that applies nanotechnology to therapy. This
research encompasses multiple disciplines including, biology, physics, chemistry,
engineering, and mathematics [218, 219]. Nano-formulations are composed of
NPs with a size of 1 - 1000 nm in which a drug or imaging agent is encapsulated,

dissolved, entrapped or attached to its matrix [220]. The applications of
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nanomedicine showed a notable enhancement in non-invasive cancer detection,
imaging and treatment [221] and are expected to keep developing in the future

[222].

1.5.1 Systemic delivery and biodistribution
The original concept of using nanoscale particles in cancer therapy is largely
attributable to the enhanced permeability and retention (EPR) effect of impaired
vasculature (section 1.1.2.5) that affects the biodistribution [223]. In tumour
vasculature, some pre-existing venules contribute to the formation of the mother
vessels, which enhance the permeability of the tumour microenvironment
vasculature to NPs, due to their high permeable intercellular gaps [35-37]. In
addition, big molecules can normally transfer through the capillary endothelial
cells via vesiculo—vacuolar organelles (VVOs). VVOs that can be single or linked
vesicles then discharge their cargo into the extravascular space [224], and
represent a prominent structure and a primary pathway for NPs extravasation
[225]. Enhanced permeability and mode for NP extravasation are illustrated in

Figure 1.10.
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Figure 1.10: Schematic illustration of (a) tumour blood vessels and mode for
nanoparticle extravasation in mother vessels and (b) enhanced permeability and
retention (EPR) effect of vascular malformations. dMV= the intercellular gap
distance in mother vessels, tMV= the thickness of endothelial cells lining the
mother vessels. Modified from [226, 227].

On the other hand, the leakiness of tumour vasculature allows plasma and blood
proteins to extravasate into the tumour microenvironment resulting in more
viscous blood. This ultimately enhances the efficiency of NPs’ ability to permeate
porous vasculature as it slows the blood flows (also known as flow reversal) and

gives more time for NPs to permeate out of the tumour vasculature [228].

As a result of the tumour pathophysiological features; the leakiness of tumour
vasculature, tumour microenvironment interactions, and poor lymphatic
drainage, NPs preferentially extravasate the tumour vasculature and accumulate
in the tumour microenvironment. This is then followed by the uptake of NPs by
the tumour cells [223, 229, 230].

40



Modifying the biodistribution and enhancing the tumour’s accumulation of
anticancer agents using nanomedicine, have been successfully used to improve
efficacy and reduce toxicity in clinical practice [231]. In addition, NPs have been
used to enhance the physical properties of pharmaceutical agents including
solubility and stability, as was demonstrated for Ibuprofen and nucleic acids [232-

234].

1.5.2 Nanoparticle classes
The composition of the nano formulation matrix is of high importance, as it affects
the biological biodistribution and the physical properties of the NPs [235], as well
as the efficiency of cargo delivery and patient response [236]. The following NPs

are considered for drug delivery:

Lipid-based nanoparticles
Lipid-based NPs are mostly spherical particles composed of lipid bilayer(s)
surrounding an aqueous compartment (Figure 1.11). They can be modified to
entrap more than one drug even with opposite lipophilicity [237]. Liposomes are
the most common class of FDA-approved nanomedicines due to their formulation
simplicity and modification capability; allowing enhanced biological stability of the

cargo [238, 239].

41



Lipid-based

Liposome

2,

?"A\ Oil '\’b
e

* Formulation simplicity with
a range of physicochemical
properties

* High bioavailability

* Payload flexibility

* Low encapsulation
efficiency

Lipid NP

Inorganic

Silica NP

Quantum dot

o

Iron oxide NP Gold NP

* Unique electrical, magnetic and
optical properties

* Variability in size, structure
and geometry

* Well suited for theranostic
applications

* Toxicity and solubility limitations

Polymeric

SNy
o //,,)/

.
»

2,

%4 A\
7 2
G

TN

\,\\'

S {
%, N\ {
%, N 'q'\
Vs TAA

Polymersome Dendrimer
Polymer micelle Nanosphere

* Precise control of particle
characteristics

* Payload flexibility for hydrophilic
and hydrophobic cargo

* Easy surface modification

* Possibility for aggregation
and toxicity

Figure 1.11: Classes of nanoparticles according to their composition including the
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Inorganic nanoparticles
Inorganic NPs, for example, gold, iron and silica NPs, are used for drug delivery
(Figure 1.11) [240]. Inorganic NPs can have specific physical, magnetic and optical
properties, depending on their composition, that enables their use in diagnostics,
imaging and photothermal therapies [241]. Moreover, inorganic NPs can be
engineered with different sizes and geometries, which is known to affect their
delivery [240]. Gold NPs and iron oxide are two commonly studied inorganic NPs

with FDA approval for the latter for iron-deficiency management [236].

Polymer-based nanoparticles
Polymer-based NPs are colloidal systems that can be synthesised from natural or
synthetic polymers (Figure 1.11). The polymeric NPs nanocapsules/nanospheres
are divided according to their shapes into polymersomes, micelles and dendrimers
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[242]. The therapeutic agent can be encapsulated, entrapped, or even conjugated
to the polymer during synthesis, allowing this NP to hold molecules with various
biological characteristics [243-245]. Moreover, the feasibility for scaling up and
high stability in the biological system are two significant advantages over other
lipid-based and inorganic nanocarriers [246]. However, NPs encounter
disadvantages related to poor encapsulation efficiency (EE) and high
biodistribution to the liver and spleen, as seen with lipid NPs [247], and solubility
related to the inorganic NPs especially when using heavy metals [248], in addition
to aggregation problems encountered with polymeric NPs, and reported toxicity

[236].

1.5.3 Advantages and challenges of the nanoparticle driven delivery
The biodistribution of systemically-administered NPs can be affected by several
biological factors, including interaction with plasma proteins, blood circulation
time and clearance, in addition to uptake by cancer cells [249]. Once inside the
circulation, NPs are covered with a corona - a shell formed as a result of adsorbing
mainly plasma proteins and to a lesser extent carbohydrates and lipids onto the
NPs' surface [250]. The formation of a corona can be irreversible and depends on
the NP physicochemical properties, exposure time, the protein source and its
concentration. The presence of a corona can change the NP interactions in a

biological environment [250-252] and its toxicity [253].
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The interaction of the NP with the environments can be modified by their size,
shape, surface charge and composition. For example, when opsonin binds to the
surface of positively charged NPs as part of the corona, it triggers the mononuclear
phagocytic system (MPS) that might cost NPs their targeting capability [254]. The
MPS is rich in resident phagocytic cells, mainly from the liver and spleen that
identify, sequester and eliminate NPs as foreign substances [255]. Although the
toxicological investigations of NPs on the targeted organs have not been fully
addressed, the fact that NPs accumulate in the main organs including the liver,
kidney and lung provides the necessary information needed to control NPs toxicity

before transiting them into the clinic [256].

In general, the properties of NPs can be altered during synthesis to optimise their
in vitro and in vivo stability [236], targeting properties, biodistribution, loading

efficacies and release kinetics [257] (Figure 1.12) [235].
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Figure 1.12: Commonly engineered NP surface properties that allow for enhanced
delivery. Modified from [236].

The NP size plays an important role when being developed for specific tumours.
For example, tumour vessels that grow in cranial environments or regressing
tumours after hormone withdrawal, have a smaller pore cut-off size compared to
other tumours including the subcutaneous ones that normally range from 200 nm
to 1.2 um [258]. Hence the size of the NPs used should be within this range to
enable efficient delivery. When the size of the molecule is considerably smaller
than the pore cut-off size, the permeability becomes independent of pore size
[258]. Moreover, The NP’s size is crucial for clearance from the body. When NPs

successfully pass bypass sequestering by MPS and renal system filtration by having
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a size bigger than glomerular filtration cut-off ~ 5.5 nm, they will have opportunity

to reach and interact with the tumour tissue [259, 260]

Successful modifications of the NP surface properties to enhance delivery have
been made. To prevent non-specific distribution, Active targeting of NPs by
modifying their surface using targeting moieties including antibodies [261],
glucose [262] and other ligands [263] has been made to direct their delivery
(Figure 1.12). These targeting moieties interact with cognate molecules on the
target cell’s surface, such as receptors. Attempts to reduce the protein interaction
with NPs, including covering NPs with polyethylene glycol (PEG), reducing their
recognition by MPS and lengthening their half-life in the circulation by up to 2 days

by avoiding MPS clearance [264].

On the other hand, reducing toxicity, protein interaction and enhancing the
biocompatibility of exogenous materials have been achieved by coating their
surface with endogenous materials [265]. Successful NPs surface modification by
applying a membrane made of self-peptide, leukocytes, erythrocytes, or platelets
enhanced the biocompatibility of NPs, reduced their MPS recognition and

ultimately lengthened circulation half-life [266-269].

While many promising preclinical studies are reported, only a few have been
approved for clinical use [270]. PEGylated liposomal doxorubicin was the first
approved NP for the treatment of various cancers. this was followed by the
approval of many NPs’ medicines formulated into PEGylated and non-PEGylated
liposomes, in addition to albumin-particle bound paclitaxel and others as shown

in Figure 1.13 [271].
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Figure 1.13: Timeline of the development of nanomedicines. Doxil (doxorubicin,
non-PEGylated liposome Myocet (doxorubicin) (155), albumin-based nanoparticle
(NP) Abraxane (doxorubicin), PEG-PLA polymeric micelle Genexol-PM (paclitaxel),
vincristine sulfate liposome (Margibo), the iron oxide NP (NanoTherm), targeted
ado-trastuzumab emtansine (DM1) liposome (Kadcyla), PEG-PLGA polymeric NPs
(BIND-014), up conversion nanoparticles (UCNPs) used in photodynamic therapy
(PDT) [272].

On the other hand, using endogenous materials as nanocarriers for cancer therapy
not only enhances biocompatibility but also biodegradability Peptides have been
used as nanocarriers, however, their poor stability, solubility and membrane
permeability presented challenges [273]. Using proteins as nanocarriers has been
shown to overcome these obstacles, making them very promising nanocarriers for

cancer therapy [273].
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1.6 Ferritin family proteins

1.6.1 Structure
Ft proteins are the main storage proteins for iron in human tissues,
microorganisms, and even plants. The superfamily of Ft consists of three
members; the classic Ft which is found in eukaryotes and some types of bacteria,
bacterio-Ft found in other types of bacteria and archaea and DNA-binding protein
from starved cells (DPS) which plays an important role in protecting chromosomes

from being oxidised and eventually damaged [274].

Mammalian Ft consists of 2 polymer chains, the H-chain (also known as the heavy
chain) consists of 182 amino acids and has a molecular weight (MWt) of 21,000 d.
H-chain contains the active “ferroxidase” site where oxidation of iron takes place.
The L chain is a “light” chain composed of 174 amino acids and has a MWt of
18,500 d; it facilitates the mineralisation process of iron ions (Figure 1.14). Other
Ft types also contain the ferroxidase site with some differences in the structure of
H and L chains [275, 276]. The H-chain was originally named after being isolated
from the heart where it is predominant, whereas the L-chain is predominant in
liver tissue. Moreover, the predominance of H and L subunits varies according to
the pathological condition and each is encoded by separate genes [277, 278]. The
24 subunits of Ft are arranged in octahedral (432) symmetry to form a spherical
cage with an outer and inner diameter of 12 nm and 8 nm, respectively, capable
of storing ~4500 iron atoms (Figure 1.14) [279, 280]. The inner cavity of Ft is

connected to the external environment through eight hydrophilic triple-axis
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channels and six hydrophobic quadruple axis channels with sizes between ~0.3

and ~0.5 nm. Those are necessary for the iron in- and out-diffusion [281, 282].

H-subunit:
ferroxidase center

L-subunit:
nucleation site

- 8 hydrophilics

" C, channel

Figure 1.14: (a)The spherical cage of native ferritin with an outer and inner
diameter of 12 nm and 8 nm and iron core of ferritin. (b) ferritin is composed of
24 oligomers; H chain subunits and L chain subunits with 8 hydrophilic channels
[283].

1.6.2 Physiological role
Ft function is crucial for iron homeostasis (Figure 1.15). As an iron storage protein,
Ft captures free iron (Fell) and sequesters it inside its mineral core in the form of
ferrihydrite phosphate ([FeOOH] 8[FeOPO3H;]. This protects the tissues from the
accumulation of free iron. Free iron ions are very toxic to cells as they can form
free radical species that directly bind to and damage DNA, lipids and even proteins
in a process known as peroxidative damage. The stored (Felll) iron ions are not

toxic and can be released from Ft when needed [279, 280, 284-286].
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Figure 1.15: Intracellular Iron Homeostasis and the role of Ferritin in storing iron
(Felll) inside its mineral core. DMT1 = divalent metal ion transporter 1, Tf =
Transferrin, TFR = Transferrin receptor [287].

Cellular Ft is mainly located in the cytoplasm, however, it can be also found in the
nucleus and in mitochondria, where its expression is controlled post-
transcriptionally by iron levels inside the cells [288]. Cellular Ft is overexpressed in
many cancerous tissues, including hepatocellular, breast and pancreatic
carcinoma. The overexpression of cellular Ft reflects the integral role of iron.
Indeed iron is essential for all cells as it plays a critical role in cellular respiration
by converting oxygen into ATP (the usable energy form in cells) [287]. It is needed
for the formation of iron-containing proteins necessary for oxygen transport [289].
Moreover, iron is a co-factor for many enzymes such as ribonucleotide reductase

which is necessary for DNA synthesis [290].
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Although mammalian Ft is normally found in high levels inside the cells, it is also
present extracellularly within the serum. Here it can deliver iron to different
tissues in the case of transferrin depletion; transferrin is the main iron transport
protein in the blood [287]. Unusually high levels of extracellular Ft have been
detected in different fluids including cerebrospinal, synovial fluid and serum. The
raised levels are related to iron overload, inflammation, or even some
malignancies including hepatocellular, pancreatic, breast and many other
carcinomas [291-294]. In addition to iron storage, transport and protection roles,

Ft has a role in dietary iron absorption [295].

1.6.3 Ferritin as a nanoparticle — Apoferritin
The relationship between cancer and TFR1 made it a valuable target for therapy.
For example, mAb against TFR1, competes with transferrin binding to TFR1,
resulting in the intracellular iron deprivation and death of cancer cells
overexpressing TFR1 [296]. On the other hand, due to its upregulation in cancer
cells, targeting TFR1 with specific nanocarriers (such as Ft ) is another developing

therapy option [297].

Iron-free Ft is called apoferritin (AFt), it is a colourless, spherical hollow
polypeptide cage. AFt was prepared from Ft first by Granick and Michaelis in 1940
[298, 299]. Besides being biocompatible (non-toxic), AFt is a stable protein under
different environmental conditions. It is stable at high temperatures up to 75 2C,
in various denaturants such as urea and within a wide pH range (2 - 10). AFt has a
self-assembly property; it dissociates under acid/alkaline pH (£2.0 or 211.0) into

its 24 subunits and restores its nano-spherical shape at physiological pH (7.5). In
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addition, it has been found that TFR1 is responsible for AFt uptake into cells, by
selectively binding to its H subunit. AFtistaken up by clathrin-coated pit-mediated
endocytosis and trafficked through the cells by endosomes and lysosomes similar

to transferrin (Figure 1.16) [113, 300].
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Figure 1.16: Internalisation of apoferritin = AFt into the cells through clathrin-
coated pit-mediated endocytosis following its recognition by transferrin receptor
1= TFR1.

Adding to their biocompatibility, biodegradability and selective uptake, which
make proteins the most attractive endogenous nanocarriers, the self-assembly
property presents interesting opportunities for the encapsulation of different

agents inside its hollow core [279, 285, 301-303].
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Using the self-assembly method in 2005, Ece H. Simsek et, al. were the first to
encapsulate an anti-tumour agent (doxorubicin-HCI) inside AFt [304]. Although
doxorubicin is a quite large molecule ~ 544 g/mol, 28 molecules were successfully
entrapped inside the AFt core [305]. Subsequently, many successful encapsulation
studies have been achieved by exploiting the self-assembly property of AFt at
different pH values [266-270]. More recently, the encapsulation of therapeutic
agents into AFt core was achieved through “the diffusion method”. This was done
by exploiting the hydrophilic channels of AFt to entrap small MWt agents [118,

306-309].

To date, a number of studies have been reported to develop AFt as a tumour-
targeted NP [44]. Indeed, AFt has been exploited as a nanocarrier for many cancer
therapies including; chemotherapy, gene therapy, photothermal therapy and
photodynamic therapy [310]. Due to its innate tumour-targeting capability, AFt is
superior to other nanocarriers (that depend only on the EPR effect to enhance
tumour selectivity), further reducing the undesirable effects of the enclosed agent
[273]. In addition to its high stability feature, exploited to enhance the chemical
instability of encapsulated agents, AFt has been investigated to enhance poor
solubility. This is due to its excellent water solubility signified by its positive charge
at neutral pH [311, 312]. Besides doxorubicin, other compounds (synthetic and
those isolated from natural sources) have been successfully encapsulated inside
AFt, for example, epirubicin, paclitaxel, gefitinib, curcumin and olaparib [306, 312-

315].
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The AFt surface can be modified chemically or genetically for active tumour-
targeting to minimise nonspecific binding. Functionalised AFt may be developed
for dual targeting - to TFR1 as well as another protein expressed in tumours (e.g.
HER2). This is achievable by modifying the amine groups on the outer surface of
AFt and binding it with small molecules [313], antibodies [316], or peptides [314,
317]. Furthermore, an interesting study has shown the possibility of incorporating
two anticancer agents (doxorubicin and docetaxel) inside the core of one AFt
molecule and their successful intracellular delivery [318]. AFt has also shown its
ability to translocate into the nucleus following the DNA damage, thus delivering
anticancer agents attempted for DNA targeting [319]. Table 1.2 shows some
recent studies of innate and modified AFt used to overcome some issues related

to anticancer agents’ utilisation.

Table 1.2: Summary of innate and modified AFt in cancer therapy as a nanocarrier.

AFt used Advantages References
Innate AFt Treat multidrug-resistant tumours | [118, 320, 321]
with temozolomide, Cu(ll), and
doxorubicin
Innate AFt, ERK-Peptide-Inhibitor- | Enhance efficacy of temozolomide, | [118, 314, 315,
Modified Ferritin paclitaxel, olaparib, Cu(ll), and | 320, 322]
artesunate
Innate AFt, GKRK-peptide- | Facilitate brain-targeted delivery of | [317, 323, 324]
modified AFt vincristine sulfate, doxorubicin,
and mAbs
Innate AFt Enhance chemical stability of | [312]
curcumin
Innate AFt Enhance solubility of 5F 203, and | [307, 312]
curcumin
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1.7 Aim and objectives of the study

The overall aim of this study was to develop a new therapy with enhanced
antitumour activity and reduced toxicity for breast cancer patients, which
represents the first leading cause of cancer death in women globally [56]. This can
be achieved by delivering existing antitumour agents within an appropriate nano
vehicle. As one of the most attractive endogenous nanocarriers, AFt protein was
used in our study to encapsulate and deliver JAa to breast cancer cells [279, 285,
301-303]. AFt can be targeted to the tumour tissues due to its recognition by TFR1
which is overexpressed by tumour cells. Like other tumours, breast cancer
upregulates TFR1, and while its overexpression can serve as a marker for diagnosis
and prognosis, it can also be used as a valuable therapeutic target [125-127]. On
the other hand, jerantinines, alkaloids isolated from T. corymbosa have been
found to display a promising potency against various human cancer cell lines, while
evading one of the main obstacles associated with chemotherapeutic agents; MDR
conferred by P-gp expression [202, 203, 205-208]. However, the main obstacle
facing jerantinines is their poor selectivity and cytotoxicity against non-cancerous
cells e.g. MRC-5 fibroblasts [202]. Therefore, the development of AFt as a
nanocarrier and delivery agent for JAa has been set as the main purpose of this

study.

To achieve this major aim, the research project was undertaken with the following

specific objectives:

1. Optimisation of JAa encapsulation into the AFt core using nano-reactor and

self-assembly routes. Following encapsulation, characterisation of the new
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formulations with respect to protein recovery (PR%), AFt-integrity,
stability, size, charge, and MW?t. The results associated with this objective
are discussed in Chapter 3.

Evaluation of targeting distinct molecular subtypes of breast cancer versus
non-transformed phenotypes with AFt by determining TFR1 expression in
each breast cancer cell line using western blotting and flow cytometry
techniques. The results associated with these objectives are discussed in
Chapter 4.

Evaluation of the effect of AFt encapsulation on the toxicity and selectivity
of JAa in treated cell lines by conducting various in vitro assays including
MTT, viable cell counting and clonogenic assays. In addition, evaluation of
the biocompatibility of empty AFt against the selected treated cell lines.
The results associated with these objectives are discussed in Chapter 4.
Evaluation of the possible molecular targets of JAa and the effect of AFt
encapsulation on these targets by investigating their cell cycle perturbation
effect, apoptosis-inducing effect and the expression of some proteins that
play a role in apoptosis and survival in selected breast cancer cell lines. The
results associated with these objectives are discussed in Chapter 5.
Investigating the correlation between cellular response to AFt-JAa, cellular
expression of TFR1 and uptake of AFt and encapsulated JAa. The results

associated with these objectives are discussed in Chapter 4.



2 Materials and methods

2.1 Encapsulation methods

2.1.1 Preparation of apoferritin
AFt preparation method was adopted and modified from the original publication

by Granick and Michaelis [298].
Materials

All chemicals were purchased as listed below and used without further
purification: horse spleen Ft (Sigma-Aldrich, product code (PC)-1002315752)
stored at 4 2C; freshly prepared sodium acetate buffer (NaOAc, 100 mM, pH 5.5);
98% mercaptoacetic acid (ACROS, PC-125430010) stored at 4 2C; dialysis bags
(Fisherbrand, PC-2115210), with a molecular weight cut-off (MWCO) 3.5 KDa,

stored at 4 °C.
Method

AFt was prepared from Ft by dissolving the iron-core. First, mercaptoacetic acid (2
mL) was added dropwise over 15 min to the freshly prepared NaOAc buffer (2 L).
Ft solution (10 mg/mL) was prepared using the same buffer and dialysed for 2 h.
Afterwards, the outer buffer system was supplied with additional mercaptoacetic
acid (1 mL) and dialysed for an additional 1 h. The dialysis bag was then transferred

into fresh NAoAC buffer, and the process was repeated 5 times (over 3 days). The
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resulting colourless protein was then dialysed against fresh NaOAc buffer for 24 h
(T =4 oC) with continuous stirring to remove any mercaptoacetic acid residue. The
AFt was then purified using 0.2 mm filters (Minisart), split into 1 mL aliquots, and

stored at -20 2C.

2.1.2 Jerantinine A acetate and stock solution
JAa, a more stable form of JA (Figure 2.1), was provided by Dr Kuan-Hon Lim,
School of Pharmacy, UNM (University of Nottingham, Malaysia). JAa was
reconstituted with Dimethyl sulfoxide (DMSO) to make a 10 mM stock solution.

Stocks were then stored at -80 2C in 10 L aliquots to avoid freeze/thaw cycles.

2.1.3 Encapsulation of jerantinine A acetate into apoferritin: The nano-
reactor route

Encapsulation of JAa inside the core of AFt was achieved using the diffusion
methods described earlier with some modifications [118, 307]. First, we tried to
encapsulate JAa in different ratios and conditions (see Section 3.3.1). The
optimised encapsulation of JAa was performed at a ratio of 1:200 of AFt: JAa (T =
4 oC). First, AFt stock was diluted using NaOAc (100 mM, pH 5.5) to reach a final
protein concentration of 2 mg/mL (measured using Bradford assay as described in
Section 2.2.1) and kept under continuous stirring. The aliquotes of JAa (10 L, 10
mM) in DMSO were added at 30 min intervals until the required amount was
achieved. After the final addition, the solution was stirred for an additional 30 min.
The resulting solution was then purified through Amicon Ultra-4 centrifugal filter

(MWCO 30 KDa) for 4 min (4000 rpm) to remove any unencapsulated JAa
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molecules. Encapsulation, purification and storing of the formulations were

performed at 4 2C to minimise deterioration of AFt protein and degradation of JAa.

pH 5.5 pH 5.5
_’ _’
Apoferritin purification

@ = Apoferritin subunit e =JAa

Figure 2.1: Schematic diagram of the nano-reactor encapsulation route of JAa
inside the core of AFt protein.

2.1.4 Encapsulation of jerantinine A acetate into apoferritin: The self-
assembly route

The self-assembly method was optimised to enhance PR% and EE%. AFt stock was
diluted with ultrapure water to a concentration of 2-2.5 mg/mL (see section 2.2.1).
The self-assembly route involves two main steps, the disassembly and the re-
assembly of AFt. Dis-assembly of AFt to its 24 subunits was achieved at pH 2. The
pH of the AFt solution was adjusted by adding HCl solution (1 M) dropwise at 4 2C.
After 30 min of continuous stirring, JAa (10 pL, 10 mM) was added gradually, along
with the addition of NaOAc buffer (30 uL, 100 mM, pH 4) every 15 min. The
addition of JAa and NaOAc was stopped at pH 4 and when the required ratio of
150 JAa molecules to each AFt molecule was achieved. The resulting solution was

stirred continuously at 4 2C for another 60 min. Full re-assembly of the AFt cage
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was achieved at pH 7.4 by adding tris-acetate buffer (100 mM, pH 7.4) at 4 2C with
continuous stirring overnight. Aggregated protein and unencapsulated drug
molecules were then purified by centrifuging the solution for 15 min (3000 rpm, 4
2C) using Amicon® Ultra Centrifugal Filters (MWCO 100 KDa). Lastly, to desalt the
protein formulation and to remove any remained unencapsulated JAa molecules,
the AFt-JAa formulation was dialysed overnight against tris-acetate buffer (25 mM,

pH 7.4) and then stored at 4 oC (Figure 2.2).

The pH of the solution was measured after each addition, and all measurements
were done using a Mettler Toledo pH meter. The pH meter was calibrated using a
range of Metler Toledo standard buffers (pH: 2.00, 4.01, 7.00, and 10.01) to cover
all different pH values used during the encapsulation. The calibration of the pH
meter was done before each encapsulation experiment to ensure sensitive and

reliable measurements.
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Figure 2.2: lllustration diagram shows the reassembly encapsulation route of JAa
inside the core of AFt cage.

2.2 Characterisation methods

Several characterisation methods were used to assess the composition/integrity,

size and stability of AFt cage during and after the encapsulation of JAa.
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2.2.1 Bradford assay
To equalise the concentration of loaded proteins, the sample concentrations were
guantified using the Bradford protein assay [325]. In the Bradford assay, a change
in the colour of Coomassie Brilliant Blue G-250 dye upon its binding to a protein
causes a shift of colourimetric absorbance. The shift of absorbance (from 465 to
595 nm) is then measured and is proportional to the concentration of protein in

the sample [325].

Materials

Bradford reagent (Sigma-Aldrich, PC-B6916) stored at 4 2C; bovine serum albumin

(BSA; VWR, PC-421501J) stored at 4 °C; ultrapure water (18.2 MQcm).

Method

The Bradford protein assay was used to measure the concentration of proteins
used in this study based on a BSA calibration curve. In a 96-well microtiter plate,
10 pL of 6 serially diluted concentrations (1.0 mg/mL, 0.8 mg/mL, 0.6 mg/mL, 0.4
mg/mL, 0.2 mg/mL, and 0.1 mg/mL) of BSA were diluted in 90 pL of ultrapure
water and shaken in a plate shaker (Amersham)® for 1 min. From each dilution,
10 puL was then mixed with 140 pL of Bradford reagent and shaken again for 5 min
in dark conditions at room temperature. Absorbance readings at 595 nm were
recorded using a Perkin Elmer plate reader followed by the generation of a
calibration curve. The absorbance of other proteins of interest was recorded using
the same method and their concentration was calculated based on the equation
obtained from BSA calibration curves (n = 3, for > 3 replicates). Ultrapure water
was used as a negative control in each measurement.
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2.2.2 Native polyacrylamide gel electrophoresis
Native polyacrylamide gel electrophoresis (PAGE) was performed to separate
proteins based on their shapes and sizes under non-denaturing (non-reducing)
conditions [326]. Native PAGE does not give reliable indications of molecular
weight, however, changes in detected bands’ molecular weight were used to
detect any conformational fluctuations in AFt protein resulting from the

encapsulation of JAa.

Materials

Gradient native PAGE 4-16% Bis-Tris gel electrophoresis (Invitrogen)® stored at 4
oC; NativeMark™ Unstained protein standard (Invitrogen)® stored at -20 2C; TRIS
(Sigma-Aldrich, PC-B9754) stored at room temperature; Tricine (Sigma-Aldrich,
PC-T0377) stored at room temperature; Coomassie Brilliant Blue G-250 solution

(G-BIOSCIENCES, PC-786-498) stored at room temperature.

All buffers used in the native PAGE were pre-prepared and stored at 4 2C as
described in Table 2.1. The cathode and anode buffers were diluted to their
working concentrations 1X with deionised water (d.H.0) on the day of the

experiment.

Table 2.1: Composition of the cathode, anode and loading buffers used in native
PAGE

Buffer used

10X Cathode buffer, pH

7.0

10X Anode buffer, pH

7.0

4X loading buffer,

pH 6.8 (10 mL)

Composition

500 mM Tricine;
150 mM Bis-Tris/HCI

500 mM Bis-Tris/HCI

Glycerol (4 mL);

1M Tris-HCI, pH 6.8 (2.4
mL);

Bromophenol blue (4 mg);
d.H20 (3.1 mL)
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The required pH was adjusted using HCl (1 M) and pH measurements were done

using a pre-calibrated Mettler Toledo pH meter.

Samples loading and native gel electrophoresis method

Protein samples (30 pg in a final volume of 15 puL) were stained with 5 L of 4X
loading buffer and loaded in the cassette fixed into an electrophoresis tank. After
loading the samples, cathode buffer (between gels’ compartments), and anode
buffer (outside of gels’ compartments), the native gel was run at 175 mV for 2 h.
Preparation of samples, samples loading, and gel electrophoresis were performed
at 4 °C to keep the protein samples from denaturing. The protein bands were
either visualised directly under UV light or after staining with Coomassie Brilliant

Blue staining G-250 solution for 1 h.

2.2.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
The separation of proteins based on their MWt under denaturing and reducing

conditions was performed using sodium dodecyl sulphate (SDS)-PAGE [327].

Materials

Protein MWt markers (Thermo-Scientific, PC-26619) stored at -20 2C; Tris (Sigma-
Aldrich, PC - T6066) stored at room temperature; glycerol (Sigma-Aldrich, PC-
G5516) stored at room temperature; B-mercaptoethanol (Sigma-Aldrich, PC-
M6250 ) stored at room temperature and handled under the fume hood; SDS
(Sigma-Aldrich, PC-L3771) stored at room temperature; ammonium persulfate
(APS, Sigma-Aldrich, PC-A3678) stored at room temperature; acrylamide/bis
acrylamide stock solution (Sigma-Aldrich, PC-A2917) stored at 4 2C; N, N, N’, N’-
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tetramethylethylenediamine (TEMED, Sigma-Aldrich, PC-T9281) stored at room
temperature and handled under the fume hood; gel cassette 1.5 mm (Invitrogen

UK, PC-NC2015); isopropanol (Sigma-Aldrich, PC-563935).

Preparation of polyacrylamide gels method

Polyacrylamide gels with different ratios of acrylamide to bisacrylamide (in the
resolving gel) were prepared to separate different MWt proteins. The higher the
ratio of acrylamide to bisacrylamide, the larger the pore size of the gel, and the
higher MWt of protein to be separated [328]. The preparation of any required gel
was started with making the resolving gel followed by 5% stacking gel. The
resolving gel was prepared following the recipe described in Table 2.2 based on
the required gel ratio. The resolving gel was then poured inside the gel cassette
and set for the polymerisation process to complete in 30 min. Isopropanol (~ 100
uL) was added on top of the resolving gel to protect the polymerisation reaction
from being inhibited by molecular oxygen. After resolving gel polymerisation,
isopropanol was removed and 5% stacking gel (following the recipe described in
Table 2.2) was poured on top of the resolving gel and covered immediately by a
comb. The polymerisation of the gels was initiated by the addition of APS. TEMED

was used to stabilise polymerisation.
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Table 2.2: Composition of the resolving and stacking gels used in SDS PAGE

Resolving gel Stacking gel
Reagent 8% (10 mL) | 10% (10 mL) | 12% (10 mL) Reagent 5% (4 mL)
H20 4.6 4.0 3.3 H20 2.7
30% w/v 2.7 3.3 4.0 30% w/v 0.67
acrylamide acrylamide
1.5 M Tris, pH 2.5 2.5 2.5 1.0 M Tris, pH 0.5
8.8 6.8
10% SDS 0.1 0.1 0.1 10% SDS 0.04
10% APS 0.1 0.1 0.1 10% APS 0.04
TEMED 0.006 0.004 0.004 TEMED 0.004

Stocks of 4X loading buffer and 10X running buffer were pre-prepared and stored
at room temperature as described in Table 2.3. The required pH was adjusted
using HClI (1 M) and pH measurements were done using a pre-calibrated Mettler

Toledo pH meter.

Table 2.3: Composition of the running and loading buffers used in SDS PAGE

Buffer used | 10X Running buffer, pH 7.0 (500 mL) | 4X Loading buffer, pH 6.8 (10 mL)

Composition | Tris (21.2 g); Glycerol (4 mL);
Glycine (72.06 g); 1M Tris-HCI, pH 6.8 (2.4 mL);
SDS(5g); Bromophenol blue (4 mg);
d.H20 (up to 500 mL) 0.8 g SDS;
d.H20 (3.1 mL)

Samples loading and SDS gel electrophoresis method

Protein samples were mixed at a ratio of 3:1 with the loading buffer (pre-mixed
with B-mercaptoethanol at a ratio of 19:1 just before loading with the protein
samples). Samples in Eppendorf tubes were heated in a heating block at 95 2C for
5 min to denature the proteins. After loading the samples (30-40 ug/well, 18 uL)
with the molecular marker (5 uL), 1X running buffer was added to the tank and

samples were run at 90 V (~20 min) followed by 30-40 min at 140 V. The gel was
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then stained with Coomassie Brilliant Blue staining G250 for 1 h or used in western

blotting without staining.

2.2.4 Estimation of the protein recovery
The PR% was calculated to assess and optimise the encapsulation method through
the reassembly method. The weight of the formulation was obtained before and
after the purification step. The protein concentration of the formulation was
measured before and after the purification (see Section 2.2.1). The purification of
the formulation samples was done using the Amicon Ultra-2 Centrifugal Filter Unit
(Millipore®, PC-UFC210024) with MWCO 100 KDa. The protein concentrate was

collected, and its recovery was calculated by Equation (2.1):

WexC
concentrate recovery% = WC CC 100% (2.1)
0*Co

where W, is the weight of the formulation after purification, C. is the
concentration of the formulation after purification, Wy is the weight of
formulation before purification and Cp is the concentration of the formulation

before purification.

2.2.5 Encapsulation efficiency and drug loading
EE% is defined as the percentage of drug that is successfully encapsulated in the
formulation. While drug loading (DL%) is defined as the amount of drug-loaded
inside the NPs per unit weight. EE% and DL% are elementary measurements for
drugs encapsulation in NPs [329-332]. The concentration of encapsulated JAa was

calculated using a calibration curve of JAa. The absorbance spectra of JAa with
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known concentrations (200 uM, 100 uM, 50 uM, 25 uM, 12.5 uM, 6.2 uM, 3.1 uM)
were measured using Varian Cary50, UV-Vis Spectrophotometer over a range of
wavelengths (200-800 nm) in 0.5 mL quartz cuvette. Subsequently, a calibration
curve of JAa with R2 > 0.99 was generated at measured Amax=330 nm. The
absorbance of encapsulated samples was then measured and both EE% and DL%

were calculated using Equations (2.2) and (2.3), respectively.

molar concentration of encapsulated drug 100%
X 0
molar concentration of added drug

EEY% =

(2.2)

weight of encapsulated drug
weight of encapsulated nanoparticles(AFt+encapsulated drug)

DL% = 100% (2.3)

2.2.6 Dynamic light scattering
Dynamic light scattering (DLS) is a powerful analytical tool used to characterise
NPs in a solution in terms of their particle size and surface charge [333-335]. In the
DLS technique, the detected scattered light in all directions is related to the
diffusion characteristics (e.g. size and shape) of the macromolecules. The DLS
technique was developed after establishing the relation between the diffusion of
moving particles and their radius. This was followed by the Stokes-Einstein
relationship (Equation (2.4)) that combines the diffusion behaviour including the
speed of particles and the particle size, where the speed of the particles is given
by the translational diffusion coefficient, D. The Stokes-Einstein equation also
includes other parameters that are directly related to the particle movement; the

viscosity of the dispersant and the temperature [336].
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_ kpT

= omnfn (2.4)

where D is the translational diffusion coefficient [m?/s], ks is the Boltzmann
constant [m?kg/Ks?], T is the temperature [K], n is the viscosity [Pa.s], Rnis the

hydrodynamic radius [m].

Zeta potential (ZP) is the potential at the surface of the hydrodynamic shear plane
that can be measured using an electrophoretic field. ZP can be used to describe
the electrostatic repulsion between particles in the colloidal solution. This is to
assess the charge and stability of nanomaterials; high ZP means high solution
stability and a low degree of aggregation. [336, 337]. Generally, particles with ZPs
within the range of £30 mV are considered unstable; in addition, values within the
range of £5 mV are considered unstable, where rapid coagulation or flocculation

happen in the solutions [338].

Equipment

ZetaSizer Nano ZS, (Malvern Instruments) equipped with a 633 nm laser at a fixed
angle of 1739; folded capillary zeta cell (Malvern, PC-DTS1070); 40 pL cuvette

(Malvern, PC-ZEN0O040).

Method

The protein concentration in the AFt-JAa formulation and its AFt reference was
equalised after Bradford measurements (see Section 2.2.1). Samples were then
dialysed against the same buffer (phosphate-buffered saline (PBS) or Tris-acetate).
The samples were then diluted in 1:10 with ultrapure water. Samples were filtered

to remove dust by 0.2 mm filters before measurement. DLS analyses were carried
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out at 25 2C using a 40 pL cuvette. The full particle size distribution was reported
as the volume and number averages of NP, which are modelled from Intensity
distribution measurements. ZPs were measured using folded capillary zeta cell and

reported by mean + SD after triplicate internal measurements.

2.2.7 Drug release study

Materials

Slide A-Lyzer® MINI dialysis device (Thermo Scientific, PC-8840, 0.5mL) with

MWCO 10 KDa; NaOAc (100 mM) adjusted to pH 5.3 by acetic acid; PBS ( pH 7.4)

Methods

The release study was performed to assess the time by which JAa releases from
the AFt cage. Release of JAa from the AFt formulation was evaluated in
physiologically relevant conditions (T = 37 2C, pH 7.4) and endosomal and lysosomal
relevant conditions (7 =37 2C, pH 5.3). The formulation (n = 3) was placed into the
dialysis device and direct and indirect samples were collected at different time
intervals (Oh, 1 h,3 h, 6 h,and 24 h, asillustrated in Figure 2.3). The concentration
of the drug was estimated using liquid chromatography-high resolution-MS (LC-

HRMS).
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Figure 2.3: lllustration of the release study protocol. (a) Samples were placed in
the device and dialysed against NaOAc (pH 5.3) or PBS (pH 7.4) that fill the conical
tube. (b) The device was shaken gently at 37 2C for 24 h. (c) Samples were taken
directly (from the conical tube) and indirectly (from the device) at specific times
(1 h,3 h, 6h,and 24 h) for further LC-HRMS analysis.

For direct samples, the concentration of released JAa was measured using EQMS
after samples were taken directly from the outer buffer system. For indirect
samples, the concentration of released JAa was estimated after measuring JAa
concentrations remaining in the dialysis device. First, samples were treated with
1:5 methanoic acid: methanol to precipitate and open the AFt cage. Samples were
then centrifuged (13,000 rpm; 10 min) and the supernatant was measured using

EQMS.

2.2.8 Liquid chromatography-high resolution mass spectrometry

Materials

70



Dionex U3000 UHPLC system (Thermo Fisher Scientific, Hemel Hempstead, UK);
ZIC-pHILIC column (4.6 x 150 mm, 5 um particle size, Merck Sequant, Watford,
UK); orbital trap mass spectrometer (QExactive-Orbitrap, Thermo Fisher Scientific,

Hemel Hempstead, UK).

Methods

LC-HRMS was performed using Dionex U3000 UHPLC system on a ZIC-pHILIC
column. The column was maintained at 45 2C and a flow rate of 300 uL/min.
Mobile phases used were: (A) 20 mM ammonium carbonate and (B) acetonitrile.
The gradient started with 20% (A) and increased to 95% (A) over 8 min then the
composition was returned to 20% (A) in 2 min at 400 puL/min and then the column
was left to re-equilibrate at the initial gradient conditions for 5 min (15 min total
time). The injection volume was 5 uL and samples were maintained at 4 C during
the analysis. An orbital trap mass spectrometer was used in simultaneous ESI+ and
ESI- modes for full LC-MS profiling. The operational parameters were: spray
voltage 4.5 kV (ESI+), 3.5 (ESI-), capillary voltage 20 V (ESI+), -15 V (ESI-), sheath,
auxiliary and sweep gas flow rate were: 40, 5 and 1 (arbitrary unit), respectively,
for both modes. Capillary and heater temperatures were maintained at 275 °C and
150 °C, respectively. Data were acquired in full scan mode with resolution 70,000

from m/z 70-1050.

2.2.9 Stability study
The stability of the AFt-JAa formulation was assessed upon its storage at 4 C. DLS

was used to measure the changes in the size and the charge of the formulation
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over 10 months (see Section 2.2.6). The stability of encapsulated JAa was assessed
using a UV-Vis spectrophotometer over 5 weeks of storage (see Section 2.2.5).
Particle sizes, ZPs, and JAa concentrations were compared before and after storing

at 4 °C.

2.3 Invitro cell culture assays

Cell lines are the most valuable in vitro model used for cancer research and drug
development studies. Good culture techniques and recommended guidelines are
followed to avoid ethical issues associated with in vitro, in vivo and clinical studies
[339, 340]. Here, we used different breast cancer, ovarian cancer, and non-

transformed cell lines to conduct our studies.

2.3.1 General cell culture

Materials

All cell lines used were purchased from American Type Culture Collection (ATCC),
and subcultured according to the ATCC protocol (Table 2.4); T25 cm? tissue culture
flasks with 0.2 pm vented cap (Corning, PC-3056); RPMI-1640 medium (Sigma-
Aldrich, PC-R8758), stored at 4 2C; minimum essential medium (MEM, Sigma-
Aldrich, PC-M2279), stored at 4 2C; McCoy's 5a medium modified (Sigma-Aldrich,
PC-9309) stored at 4 °C; Dulbecco’s Modified Eagle’s Medium (DMEM) - high
glucose (Sigma-Aldrich, PC-D5671) stored at 4 °C; DMEM/F12 (Invitrogen, PC-
11330-032) stored at 4 °C; heat inactivated foetal bovine serum (FBS, Sigma-

Aldrich, PC-F9665), stored at -20 2C; penicillin-streptomycin (Sigma-Aldrich, PC-
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P4333), stored at -20 2C; horse serum (Invitrogen, PC-16050-122) stored at 4 °C;
epidermal growth factor (EGF, Sigma-Aldrich, PC-E1257) stored at -20 9C;
hydrocortisone (Sigma-Aldrich, PC-H0888) stored at -20 2C; insulin (Sigma-Aldrich,
PC-16634) stored at -20 2C; sodium bicarbonate (Sigma-Aldrich, PC-S8761) stored
at 4 °C; non-essential amino acids (NEA, Sigma-Aldrich, PC-M7145) stored at 4 °C;
HEPES (Sigma-Aldrich, PC-H0887) stored at 4 2C; L-glutamine (Sigma-Aldrich, PC-
G7513) stored at 4 2C; PBS (Sigma-Aldrich, PC- P4417), stored at room
temperature; trypsin-EDTA (Sigma-Aldrich, PC-T4174), stored at -20 2C; freezing
medium (95% FBS and 5% DMSO), freshly prepared; cryopreservation vials

(Thermo-Scientific, PC-10440613).

Cell lines

For breast cell lines, one of each molecular subtype was chosen based on their
genetic expression classification by Perou et al., and Sorlie et al., [70, 71]. MCF-7
for luminal A, BT-474 for luminal B, MDA-MB-468 for TNBC basal-like, SKBR-3 for
HER2 overexpression, MDA-MB-231 for TNBC claudin-low, and MCF-10A for a non-
transformed epithelial phenotype. In addition, MRC-5 (normal lung foetal
fibroblasts) were used for comparison purposes, as a model representing a non-
tumour cell line. (Table 2.4). All cell lines were also tested regularly for

mycoplasma infection (see Section 2.3.2).
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Table 2.4: Cell lines used and their supplemented media

Cell line Clinical property [76] | Subtype and primary | Culture media
features [71, 76]
MCF-7 Breast-invasive ductal | Luminal A (strongly ER+ | RPMI-1640 supplemented
carcinoma and PR+) with 10% FBS
BT-474 Breast-invasive ductal | Luminal B (lower ER, PR | DMEM-high glucose
carcinoma expression, and HER2+) supplemented with 10%
FBS
SKBR-3 Breast- HER2 overexpression | McCoy's 5a supplemented
adenocarcinoma (ER—, PR—, and HER2+) with 10% FBS
MDA-MB- Breast- Basal-like (EGFR+ and | MEM supplemented with
468 adenocarcinoma TNBC — ER-, PR-, HER2-) 10% FBS
MDA-MB- Breast- Claudin-low (EGFR+, ER-, | MEM supplemented with
231 adenocarcinoma PR-, HER2-) 10% FBS
MCF-10A Breast-Fibrocystic Non-transformed DMEM/F12 supplemented
disease epithelial phenotype with
e 20ng/mLEGF
e 2.5% Horse serum
e 05 mg/mL
Hydrocortisone
e 10 pg/mLinsulin
o 1% Penicillin-
streptomycin
MRC-5 Normal lung foetal fibroblasts MEM supplemented with
e 10% FBS
e 1% 1M HEPES
e 1% 200 mM L-
glutamine
e 1%0.1 mM NEA
e 7.5% Sodium
bicarbonate
e 1% Penicillin-
streptomycin

2.3.1.1 Passaging of cells

Subculture of cells in T25 cm? culture flasks was done using their appropriate

media (Table 2.4). Cells were split continuously upon reaching 70% confluence

(Figure 2.4). That was achieved by passaging all cell lines once (or twice) a week.

Complete growth medium was aspirated, and sterile PBS (1 mL) was used to wash

the cells. Trypsin-EDTA solution (1mL; 1X) was added to cover all cells, which were

then incubated at 37 oC for several minutes until the cell layer had detached.

Complete culture medium (3 mL) was added to the cell suspension to deactivate
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the trypsin-EDTA solution. Subsequently; the cell suspension of MCF-7 (0.1 mL),
BT-474 (0.8 mL), MDA-MB-468 (0.5 mL), SKBR-3 (0.5 mL), MDA-MB-231 (0.4 mL),
MCF-10A (0.2 mL) and MRC-5 (0.1 mL) were transferred to new T25 cm? flasks with
their appropriate media (7 mL). Flasks were labelled with the date, name, and
passage number and then incubated at 37 2C in an atmosphere of 5% CO; and
humidity of 95% incubator until the next passaging date. All cell lines were
passaged a maximum of 30 times to minimise phenotypic drift. All cell culture
techniques were carried out in class Il biological safety cabinet. The cabinet and all
other tools used were decontaminated using 70% industrial methylated spirit

(IMS) before use.

Figure 2.4: Morphological appearance of cell lines used in this study in phase-
contrast microscopy at confluency 50-80%.

2.3.1.2 Freezing and defrosting cells
Cells were cryopreserved in liquid nitrogen for long term storage. Cells at 70%

confluence in T25 cm? culture flasks were washed with pre-warmed PBS (1 mL),
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trypsinised using 1X trypsin-EDTA (1 mL), collected after deactivation of trypsin
with complete growth medium (7 mL). Subsequently, the cell suspension was
centrifuged at 1200 rpm for 5 min and the supernatant layer was discarded. Cell
pellets were then re-suspended in 1 mL of freshly prepared freezing medium (95%
FBS and 5% DMSO) and transferred to labelled sterile cryogenic vials. Vials were
kept overnight at -20 2C, followed by 1 day at -80 2C before being transferred to

the liquid nitrogen at -196 2C for long term storage.

To defrost cells, vials were retrieved from liquid nitrogen. The cryovial was quickly
but not completely defrosted in a water bath (pre-heated at 37 2C) for not more
than 30 seconds. The cryovial was then decontaminated with 70% IMS. The
thawed cells were re-suspended in T25 cm? culture flasks with 9 mL of pre-warmed

complete growth medium suitable for each cell line (Table 2.4).

2.3.2 Mycoplasma assay
Microbial contamination is an important widespread problem when working with
cell lines. Mycoplasma is serious and rapidly-transmissible contamination that
affects the genotype, phenotype and behaviour of cells. Data produced from
experiments conducted using contaminated cells are invalid and should be
repeated using non-infected cells [341]. For this reason, cells need to be checked
for mycoplasma infection regularly with sensitive tests such as polymerase chain

reaction (PCR)-based assays [340].

Materials
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Mycoplasma assays for gPCR Kit (Microsart®, PC-SMB95-1005) were stored at 4 2C
before opening and -20 2C after opening. The kit contains Mycoplasma Mix,

Positive Control, Rehydration Buffer and PCR grade water.

Methods

Reconstitution of the mycoplasma kit was done before preparing the samples.
First, the mycoplasma mix and positive control were centrifuged at 13000 rpm for
5 sec. The mycoplasma mix was then diluted with 600 uL of rehydration buffer,
while the positive control was diluted by adding 300 uL of PCR grade water. Both
were kept at room temperature for 5 min, vortexed at 13000 rpm for 5 sec,

aliquoted, and then stored at -20 2C to be used on the day of testing.

Cells at 90 to 100% confluence in T25 cm? culture flasks were ready for
mycoplasma testing. Culture media were retained for subsequent testing of
floating cells. Cells were washed with PBS, detached from flasks by trypsinisation,
then combined with the non-adherent cells from the culture flasks. Culture media
and cells were tested together to detect both extra- and intracellular mycoplasma.
A sample of cell suspension (500 pL) was then transferred to a sterile Eppendorf
tube. All samples were subsequently heated for 10 mins at 95 2C on a heat block.
Samples were then centrifuged briefly at 13000 rpm for 5 sec to pellet the cell
debris. The supernatants were then transferred to new Eppendorf tubes and

stored at 4 2C to analyse within a month.

In the PCR reaction tubes, the mycoplasma mix (23 pL) was mixed either with PCR
grade water (2 pL); for negative control tubes, or with positive control DNA (2 pL);
for positive control tubes, and 2 L of pre-prepared cells to be tested. PCR tubes
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were briefly centrifuged before loading. Samples were run in 45 cycles; each cycle
is started with a denaturing stage (95 2C for 30 sec), followed by annealing (55 2C
for 30 sec) and extending stage (60 2C for 45 sec). The internal amplification
control was detected at 610 nm (ROX™ channel) and the mycoplasma-specific
amplification was detected at 520 nm (FAM™ channel). Cycle threshold (Ct) values

were then automatically obtained to detect positive from negative samples.

2.3.3 Western blot
Western blotting is a semi-quantitative analysis technique used to detect the
expression of specific proteins in cell lysates. The recognition of the protein of
interest depends on its binding with a specific matched antibody [342, 343]. The

technique consists of several steps:

2.3.3.1 Preparation of protein lysates

Materials

Nonidet-P40 (NP40) lysis buffer was pre-prepared and stored at 4 2C and contains:
100 uL NP40 (Fluka, PC-74385) stored and handled under the fume hood; NaCl
(1.5 mL, 1 M); Tris (500 pL, 1 M, pH 8.0 ); d.H.0 (7.9 mL); 1 tablet of protease
inhibitors (Roche, PC-05892791001); 1 tablet of phosphatase inhibitors (Roche,

PC-04906845001).

Methods

Cells at a density of 1 x 10° were seeded in 6 well plates and allowed to attach

overnight. Cells were treated with the required concentrations of the test
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compounds and incubated at 37 2C, 5% CO, for desired exposure times.
Subsequently, growth medium/floating cells were aspirated and collected in pre-
labelled falcon tubes and kept on ice. Cells were then trypsinised, deactivated with
their respective pre-collected growth media, and centrifuged at 1200 rpm for 5
mins, 4 2C. The pellets were re-suspended in 10 mL of ice-cold PBS and centrifuged
as before. Cell pellets were then lysed using ice-cold NP40 lysis buffer (100 pL) and
transferred to labelled 1.5 mL Eppendorf tubes and kept on ice for 30 mins with
flicking from time to time. Afterwards, Eppendorf tubes were centrifuged at
13,300 rpm for 10 mins at 4 2C. The supernatants (lysates) were then collected

and transferred to new labelled Eppendorf tubes and stored at -80 2C.

2.3.3.2 Protein separation methods
Cell lysates thawed on ice, each containing 40 ug protein (see Section 2.2.1) in a

volume of 20 pL were run using the SDS PAGE (see Section 2.2.3).

2.3.3.3 Protein blotting
Following gel electrophoresis, separated proteins were transferred to a

nitrocellulose membrane using a transfer buffer and a transfer system.

Materials

Nitrocellulose membrane (Bio-Rad, PC-162-0115); blotting paper (Whatman, PC -
3030672); 10X Transfer buffer was pre-prepared and stored at room temperature.

The Transfer buffer contained: Tris Base (12.11 g); Glycine (56.3 g) and d.H;0 (500

79



mL). The transfer buffer was diluted to its working concentration of 1X with (350

mL d.H,0, 50 mL 10X transfer buffer, and 100 mL methanol).

Methods

Following SDS-PAGE electrophoresis, the blots were transferred onto a solid
nitrocellulose membrane by the semi-dry technique. The nitrocellulose membrane
and eight chromatography papers in a comparable size to the gel were cut and
placed in the transfer buffer for 5 mins. The gel was then placed over the
nitrocellulose membrane and assembled between 4 chromatography papers on
each side. Protein transfer was carried out using the Trans-Blot Turbo Transfer

System (Bio-Rad) under the following conditions: 2.5 A, 25V, 45 min).

2.3.3.4 Membrane blocking and incubation of antibodies

Materials

Non-fat milk (10%; 5.0 g non-fat dried milk in 50 mL TBS-T); Tween-20 (Fisher
Scientific, PC-10485733) stored at room temperature; 1X Tris-buffered saline —
Tween-20 (TBS-T) was adjusted to pH 7.6 by HCl (1 M) and stored at room
temperature. TBS-T contains: 0.5 mL Tween-20 (Fisher Scientific, PC-10485733);

NaCl (8.0 g); Tris (2.42 g) and d.H,0 (1 L).

Antibodies: The antibodies (Abs) used in this study are summarised in Table 2.5
along with supplementary information detailing dilution, in addition to suppliers

and catalogue numbers.
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Table 2.5: Antibodies used in western blot.

Antibody | Dilution used | Supplier Catalogue number
Primary antibody (1° Ab)
Anti- GAPDH (housekeeping gene) 5174
Anti-TFR1 13113
Anti-HER2 2242
Whole PARP Cell Signaling 9532
Cleaved PARP 1:1000 Technology 5625
Mcl-1 4572
Bcl-2 2876
PLK-1 4513
Anti-TFR2 Abcam ab80194
Anti- SCARAS R&D systems MAB4754
Secondary antibody (2° Ab)
anti-rabbit/mouse 1Gg | 1:4000 Dako PO448 / PO447
Methods

After protein transfer, the nitrocellulose membrane was blocked using TBS-T
containing 10% non-fat milk for 1 h at room temperature with gentle shaking
followed by washing 3 times for 5 mins with TBS-T. The blocking was done to
prevent non-specific binding of antibodies to the membrane in the subsequent
step. To identify the expression of certain proteins on the nitrocellulose
membrane, after washing, the membrane was incubated overnight with a specific
12 Ab away from light with gentle shaking at 4 2C (Table 2.5). The membrane was
washed 3 times with TBS-T for 5 mins each before incubating with an appropriate
2° Ab for 1 h at room temperature with gentle shaking. This was followed by

washing the membrane with TBS-T, 3 times, as before.

2.3.3.5 Detection and analysis of proteins bands
Following the final washing step, the nitrocellulose membrane was soaked in a 1:1

mixture of Enhanced chemiluminescence (ECL) western blotting detection reagent
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(GE Healthcare Life Sciences; Amersham ECL, PC-RPN2209) reagent (1.5 mL) for 5
min at room temperature away from light to enable detection. The membrane was
scanned using a densitometer (GS-800, Bio-Rad) in grayscale using the quality one
software version 4.6.5. Densitometry analysis was carried out to quantify the
intensity of the bands of the proteins of interest using FlJI software. Densitometry
was initiated by detecting the linear line of the proteins of interest followed by
subtracting the background and then normalising their intensities to the
housekeeping gene (GAPDH). Statistical analysis was performed using Graph Pad
Prism v.9.1.0 and the student t-test was conducted to assess differences between

samples.

2.3.4 The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium dye
reduction assay, cell growth inhibition assay

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTT) assay is a robust,

reproducible, easy and quick in vitro growth inhibitory / cytotoxicity assay that

allows a large number of tests to be carried out at the same time. The active

mitochondrial enzymes (of viable cells) convert the MTT reagent into violet

formazan crystals, the intensity of which (following solubilisation) correlates to

the number of viable cells [344].

Materials

MTT (2 mg/mL in sterile PBS, Sigma-Aldrich, PC-M2128), stored at 4 °C in the dark

for 1 month; DMSO (Sigma-Aldrich, PC-D5879), stored at room temperature;
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EnVision 2105 Multimode Plate Reader (PerkinElmer); 96 well microtiter plates

(Thermo scientific).

Methods

Cells at 70-80% confluence were trypsinised, resuspended in their appropriate

growth medium, and counted using a haemocytometer.

Cells with a density of 3-5 x 103 per well were seeded in 96 well microtiter plates.
In triplicate, 180 pL of the desired cell density from the cell suspension was
transferred using a multichannel pipet. All columns were seeded with cells except
for columns 1 and 12 which were supplied with 180 puL of growth medium only. A
separate plate comprising 2 columns (16 wells) of cells from each cell line used
was seeded at the same cell density to measure the absorbance of cells at the time
of treatment (T0). Plates were incubated at 37 2C in an atmosphere of 5% CO and
humidity of 95% for 24 h. Afterwards, 50 pL of pre-warmed MTT reagent was
added to the TO plate and incubated for 3 h. Thereafter, the growth medium with
MTT reagent was carefully aspirated from wells and the formed purple MTT-
formazan crystals were dissolved with 150 uL DMSO. The absorbance values were
recorded at 570 nm using Perkin Elmer Envision plate reader after shaking for 5
min using a plate shaker (Amersham). At the same time, all other plates were
treated with the desired test agent along with appropriate negative and positive
controls. When testing encapsulated agent, the naked agent was considered the
positive control, and the empty capsules (AFt vehicle) were considered the
negative control. The test agent was diluted in a complete growth medium to

prepare 8 different concentrations at 10X the final concentrations. Cells were fed
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with 20 uL of the desired test agent to get a final 1X concentration, while control
wells were fed with medium only (20 uL) and incubated for 72 h, 48 h, or 24 h.
After the desired incubation time the absorbance values were recorded after
adding MTT and DMSO as described with TO plates. A DMSO control was also
performed to exclude its inhibition effect on cells. Growth inhibition curves were
represented using Graph Pad Prism v.9.1.0. Test agent concentration required to
achieve 50% growth inhibition, Glso, values were calculated from measured

absorbance using Equations (2.5) and (2.6):

_ A1-Ap

AGlgo =22 + A, (2.5)
Ay—AGI
GI50 = (ﬁ * (CH - CL)) + CL (26)

where AGlIsp is the absorbance of Glsp, A1 is the absorbance in control (untreated)
wells, Ao is the absorbance at TO, An is one absorbance higher than AGlso, ALis one
absorbance lower than AGlso, Ch is one concentration higher than Glso, C. is one

concentration lower than Glso.

2.3.5 Cell counting assay
To validate the results obtained from the MTT assays, in vitro viable cell counting
assays were conducted. The reduction of MTT reagent and thus the absorption
spectrum of MTT-formazan may be affected by cell number and the pH of tested
samples. Failing in controlling these conditions during MTT assay can result in

underestimation of chemo-sensitivity [345]. MTT assay can also show false
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positive results upon the treatment with natural products with intrinsic reductive

potential [346].

Materials

0.4% Trypan blue solution (Gibco, PC-15250061)

Methods

Cells were seeded at a density of 2 x 10* for SKBR-3, MDA-MB-231 and MCF-7 in 6
well plates and incubated overnight. On the next day, cells were treated with JAa,
AFt-JAa (0.2 uM JAa), AFt (0.0017 uM) or appropriate media alone for 48 h. Cells
were harvested using trypsin-EDTA (300 uL), pooled together with the appropriate
medium (700 pL). Cell suspensions were then stained with trypan blue with a ratio
of 1:1 and viable cells counted using a haemocytometer. The trypan blue azo dye
is used to label dead cells exclusively being able to permeate the compromised
cell membrane and stain cells dark blue [347]. The percentage of viable cells was
then calculated, decreasing number of viable cells reflected growth inhibition and
toxicity caused by the test agent. Thus, this assay was conducted to corroborate

MTT assay results.

2.3.6 Clonogenic assay
The clonogenic assay is a cell sensitivity assay used to evaluate the ability of single
cells to survive a brief challenge with a test agent and to form progeny colonies
[348]. The clonogenic assay is often adopted to discriminate between test agent
cytotoxicity (reduced colony numbers) and cytostasis (smaller colonies, but
little/no reduction in colony numbers) [349].
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Materials

Methylene blue (0.05%) in a 1:1 solution of d.H,0: MeOH stored at 4 °C; 6-well

plates (Corning Costar)®

Methods

Cells were harvested and counted as described; following optimisation, SKBR-3
(700 cells), BT-474 (700 cells), MCF-7 (250 cells) and MDA-MB-468 (400 cells) were
seeded in 6 well plates and allowed to attach overnight. Thereafter, BT-474 cells
were treated for 72 h, while other cells were treated for 48 h with JAa, AFt-JAa
(0.2 uM and 0.4 uM JAa), AFt (0.0033 uM; equivalent to the highest concentration
of AFt used in this assay) and appropriate medium alone. Afterwards, cells were
washed with sterile PBS (1 mL) and supplied with fresh pre-warmed medium (3
mL). Cells were then incubated at 37 2C in an atmosphere of 5% CO; and humidity
of 95%. Assays were terminated when colonies containing > 50 cells had formed
in the control wells (between 7-30 days). Colonies were then washed twice with
PBS (1 mL), fixed with 100% methanol (1 mL) for 15 min, and stained with 0.05%
methylene blue (0.5 mL) for 15 min. colonies were counted to calculate their
percentage plating efficiency and survival fraction (SF%). plating efficiency (PE%)
and SF% were calculated using equations 2.7 and 2.8 respectively and results were

presented in Figures prepared using Graph Pad Prism v.9.1.0.

Number of colonies counted

PE% = 100 =

(2.7)
Number of cells plated

PE of treated sample
PE of control

SF% = 100 = (2.8)
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2.3.7 Flow cytometry
Flow cytometry is a powerful and widely used laser technique to evaluate single
cells suspended in a solution. In the flow cytometry technique, the analysis of
scattered visible light or the fluorescence of pre-stained cells provides unique

knowledge for individual cells (events) in cell biology studies [350].

2.3.7.1 Cell cycle analysis

The effect of JAa and its encapsulated form to perturb each phase of the cell cycle
was evaluated by measuring the DNA content in thousands of individual cells.
Propidium iodide staining is used to stain the DNA of cells, therefore, fluorescence
is proportional to the DNA content in each cell, thereby indicating the cell cycle
phase of each cell under scrutiny [351, 352]. Cell cycle is divided into three main
subpopulations if the cells are in exponential growth status. The main cell cycle
phases detected are G1/GO phase (2N and known as diploid), the S phase (> 2N
and known as hyperploid) and the G2/M phase (4 N and known as tetraploid)
[353]. In addition to pre-G1 (< 2N and known as hypoploid) and super G2 (> 4N
number and known as hypertetraploid or aneuploid). As tetraploid cells have twice
the amount of DNA of diploid cells, the detected fluorescence intensity of DNA
stains is collected on a linear scale. The signals are then processed with special
programs with appropriate algorithm capable of precisely fitting the population
peaks into cell cycle phases by using either parametric or nonparametric
approaches [354]. Triton was used as a detergent to allow the penetration of
propidium iodide through the cell membrane. Ribonuclease A was used to remove

double-strand RNA and inhibit its interaction with propidium iodide [355].

87



Materials

Hypotonic fluorochrome solution was prepared in PBS to contain:

e 50 ug/mL Propidium iodide (Sigma-Aldrich, PC-81845) stored at 4 2C.

e 0.1 mg/mLribonuclease A (Sigma-Aldrich, PC-R4642) stored at -20 2C.

e 0.1% v/v Triton X-100 (Sigma-Aldrich, PC-X100) stored at room
temperature.

e 0.1% w/v sodium citrate (Sigma-Aldrich, PC-1613859) stored at room

temperature.

Methods

Cells, at a density of 1 x 10° per well were seeded in 6 well plates and allowed to
attach overnight. The cells were then treated with JAa, AFt-JAa (0.2 uM and 0.4
UM JAa), AFt (0.0033 uM) and appropriate media alone for 48 h. After treatment,
Cells were trypsinised and, once detached, pooled together with the appropriate
medium (and floating cells). Cells were then pelleted in a Beckman Coulter Allegro
centrifuge at 1200 rpm for 5 min at 4 2C. The pellets were then washed with ice-
cold PBS (1 mL) and pelleted again to remove the remaining medium. The pellets
were then re-suspended in cold hypotonic fluorochrome solution (0.5 mL) and
incubated overnight in the dark, 4 2C. The samples were run on a Beckman Coulter
FC500 flow cytometer using channel FL2 and events (10,000 or 20,000) were gated
to count only single cells. Cell cycle analysis was done using FlowJo version 10 and

the statistical analysis was performed using Graph Pad Prism version 9.1.0.
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2.3.7.2 Annexin V-FITC and propidium iodide apoptosis assays

The annexin V-FITC/ propidium iodide assay is used to distinguish between early
and late apoptotic, and non-apoptotic (e.g., necrotic cells). Annexin V-FITC is used
to bind to the phosphatidylserine (PS) phospholipid on the outer plasma
membrane of apoptotic cells. While propidium iodide is used to bind to the DNA
of necrotic cells after penetration through the porous late apoptotic/necrotic cell

membranes [356].

Materials

Annexin V-FITC apoptosis detection kit (BD Pharmingen, PC-556547) stored at 4

oC. The kit contains:

e FITC-annexin V.
e Propidium iodide staining solution.

e Binding buffer 10X (diluted in d.H20 to make 1X).

Methods

The cells were seeded, treated, harvested, and pelleted as described previously
for the cell cycle assay (Section 2.3.7.1). After the pellets were washed with ice-
cold PBS and pelleted again, each sample was re-suspended in 1X annexin binding
buffer (100 uL) and annexin V-FITC (5 uL). The samples were vortexed and kept in
the dark at room temperature for 15 min. Afterwards, annexin binding buffer (400
uL; 1X) and propidium iodide solution (10 pL) were added to each tube, vortexed,
and kept in the dark for another 10 min to be analysed within 1 h of preparation.
The samples were analysed by Beckman Coulter FC500 flow cytometer using

channels FL2 and FL3 and events were gated to count only single cells (20,000
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events per sample were analysed). Quadrant plot analysis was evaluated using
Kaluza software v.2.1 and its statistical analysis was performed using Graph Pad

Prism v.9.1.0.

2.3.7.3 Assessment of TFR1 expression

Accurate quantitative flow cytometry analysis was performed to assess TFR1
expression levels on the surface of studied cell lines [357]. The analysis was done
after labelling the TFR1 on the cell surface with human phycoerythrin (PE)-

conjugated anti-CD71 that can be detected by flow cytometry.

Materials

Human PE-conjugated anti-CD71 (Invitrogen) prepared at a concentration of 2%
in blocking buffer; blocking buffer (1% FBS diluted in PBS); paraformaldehyde 3.7%

(Sigma-Aldrich, PC-P6148) diluted in PBS.

Methods

The cells at a density of 1 x 10° for each cell line were seeded in 6 well plates. The
cells were allowed to attach overnight, harvested by trypsin, pooled together with
the appropriate medium (and floating cells) as described before. The cell
suspension was then pelleted in a Beckman Coulter Allegro by centrifuging at 1200
rpm for 5 min, 4 2C. Pellets were washed with PBS (1 mL) and pelleted again. The
pellets were resuspended in the blocking buffer (1 mL) and incubated for 30 min
at room temperature and pelleted as before. To remove any remaining blocking
buffer, pellets were washed with PBS (1 mL) and pelleted again. Cells were then
labelled with anti-CD71 primary antibody (1° Ab, 80 uL) for 45 min at 4 2C, washed
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with the blocking buffer and pelleted again. Cells were fixed with formaldehyde
(500 pL) for 5 min at room temperature, pelleted again, and resuspended in PBS
(1 mL) for analysis. The samples were analysed by Beckman Coulter FC500 flow
cytometer using channels FL2 and events were gated to count only single cells
(10,000 events per sample were analysed). The shifts in signals of labelled cells
compared to the control (unlabelled cells) were evaluated using FlowJo version

10. Statistical analysis was performed using Graph Pad Prism version 9.1.0.

2.3.7.4 Cellular uptake studies

Cellular uptake of human apoferritin

The uptake study of human AFt (H-AFt) was performed to correlate cellular uptake
to the TFR1 expression on the surface of selected cell lines. Cells were seeded in
12-well plates at a density of 5 x 10*and allowed to attach overnight. Thereafter,
the cells were exposed to 5-carboxyfluorescein-conjugated H-AFt at a
concentration of 40 nM (equivalent to the highest concentration of AFt used in the
MTT assay) and incubated at 37 oC for the desired time (1 h, 2.5 h, 4 h, and 24 h).
The treated cells and their controls (untreated cells) were then harvested after
trypsinisation and pelleted in a Beckman Coulter Allegro centrifuge at 1200 rpm
for 5 min, 4 2C. The cell pellets were then washed with PBS (1 mL) before pelleting
and fixing with 3.7% formaldehyde/PBS (0.5 mL) for 5 min at room temperature.
Cells were pelleted again and suspended in PBS (0.5 mL) before analysis. The
samples were analysed by Beckman Coulter FC500 flow cytometer using channels

FL1 and events were gated to count only single cells (10,000 events per sample
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were analysed). Signal graphs and their shifts were evaluated using FlowJo version

10. Statistical analysis was performed using Graph Pad Prism v.9.1.0.

e 5-carboxyfluorescein-conjugated H-AFt was kindly provided by Lenny

Ferreira, Biodiscovery Institute, University of Nottingham, UK.

2.3.8 Cellular uptake of free and encapsulated JAa
To correlate cellular uptake of AFt-encapsulated agent to the detected enhanced
activity, SKBR-3, MDA-MB-231, BT-474 and MCF-7 cells at a density of 2 x 10® were
exposed to JAa, AFt-JAa (0.4 uM JAa), AFt (0.0033 uM) or appropriate media alone
for 72 h (n = 6). After treatment, growth medium/floating cells were collected (1
mL) for all treated conditions (n = 6), frozen down promptly, and stored at -80 2C
for further extracellular samples’ preparation. For intracellular samples’
preparation, media was removed from six dishes and cells were washed with pre-
warmed PBS (3 mL). The cells were then quenched with pre-cooled methanol (1
mL, < - 48 2C), scraped, and transferred into pre-cooled tubes (4 2C). The cell
extracts were vigorously vortexed for 1 h and then centrifuged in HERAEUS-Fresco
17 centrifuge (Thermo Election Corporation) at 13300 rpm for 10 min at 4 2C. The
supernatants were transferred into pre-cooled tubes and completely dried under
vacuum using Jouan vacuum concentrator. The samples were then reconstituted
with methanol (70 pL) and centrifuged again. The supernatants were transferred
into pre-labelled auto-sampler vials and stored at -80 2C before analysis using LC-
HRMS. For extracellular samples preparation, pre-collected spent media samples
were thawed on ice and centrifuged at 13300 rpm for 10 min at 4 2C. Supernatants

(250 pL) were mixed with precooled methanol (750 uL, -20 2C) and incubated for
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20 min (-20 2C) to precipitate proteins. the samples were centrifuged at 13,300
rpm for 10 min at 4 2C, and supernatants were transferred into pre-labelled auto-

sampler vials and stored at -80 2C before analysis.

2.3.9 Measurement of reactive oxygen species
ROS are highly reactive radicals, ions or molecules that derived from oxygen and
are necessary for normal signal transduction [358, 359]. However, Uncontrolled
high levels of ROS may damage proteins, DNA and sometimes contribute to
tumourigenesis [360]. Measuring the change in the cellular levels of ROS in cancer
cells following the treatment is valuable, as some chemotherapeutic agents
excessively increase the intracellular ROS levels which lead to cell cycle arrest and

thus kill cancer cells [361].

Hydrogen peroxide (H;03) is the most eminent ROS that regulates the cell cycle,
and its detection in biological systems is important to provide a better
understanding of several pathological events [362]. Moreover, a change in H,0;
levels can reflect an overall change in ROS levels [363]. Measuring the levels of
ROS was done using the ROS-GloMT H,0; kit (Promega) ® kit. The kit contains H,0,
substrate that reacts with H,0; in cell culture to produce a luciferin precursor.
Upon adding the ROS-Glo™ substrate detection solution, the luciferin precursor is
converted to luciferin which reacts with the provided Ultra-Glo™ luciferase to

produce a luminescent signal that is proportional to the level of H,0, in the cells.

Materials
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96 opaque white plates (Corning, PC-353296); ROS-Glo H,0; assay kit (Promega,
PC-G8820) stored at -20 2C. The kit contains: H,0; substrate (40 pL,10 mM); H,0;
substrate dilution buffer (2 mL); Lyophilised luciferin detection reagent;
Reconstitution buffer (10 mL); D-cysteine (100 pL, 100X); Signal enhancer solution

(100 pL).

Method

Cells were seeded in an opaque white 96-well plate with a density of 5x 103and a
volume of 70 pL. Following the attachment, cells were treated with 10 uL of JAa,
AFt-JAa (0.4 uM JAa), AFt (0.0033 pM) and appropriate media alone for 24 h.
Subsequently, a freshly diluted H20; substrate (125 uM) was made using a chilled
H,0, substrate dilution buffer. For the final 6 h of treatment, cells were treated
with the freshly prepared H,0O, substrate solution (20 uL per well). Freshly
prepared ROS-Glo™ substrate detection solution (mixture of 1 mL reconstituted
lyophilised luciferin detection reagent with 10 uL of D-cysteine and 10 pL of signal
enhancer solution) was added 20 min before sample readings with a volume of
100 pL per well. Luminescent signals were measured using a Perkin Elmer plate

reader and statistical analysis was performed using Graph Pad Prism v.9.1.0.

2.4 Statistical analyses

Data were evaluated using Graph Pad Prism version 9.1.0. Representative Figures
are shown as mean t standard deviation (SD), except for flow cytometry

represented by median £ SD. T-test, one and two-way ANOVA statistical analyses
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were used, and Sidak's multiple comparisons test was used to assess significant
differences with control samples and defined as * (P < 0.05), ** (P < 0.01), *** (P
< 0.001), **** (P < 0.0001). Further comparison between naked JAa and its
encapsulated form was done and defined and shown in brackets. All experiments

were repeated > 3 times with internal replicates of n > 3.
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3 Encapsulation of jerantinine A acetate into

apoferritin

3.1 Introduction

AFt is a nanoscale spherical protein [279, 298, 299, 301], with outer and inner
diameters of 12 nm and 8 nm, respectively. Due to its recognition by cellular TFR1
[113] that is overexpressed by tumourigenic tissues [373, 374], AFt has been
considered a possible drug delivery vehicle. The encapsulation into AFt has been
performed through two main methods: diffusion (nano-reactor route) [118, 306-
309] and self-assembly methods [375-379], which could suffer from low yields
[375, 380]. To date, there are no established general AFt-encapsulation protocols,
necessitating protocol optimisation for each encapsulated agent. This presents
limitations to the translation of AFt as a clinical drug delivery system (DDS) [310].
However, AFt has beneficial stability, biodegradability and biocompatibility, hence
was chosen to achieve targeted delivery and to address the putative cytotoxicity
of jerantinines. The activity of AFt encapsulated JAa was then assessed in non-

cancerous as well as breast carcinoma cell lines.
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3.2 Chapter aims

97

Optimise the encapsulation route of JAa into the AFt core using both the
nano-reactor and self-assembly methods, specifically to enhance the
reassembly yield/ PR%.

Evaluate the protein integrity, size, and charge for the AFt-JAa produced
using the reassembly route.

Study the storage stability of AFt-JAa formulations.

Assess the release of JAa from the AFt cage under physiologically relevant
conditions.

Validate the optimised self-assembly method by encapsulating other Large

MW1 agents such as VCR and rhodamine B (RB).



3.3 Results and Discussion

3.3.1 Encapsulation of JAa through the nano-reactor route

3.3.1.1 The theory of optimisation

The encapsulation of JAa into horse spleen AFt through the nano-reactor route
was established and optimised taking into consideration the theoretically
calculated pKa of JAa (~7). According to the Henderson—Hasselbalch equation
[381], > 99% of JAa molecules are ionised at a pH of two units lower than its
calculated pKa. Thus, the encapsulation was performed at pH 5.5 to allow the
protonation of the amino group in JAa molecules. We theorised that positively
charged JAa molecules would be attracted to the negatively charged AFt interior
and enhance the encapsulation [382]. Moreover, compared to physiological
conditions (pH ~7.4), the more acidic pH of 5.5 will lead to relaxation of the AFt
capsule and might further facilitate in-diffusion JAa through ionic channels in the

AFt [380].

3.3.1.2 Optimisation of the nano-reactor method

The following parameters were considered in addition to changing the pH of the
solution during the encapsulation process: 1) the volume of added JAa, 2) the time
intervals at which JAa was added, 3) the temperature of stored AFt before

encapsulation and 4) the molar ratio of JAa to AFt.
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In Trial A, JAa (20 pL, 10 mM) was added gradually every 15 min to a solution of
AFt (~2.5 mg/mL) in a ratio of 1:200 (AFt: JAa) at T = 4 2C. The DLS measurements
were then used to assess the hydrodynamic size of the AFt before and after the

encapsulation. The results for samples prepared in Trial A are presented in Figure
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Figure 3.1: (a) DLS data recorded for AFt alone and AFt-JAa produced in Trial A and
Trial B using the nano-reactor route. (b) Native AFt stock was used as a control to
evaluate the changes in the nanoparticle size after the encapsulation.
Hydrodynamic sizes of all studied agents were estimated from the DLS
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measurements by number and (c) volume * SD for 3 repeats. Significant
differences are expressed as *P < 0.05, ***P < 0.001 and ****P < 0.0001.

After JAa-encapsulation, the hydrodynamic size of AFt increased from ~13 nm to
~110 nm and from ~26 nm to ~517 nm, as assessed by number and by volume
averages, respectively (Figure 3.1). The significant increase of the particle size
after the encapsulation of JAa (p < 0.001) indicates aggregation/precipitation of
the protein in this formulation. Although some precipitation is commonly
observed for small NPs and polymer-based NPs [236, 310, 380], further

optimisation is needed to minimise this aggregation.

In Trial B, JAa was added after longer intervals and in lower volumes (10 pL, 10
mM, every 30 min). We reasoned that longer times intervals might be needed for
JAa to enter the AFt capsule through its hydrophilic channels. This method
resulted in two populations observed in the DLS studies with ~ 66% (by number)
and ~53% (by volume) of the NPs with sizes comparable to that expected for the
AFt (12 nm) (Figure 3.1). Hence, JAa likely needed more time to diffuse through
small channels into the AFt cavity (~ 0.3-0.5 nm) [383]. Allowing more time for
diffusion would have reduced the possible unwanted intramolecular and
intermolecular interactions which were reflected by marked reduction of
aggregation/ precipitation of AFt-JAa. However, over 30% of the population was
still significantly larger than the expected size of AFt as reported by both number

(p < 0.001) and volume averages (p < 0.05).

In Trial C, The AFt stock was used directly after defrosting on ice to reduce the

precipitation/aggregation of the final formulation. Moreover, in this Trial, higher
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ratios of JAa to AFt were used in the encapsulation process: molar ratios of AFt:
JAa = 1:400 and 1:800. The integrity and size of the final formulations were
assessed using native PAGE and DLS measurements respectively (Figure 3.2). The
hydrodynamic sizes measured for the formulations with higher AFt: JAa ratios of
1:400 and 1:800 are dartsac = 10.7+2.8 nm and 14.4+1.1 nm, respectively,
comparable to that of AFt alone dar: = 12.120.4 nm. DLS measurements by number
revealed that >99% of the population has average size comparable to that

expected for AFt, hence showing benefits from using freshly defrosted AFt stock.
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Figure 3.2: (a) DLS data recorded for AFt alone and AFt-JAa produced in Trial C in
different ratios (1:400; 1:800) using nano-reactor route. (b) Native AFt stock was
used as a control to evaluate the changes in the nanoparticle size after the
encapsulation. Hydrodynamic size of all studies agents, estimated from the DLS

measurements by number and (c) volume * SD for 3 repeats. Significant
differences are expressed as *P < 0.05.
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Native PAGE was used to evaluate the integrity of the AFt protein in non-
denaturing conditions [384]. The native PAGE revealed the presence of a band at
480 KDa for both 1:400 and 1:800 (AFt: JAa) formulations, similar to that observed
for the AFt control (Figure 3.3a). The charge and stability of nanoformulations
were assessed by measuring their ZP values [336, 337]. In NaOAc buffer (100 mM,
pH 5.5), ZP was measured to be {=—-12.9+0.7 mV and —12.3+1.0 mV for the ratio
of 1:400 and 1:800, respectively, which is comparable to that of AFt alone

¢'=-12.4%1.0 (Figure 3.3b).
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Figure 3.3: Characterisation of the integrity of AFt alone and AFt-JAa produced in
Trial Cin different ratios (1:400; 1:800) using nano-reactor route. (a) Using (4-16%)
native PAGE and (b) ZPs. Data are reported as mean + SD and show no significant
difference.

Comparable MW, size and ZP for AFt encapsulated JAa give convincing evidence
that the integrity of AFt cage was preserved. Despite these promising results, the
DLS measurements revealed larger hydrodynamic sizes by ~7-fold for 1:400 and

~10-fold for 1:800 formulations compared to AFt alone (Figure 3.2). The higher
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volume average sizes with AFt: JAa ratios (1:400 and 1:800) suggest that some
aggregation is still taking place in these formulations. In agreement, the ZP
measurements of AFt-JAa formulations ~-12 mV, suggest problems with
dispersion stability. Particles with ZPs within the range of £30 mV are usually
considered unstable [338]. This instability indication can be due to the pH change
in the encapsulation solution. It has been reported previously that the isoelectric
point (PI) of AFt is 4.1- 5.1; the point at which proteins carry both negative and
positive charges and thus tend to aggregate [385]. As the nano-reactor
encapsulation was performed at pH 5.5 (near the Pl), we envisage that the un-
encapsulated (excess) JAa molecules could interact with AFt and further reduce its

stability within its Pl value.

Additionally, another possible reason for aggregation is related to excess JAa
molecules in the solution, as a greater proportion of the particles with size
expected for AFt was observed for the lower ratio of AFt: JAa = 1:400. To assess
this, encapsulation was performed using a lower molar ratio of 1:200, which is

discussed below.

3.3.1.3 Characterisation of AFt-encapsulated JAa through the optimised
nanoreactor route

To further enhance the stability of the final formulation, Trial D was performed

with molar ratio of AFt: JAa = 1:200. The AFt stock was used immediately after

defrosting on ice. JAa (10 pL, 10 mM) was added gradually, every 30 min, until the

required ratio was obtained. Encapsulation was performed at 4 2C. To further
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enhance its stability, the final formulation was dialysed against PBS at pH 7.4

(outside the Pl range of AFt).
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Figure 3.4: DLS data recorded for AFt alone and AFt-JAa nano-reactor formulation
produced in Trial D. Native AFt stock was used as a control to evaluate the changes
in the NPs’ size and ZPs after the encapsulation. Hydrodynamic size of all studied
agents, estimated from the DLS measurements by number and volume. Data are
reported as mean + SD for 3 repeats and no significant differences.

The DLS results of the optimised nano-reactor route formulation (Figure 3.4) show
comparable size for AFt before (dar: = 12.1 + 0.4 nm) and after the encapsulation
(daFt-iaa = 12.720.7 nm), as reported by number averages. The hydrodynamic size
reported by volume shows an increase from dar: = 13.4+£0.6 nm to dart-jaa=17.8 £
0.5 nm. Interestingly the volume average size of AFt-JAa at a ratio of (1:200) was

~17-fold and ~24-fold smaller than the size of AFt-JAa produced with molar ratios
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of 1:400 and 1:800, respectively. This indicates that lowering the ratio of JAa
during the encapsulation and retaining the formulation outside its Pl value were

beneficial and significantly enhanced the stability (p < 0.0001).

ZPs studies were performed in PBS (pH 7.4) and comparable values were
measured for AFt, {=-14.9 £ 0.7 mV, and AFt-JAa, {=-15.6 0.6 mV (Figure
3.4). The reduction in the measured ZP from ~ -12 mV at pH 5.5 (near the Pl of AFt)
to ~-15 mV at pH 7.4 (outside the Pl range of AFt) provides evidence of enhanced
formulation stability at pH 7.4. It might be argued that at a pH = 7.4, the net charge
of the AFt outer surface is negative, which can enhance its binding to free positive
JAa molecules. However, the physiological pH is slightly higher than the
theoretically calculated pKa of JAa (~7) and none of the JAa molecules is expected
to be protonated. These results suggest that optimal storage of the final

formulation is at physiological pH.

To further assess the integrity and composition of AFt protein before and after the
encapsulation, AFt protein was separated using PAGE under non-denaturing (using
native PAGE) and denaturing (using SDS PAGE) conditions as described in Sections
2.2.2 and 2.2.3. Comparable bands’ MWt (~480 KDa) and composition of
encapsulated AFt with native AFt were demonstrated by native and SDS PAGE

respectively (Figure 3.5).
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Figure 3.5: (a) Blue (4-16%) polyacrylamide native gel electrophoresis of AFt-
encapsulated-JAa (AFt-JAa) through the nano-reactor route and its AFt control, the
AFt band is shown at 480 KDa. (b) Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 15% polyacrylamide gel stained by coomassie blue
G250.

Subsequently, all formulations produced using different molar ratios (Trial C and
Trial D) were assessed for EE% and DL% values (see Section 2.2.5). Absorption of
JAa at 330 nm was measured (Figure 3.6a) and its integrated intensity was
calibrated to the amount of JAa. A calibration curve (Figure 3.6b) was used to

guantify AFt-encapsulated JAa.
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Figure 3.6: UV-Vis spectrophotometer data. (a) Absorbance spectra of JAa at
different concentrations; maximum absorbance (Amax) of JAa was detected at 330
nm. (b) The standard curve of JAa at Amax. () Standard curve of BSA measured
using Bradford assay. Measurements are reported as the mean of absorbance *

BSA concentration (mg/mL)

SD for > 3 repeats.

Our results indicate that the nano-reactor route resulted in the encapsulation of

118, 161 and 399 molecules of JAa from added 200, 400, and 800 molecules per

cage of AFt, respectively (Table 3.1).

Table 3.1: Drug encapsulation efficiency (EE) and drug loading (DL) of JAa
encapsulated in AFt at three different ratios through the nano-reactor route (n =

2).

OD at 330nm

2.0-4 Y =0.009958*X - 0.002076

0.0

T T T T
50 100 150 200

JAa concentration (uM)

AFt: JAa molar ratio

1:200 1:400 1:800
Encapsulation efficiency (EE)% 59 +10 40+ 6 50+5
Drug loading (DL)% 10+ 1.5 13+2 27 +2
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No. of molecules encapsulated per AFt cage 118 £ 20 161 £ 26 399+41

The highest EE% = ~59% was achieved with 1:200 ratio, followed by ~50% for 1:800
ratio and ~ 40% for 1:400 ratio. The trend of the EE% and DL% does not increase
with increasing JAa ratio as expected, thus, further investigation was needed. To
assess if this was related to the presence of excess un-encapsulated JAa in the
solution, different filtration times were used to remove the un-encapsulated JAa.
Tabersonine (a natural product precursor of JAa) was used as a model in this
experiment due to JAa’'s stock limit [201]. Tabersonine and JAa possess the same
structural backbone with lateral dimensions of 0.97 x 0.96 nm and 1.26 x 0.96 nm,
respectively as shown in the 3D model (Figure 3.7). This, suggests that JAa and
tabersonine, which have similar sizes, diffuse into, and are released from the AFt
cage with comparable time profiles. A ratio of 1:200 (AFt: tabersonine) was mixed
and purified immediately. Samples from the mixture were collected during the
process (0 min, 2 min, 4 min, 6 min, 8 min and 10 min), and the release pattern of
un-trapped tabersonine molecules is illustrated in Figure 3.7. The release profile
of tabersonine (similar to the release profile of JAa observed in our previous trials)
shows a plateau between 8 and 10 min of filtration. The graph shows that ~ 40%
of the test compound was still inside the AFt after 4 min of spinning filtration at
4000 rpm (using 30 K filters); time used to purify JAa after AFt-encapsulation using
the nano-reactor route. Therefore, we conclude that the time to remove un-

encapsulated JAa should be increased to ~ 10 min.
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Figure 3.7: Evaluation of the time needed to remove free (un-trapped) JAa
molecules from the formulation using tabersonine as a model. (a) The shared
structure of JAa and tabersonine is shown in black, where R1: MeOCO, R2: MeO
for JAa and R1: H, R2: H for tabersonine. (b) The concentration of tabersonine
remaining entrapped with AFt at different filtration times using ultracentrifugation
filters at 4000 rpm is represented as mean  SD (n = 3). (c) Tabersonine in the 3D
model with lateral dimensions of (0.96 X 0.97 nm). (d) The 3D model of jerantinine
A acetate (JAa) with estimated lateral dimensions of (0.96 X 1.26 nm) using 3D
ChemDraw.

Our results corroborate the findings of the previous encapsulation using the nano-
reactor route, that this method has a minimum effect on the
composition/integrity of AFt cage [118, 308]. Our optimisation succeeded in
reducing the precipitation associated with the small NPs [386]; however, a small
fraction of aggregated sample was still detected by DLS (~ 17.8 + 0.5 nm as

measured by volume) (Figure 3.4).
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Despite the promising results and advantages of the nano-reactor method, the
guestion remains whether JAa was efficiently entrapped into the core of AFt or
not. Taking into account the estimated dimensions of JAa (0.96 X 1.26 nm), JAa
diffusion through the AFt’s pores (0.3-0.4 nm) is challenging [387]. Although Yang
et al. succeeded in using this method for maltose (approximate dimension 1.3 nm),
they used the proton NMR relaxation method and ferric ions which served as a
paramagnetic relaxation agent to achieve this encapsulation [309]. The majority
of reported successful encapsulations through the nano-reactor route were
achieved for relatively small MWt (< 250) agents, such as antitumour
benzothiazoles and temozolomide [118, 307], or agents that possess lateral
dimensions < 0.3 nm e.g. gefitinib [306]. Therefore, these findings strongly support
investigating the self-assembly method to encapsulate JAa to further decide which

route to adopt for JAa encapsulation.

3.3.2 Encapsulation of JAa through the self-assembly route

3.3.2.1 The theory of optimisation

To ensure successful entrapment of JAa inside the core of AFt, the self-assembly
property of AFt was also exploited. In this method, AFt is disassembled into its sub-
units and re-assembled using pH change. However, because of the low yield of the
reassembled AFt (Re-AFt) formulations, the optimisation of the self-assembly

route was required to encapsulate JAa [310, 375, 380].
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3.3.2.2 Optimisation of the self-assembly method

Optimisation of this route was carried out after examining several published self-

assembly methods. To ensure reliability, In these studies, horse spleen-AFt was

used for the encapsulation. Many agents were successfully encapsulated using

different dis-assembly methods as summarised in (Table 3.2).

Table 3.2: A summary of published self-assembly methods

and without cargo
respectively

Cargo
Epirubicin [388] | Verapamil Vincristine Doxorubicin-HCI Neutral red,
[389] [317] [304, 375] platinum
anticancer
drugs, and
Desferrioxamine
[379, 390-392]
Concentration | 1 mg/mL 3.7mg/ mL | 10 mg/ mL 2.5 mg/mL 10-50 mg/mL
of AFt
Disassembly HCI (1M) for 20 | HCI (0.1 M) | HCI (0.1 M) Glycine acetate | HCl (1M) for 20
method (at pH | min at 8 eC buffer for 5 min on | min
2) ice
Reassembly One step (195); 1S; 1S; Two steps (2S); | 1S; NaOH
method (at pH | Direct addition | Direct Direct slowly to pH 4 with
7.4) slowly to pH 7.4 | addition addition Trizma-base
using NaOH (1 | slowly to pH | slowly to pH | solution (4 M).
M), stirred for 2 | 7.4  using | 7.4 using | followed by
h at room | NaOH NaOH (0.1 | dialysis with
temperature M) Trizma-acetate
(RT) buffer (20 mM)
overnight
Purification Dialysis with PBS | NA Dialysis Purified through | Centrifugation
method (25mM, pH 7.4, against 0.9% | the reassembly
24 h) at RT NaCl method
solution
Yield NA NA NA 58% and 64% with | NA

The self-assembly methods summarised in Table 3.2 were compared. The clear

differences between the methods used are seen, such as concentration of AFt

112




used, disassembly and reassembly methods, solution, and time, in addition to the
purification method and time, and thus support the importance of the validation

and optimisation required for this route.

The encapsulation was performed at 4 °C, to avoid deterioration of the protein

and seven different parameters were considered in the optimisation process:

3.3.2.2.1 Evaluating the disassembly methods used to dissociate the AFt cage

Disassembly of the AFt protein is the first step in the self-assembly method. Under
extreme conditions (outside the range of pH 2-10) AFt is dissociated into its 24
subunits [282]. In horse spleen AFt, the dissociation will produce two H-chain
(composed of 182 amino acids) and 22 L-chain (composed of 174 amino acids)
[275]. Here, the dissociation was performed under acidic conditions (pH 2)
comparing two methods described previously: using (1) HCI [317, 379, 388-392]
and (2) glycine acetate buffer [304, 375, 393]. In addition to horse spleen AFt,
recombinant H-AFt was used to further validate the disassembly process under
the same conditions. After the disassembly step, samples were loaded onto native
PAGE to confirm the absence of the intact AFt cage. For disassembled protein, the
native gel revealed no band at ~480 KDa expected for intact AFt (Figure 3.8a),
suggesting successful disassembly of the horse spleen AFt to its subunits when
using HCl but not glycine acetate (Figure 3.6b). multiple lower bands are observed
on the native gel after using both HCl and glycine acetate buffer, confirming
presence of proteins with lower MW?t, hence indicating partial disassembly of H-

AFt protein under both used conditions (Figure 3.6a, b).
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Figure 3.8: Blue (4-16%) polyacrylamide native gel electrophoresis of (a) the
disassembly of horse spleen AFt and human recombinant AFt (H-AFt) to its
building subunits at pH 2-2.5 using direct addition of HCl along with native AFt
control, or (b) dialysis against glycine acetate buffer. Native AFt control band is
shown at ~480 KDa.
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As seen from the native PAGE (Figure 3.8), HCl was more efficiently able to
disassemble the horse spleen AFt cage. A possible explanation is related to the
salting-in and salting-out effect of proteins. When a small amount of salt is added
to a protein solution, it enhances its solubility by reducing its electrostatic energy;
the salting-in effect [394]. However, when the concentration of salts highly
increases, it adversely affects the protein’s solubility by reducing its electrostatic
energy resulting in aggregation; the salting-out effect [394]. Besides, ionic strength
and composition play important roles in this effect. According to Hofmeister, ions
can be ordered by their ability to salt in (structure-breaking ions) or salt out
(structure-making ions) proteins. Based on the strength of hydration ordering,
acetate is a better structure-making ion than CI. Accordingly, ClI" is better in

structure-breaking due to its higher ability to salt in AFt subunits and therefore
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keeping AFt subunits separate at pH 2. On the other hand, the disassembly of H-
AFt, but not horse spleen AFt by acetate-based method indicates its relatively
lower stability. This further supports the need for L-rich AFt (horse AFt) for more
extreme conditions to denature compared to H-AFt, and that the stability of H
homopolymers of AFt can be enhanced if some are substituted with L-chain

residues [395].

Previously, Kilic et al. (2012) optimised the self-assembly method to obtain one of
the highest PR% values; 64% [375]. They proposed using glycine acetate buffer (at
pH 2.5) to disassemble AFt cages to avoid the possible precipitation of AFt when
using other acidic alternatives that contain phosphoric acid and anions such as
OH-and Cl-. However, in our study, the weak disassembly seen in native gels upon
using glycine acetate buffer opposes its use to efficiently dissociate the horse

spleen AFt (Figure 3.8b).

3.3.2.2.2 Evaluating the reassembly methods used to restore the AFt cage at
physiological pH: raising the pH in one step versus raising the pH in two
steps
Following unfolding of the AFt cage, different methods to refold the cage were
evaluated. Two of the most widely used reassembly methods were evaluated:
raising the pH (from pH 2 to pH 7.4) in one step (1S method) [379, 392] and raising
the pH in two steps (2S method) (from pH 2 to pH 4 and then from pH 4 to pH 7.4)
[304, 375]. The reassembly of the AFt cage in 1S-method was done by dialysis
against glycine NaOH buffer (25 mM, pH 7.4, 4 ¢C) overnight. Raising the pH in 2S

method was done by directly adding Trizma-base solution (4 M, 1 h) to raise the
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pH from 2 to 4 (several minutes), followed by dialysis against glycine NaOH buffer
(25 mM, pH 7.4, 4 °C) overnight. The reappearance of the AFt band at ~480 KDa
on the native gel, gives evidence of AFt reassembly. The native gel shows a more
intense AFt band at 480 KDa (50% more) when using 2S method compared to the
AFt band obtained using 1S reassembly method. These results reflect better PR%

and cage reformation (Figure 3.9). This finding was also reported by Kilic et al.

[375].
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Figure 3.9: Blue (4-16%) polyacrylamide native gel electrophoresis of (a) the AFt
cage reassembly in one step (1S) from pH 2 to pH 7.4 vs raising the pH in two steps
(2S) from pH 2 to pH 4 and then from pH 4 to pH 7.4; AFt control band is shown at
~480 KDa. (b) Densitometry measurements of AFt band intensity. Intensity is
reported as mean * SD in 3 repeats and a significant difference is expressed as
****P < 0.0001.
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3.3.2.2.3 Evaluating the initial concentration of AFt used.

The initial concentration of AFt previously used varied from 1 mg/mL to 50 mg/mL
(Table 3.2), thus its effect on the yield of reassembled protein was evaluated.
Using the same reassembly method (ReM), AFt at concentrations of 5 mg/mL
(ReM-1) versus 2.5 mg/mL (ReM-2) was disassembled as described earlier and
reassembled by 2S method by quickly adding (several minutes) NaOAc (100 mM,
pH 4) to raise the pH from 2 to 4, followed by dialysis against Trizma-acetate buffer
(1 M, pH 7.4, 4 °C) overnight. Native PAGE was used to evaluate AFt-reformation
after the first step of the reassembly process at pH 4 (partial reassembly) and after

full reassembly at physiological pH.

Native PAGE shows that reassembly of AFt at a concentration of 5 mg/mL resulted
in a less intense AFt band at 480 KDa at both pH 4 and pH 7.4 compared to
reassembly at an initial AFt concentration of 2.5 mg/mL (Table 3.3). The PR% was
also calculated as described in Section 2.2.4 after spin filtration using 2000 rpm for
10 min and 1 min reverse. The results show a non-significant lower PR% produced
with higher AFt concentration (p > 0.05). Pictures taken for both formulations also
show more turbidity of reassembled protein when using a higher concentration of

5 mg/mL (Table 3.3).
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Table 3.3: Summary of the study of the effect of initial AFt protein concentration
on the outcomes of the reassembly method.

AFt initial concentration and method

ReM-1 (5 mg/mL) ReM-2 (2.5 mg/mL)
Buffer used: 100 mM NaOAc (pH 4, quick | 100 mM NaOAc (pH 4, quick
(pH 2 to pH 4) addition) addition)
Native gel PAGE
(pH 4)
Buffer used 1M Trizma- acetate buffer (pH | 1M Trizma- acetate buffer (pH
(pH 4 to pH 7.4) 7.4, quick addition) 7.4, quick addition)

Native gel PAGE

(pH 7.4)
Protein recovery% 23% 26%
Final formulation 9
e L
~ =

Hence, we conclude that better reassembly with higher PR% and lower
aggregation of the final Re-AFt is obtained with a lower protein concentration of

2.5 mg/mL.

These findings conflict with the previously reported statement that the effect of
the initial protein concentration is negligible on the yield of the formulation [375].
Observations further suggest a correlation between the initial AFt concentration
and the precipitation/aggregation of the final formulation (Table 3.3) and agree
with the finding of Stefanini et al. [393], who suggested keeping the initial
concentration of AFt < 3 mg/mL for the self-assembly method to reduce its

precipitation.
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3.3.2.2.4 Effect of pH change methods: dialysis vs direct addition.

Based on the literature, methods of adjusting the pH for reassembly were
performed by either quick addition of basic buffer/ solution or after the dialysis
process (Table 3.2). To evaluate the effect of the method to change pH on the
reassembly process, AFt (2.5 mg/mL) was disassembled using HCl and the subunits
were then restored using the 2S method by adding 4 M Trizma base solution
(within minutes) followed by either dialysis overnight (ReM-3) or quick addition,
within few minutes (ReM-4) of 20 mM Trizma-acetate buffer (pH 7.4). The native
PAGE of Re-AFt (at pH 4 and physiological pH), the PR% following purification by
spin filtration (2000 rpm for 10 min and 1 min reverse), and the measurements of
hydrodynamic size were used to evaluate the final reassembled protein (Table

3.4).

Table 3.4: The investigation of dialysis and direct addition of buffer to restore AFt
protein cage.

Reassembly method
ReM-3 ReM-4

Buffer used (pH 2 to | 4 M Trizma base solution (quick | 4 M Trizma base solution (quick
pH 4) addition) addition)

Native gel PAGE (at pH
4)

Buffer used (pH 4 to | 20 mM Trizma-acetate buffer | 20 mM Trizma-acetate buffer (pH
pH 7.4) (pH 7.4, dialysis 7.4, quick addition)
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Native gel PAGE (at pH
7.4)

Protein recovery% 37% 58%

Hydrodynamic size 7.6 £1.9 nm (93%) 18.1 £ 5.4 nm (90%)
(by number average)

Hydrodynamic size 6.8 £1.6 nm (>99%) 15.3+4.0 nm (>99%)
(by volume average)

The presence of a band at 480 KDa in native gels reflects refolding of AFt protein
to expected MWt (Table 3.4). The hydrodynamic sizes measured for AFt are dar: =
15.3 +4.0 nm and 18.1 £ 5.4 nm as reported by number and volume respectively
for the direct addition method, comparable to those of AFt ~12 nm. While for the
dialysis method, the hydrodynamic sizes for AFt measured dar: = 6.8 £ 1.6 nm and
7.6+1.9 nm as reported by number and volume respectively (Table 3.4). The shift
of hydrodynamic size from the expected AFt indicates the presence of unfolded
AFt subunits when using the dialysis method. This was further corroborated by
calculating the PR% after the purification of unfolded protein subunits, which were
calculated as 58% and 37% for direct addition and dialysis methods respectively.
Moreover, more smearing of AFt band ( at ~¥480 KDa) in the native PAGE following
the dialysis method reflects greater heterogeneity, or dissociated protein samples
[396, 397], which further contribute to lowering PR% (37%) and the smaller

hydrodynamic size of the reformed AFt cage seen with the dialysis method.
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These results suggest that using the direct addition method to adjust pH during
the reassembly results enhances PR% and produces a greater fraction of
reassembled protein with particle sizes expected for AFt. A possible explanation
for this might be related to the time that AFt subunits remain within the Pl range
of the AFt (4.1- 5.1) during dialysis, suggesting that the success of the reassembly
process is reduced with a longer time AFt is at Pl range. According to Stefanini et
al. [393] ~ 70-90% of precipitated AFt within its Pl can restore its reassembly
property at physiological pH. This further implies that up to 30% of the proteins
might be losing their ability to restore their original form, in agreement with our
findings. Based on these observations and that the reassembly process does not
take place at the PI, rapid addition of buffers to raise the pH of the solution was

adopted for further studies.

Nevertheless, the differences in ionic strength of the reassembly buffer used to
raise pH from 4 to 7.4 should be considered. In ReM-3, the ionic strength of 4 M
Trizma base solution (pH 4) was diluted through dialysis with 20 mM Trizma-
acetate buffer (pH 7.4). While in ReM-4, the direct addition of 20 mM Trizma-
acetate buffer preserved the ionic strength of the reassembly solution. The effect
of ionic strength on the reassembly of the AFt cage can be clarified by the salting
effect on proteins. It can be argued that at a high salt strength the salting-out
emerges and affects the stability of the AFt protein; however, according to the
salting-out effect, at high salt concentration, the hydrophobic forces of protein
increase as a result of increasing surface tension [398]. It is known that the
disassembly of AFt protein resulted from breaking the non-covalent forces such as

hydrogen and hydrophobic bonds between its 24 subunits [282]. Therefore,
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increasing the intermolecular hydrophobic forces between the AFt subunit is
crucial to retain its original form, and using a high strength of buffer/basic solution

during the reassembly of AFt will ensure its successful reassembly.

All previous investigations established the fundamental steps from which to
conduct further optimisation. Accordingly, all experiments performed thereafter
were consistent: using 1) HCI (1 M) to disassemble the horse spleen AFt cage, 2)
2S method to raise the pH to reassemble the AFt cage, 3) initial AFt concentration
of 2.5 mg/mL to reduce the aggregation/ precipitation of the formulation and 4)
direct addition of buffers/ basic solution during the reassembly to enhance both

the reassembly and PR%.

It is interesting to note that two of the previously conducted experiments; ReM-2
(Table 3.3) and ReM-4 (Table 3.4) produced a noticeable difference in the PR%
with 26% and 58% respectively. Both experiments were conducted using the same
conditions for disassembly and reassembly except for the buffer type and strength
in the reassembly step. This finding further supported investigating the buffer

types used in each step during the reassembly process.

3.3.2.2.5 Investigating the buffers / basic solutions used to reassemble the AFt
cages

Several different buffers/basic solutions (e.g., Trizma-acetate, Trizma base,

glycine-acetate, NaOH, and NaOAc were tested for efficient reassembly and PR%

as described in Table 3.5.

ReM-5-10 were evaluated by native PAGE after the first (at pH 4) and the second
(at physiological pH) steps of the reassembly, to ensure correct reassembly of the
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AFt. The hydrodynamic sizes of reformed AFt were reported by number and

volume, in addition to the calculated PR% after purification by spin filtration using

2000 rpm for 10 min and 1 min reverse spin filtration (Table 3.5).

Table 3.5: Optimisation of basic solutions/buffers used to reassemble horse spleen

AFt.
Reassembly | ReM5 ReM6 ReM7 ReM8 ReM9 ReM10
method
bufferused | 4 M 200 mM 100 mM 100 mM 5 N NaOH 5 N NaOH
(pH2 to Trizma Glycine sodium sodium (quick (quick
pH4) base acetate acetate acetate addition) addition)
solution (pH 4, buffer (pH | buffer (pH
(quick quick 4.0, quick | 4.0,
addition) addition) addition) gradual
addition)
Native gel
(at pH 4) i X
buffer used | 20 MM 4 M 5 N NaOH 1M 5 N NaOH 1M
(pPH4 to Trizma- Trizma- (quick Trizma- (quick Trizma-
7.4) acetate base addition) acetate addition) acetate
buffer (pH | solution buffer (pH buffer (pH
7.4, quick (quick 7.4, quick 7.4, quick
addition) addition) addition) addition)
78 - [ — ‘
atpH7.4 - .
(at pH 7.4) -, 4 et | __
Protein 58% 90% 28% 43% 32% 24%
recovery%
Diameter 181 nm+ 11.8 nm 12.5nm 12.8 nm £ 12 nmt 14.2.0 nm
represente | 5.4 (90%) 3.4 (>99%) | 2.4 (96%) 2.2 (98%) 3.1 (90%) +34
d by (>98%)
volume%
Diameter 153nmz+ | 95nm# 11.7nm £ 121 nm# 10.8 nm £ 12.6 nmt
represente | 4.0 (>99%) | 2.3 (>99%) | 2.1 (>99%) | 2.0 (>99%) | 2.5 (>99%) | 2.7 (>99%)
d by
number%

All investigated methods in Table 3.5 resulted in different degrees of AFt
reassembly, represented by a band at 480 KDa with various intensities. All
methods used showed more intense band of AFt (at ~480 KDa) at physiological pH

than the band seen after the 1S of reassembly (at pH 4) for the same used method.
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These results are in agreement with those obtained by Crichton et al. [399] and
Stefanini et al. [393] that reported ~ 50% of AFt reassembly occurs at pH 4, and
this partial reassembly is followed by a full assembly of the cage at physiological

pH.

The hydrodynamic sizes measured for the formulations with ReM-5, ReM-8 and
ReM-10 were comparable to the expected size of ~12 nm, reflecting correct
assembly of the cage. On the other hand, the DLS measurements in ReM-6, ReM-
7 and ReM-9 demonstrated hydrodynamic size < 12 nm and revealed that using a
basic solution instead of buffers in step 2 of reassembly (at physiological pH) failed
to restore the required particle size (~¥12 nm) in these experiments. The native gels
in the later experiments also show weak and smeared bands of AFt compared to
the AFt reassembly methods using buffers, which as mentioned earlier, reflect

heterogeneity or dissociated protein samples [396, 397].

Our data corroborate the importance of using buffers to control the pH of the
solution, which results in a better reformation of AFt cages to their expected size
and agrees with conclusions drawn by Zbacnik et al [400]. Besides the role of
buffers to regulate shifts in pH, the authors reviewed the mechanisms through
which buffers can stabilise proteins. Specifically, buffers increase the
conformational stability of proteins by preferentially binding to their native form,
with no impact on the denatured or unfolded state. This can be crucial for efficient
AFt refolding, as during the reassembly process, AFt subunits need to be free from
any binding except for the intramolecular forces (hydrogen and hydrophobic) to

retain the native shape of their cage. Enhancing intramolecular forces between
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subunits was achieved by increasing the ionic strength of the solution and gaining
the salting-out effect on proteins (see Section 3.3.2.2.4). On the other hand, the
desired refolded AFt during the reassembly process is stabilised by the added
buffer. All together this reveals the considerable effect of using a buffer with high

ionic strength to control the pH of the solution, refold and stabilise the AFt protein.

It is interesting to note that the imperfectly reformed AFt cage in ReM-9 (using HCI
to unfold the AFt cage and NaOH to refold it) supports evidence from previous
observations of Mihee et al. upon using the same method. The authors found that
AFt failed to fully reassemble as was shown by synchrotron small-angle X-ray
scattering (SAXS) [380]. However, we do not agree with the authors’ conclusion in
the previous study that AFt fails to fully reassemble at physiological pH. As in the
previous study, the author neglected the importance of using buffers to stabilise
proteins, and their conclusion could have been prematurely generated, as it was
based on the use of one method to reassemble the AFt cage using NaOH basic
solution only. Our findings, furthermore, emphasise the importance of using

buffers to stabilise AFt and fully reassemble its cage.

ReM-5 and ReM-8, which were successful in yielding the correct capsule diameters
and the highest PR% with ~58% and ~43% respectively, were chosen for further

optimisation and evaluation.

3.3.2.2.6  Evaluating the purification process used to discard the un-reformed AFt
subunits: dialysis and centrifugation.
The method and time needed to purify the formulation from the un-reformed AFt

subunits were further evaluated. First, AFt protein reassembled using ReM-5 was
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used to evaluate the time and speed needed for the purification using spin
filtration. The final formulation at physiological pH was spin filtered using 1) 10 min

at 2000 rpm, 1) 15 min at 3000 rpm. The native PAGE results are shown in Figure

3.10.
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Figure 3.10: Evaluating the time and speed needed to purify the reassembled
formulation using spin filtration. (a) AFt reassembled using ReM-5 and spin filtered
for 10 min at 2000 rpm (I) or 15 min at 3000 rpm (II). Native PAGE performed using
Blue (4-16%) gel, and AFt band is shown at ~480 KDa. (b) Densitometry
measurements of AFt band intensity. Intensity is reported as mean + SD in 3
repeats and shows no significant difference.

Native PAGE shows the same AFt band intensity at 480 KDa regardless of the time
and speed used for the purification by spinning filtration. Using more extreme
purification conditions (from 10 min at 2000 rpm to 15 min at 3000 rpm) might be
more efficient to eradicate unfolded AFt subunits, however, resulted in smearing
that suggests the need for further optimisation. Besides, the purification for a

longer time resulted in some curving in AFt band, indicating high salt
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concentration in the samples, and further highlights the importance of

investigating the dialysis effect to desalt the final formulation.

Further optimisation of the purification process was performed using ReM-8. As
shown in Table 3.5, among all methods, ReM-8 produced the least protein
smearing in the native gel after refolding at physiological pH and produced the
second-highest PR% (~43%). In this experiment, Re-AFt was purified using four
different methods and the resulting native gel of each is represented in Figure
3.11. The purification techniques aimed to remove the unfolded AFt subunits and
remove the salting effect seen previously upon concentrating the formulation

after the spinning filtration for 15 min (Figure 3.10).
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Figure 3.11: The native gels show the purification of the reassembled AFt (Re-AFt)
using 4 different methods. ReM-8 AFt was spin filtered for 15 min (P1), dialysed
against 25 mM Trizma-acetate buffer then spin filtered for 15 min at 3000 rpm
(P2), spin filtered for 15 min at 3000 rpm then dialysed against (100 mM) glycine
NaOH buffer at pH=8.6 (P3) or spin filtered for 15 min then dialysed against 25 mM
Trizma-acetate buffer at pH=7.4 (P4). AFt control band is shown at 480 KDa.
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The Re-AFt band using the ReM-8 without any purification was shown as a control.
Purification 1 method (P1) was conducted using spin filtration for 15 min at 3000
rom (P1). AFt shows a similar but more intense (more concentrated) band
compared to the control and the salting effect was still clearly obvious with
minimum smearing. In the purification 2 method (P2), overnight dialysis against
25 mM Trizma-acetate buffer was performed to de-salt the refolded AFt protein.
This was followed by spin filtration for 15 min at 3000 rpm to remove the unfolded
AFt subunits. The native gel clearly shows more smearing compared to the control,
suggesting greater heterogeneity in the protein sample [396, 397]. A possible
explanation might be that, after full reassembly had taken place using direct
addition of buffer, the remaining unfolded AFt subunits incorrectly interacted with
each other at low ionic strength (25 mM Trizma-acetate buffer) overnight to
produce the observed heterogeneity. These results provide further support for the
conclusion drawn from Section 3.3.2.2.4, where less PR% and more smearing of
the reformed AFt was produced with dialysis compared to the direct addition of

buffer.

Subsequently, two purification methods were conducted by first spin filtration for
15 min at 3000 rpm, followed by dialysis against glycine NaOH buffer (pH 8.6) or
Trizma-acetate buffer (25 mM, pH 7.4); purification methods P3 and P4
respectively. The resulting AFt bands at ~480 KDa were neat for both methods
used. These results support the use of dialysis only to de-salt the final formulation
after discarding all unfolded AFt subunits to prevent them from wrongly folding
during overnight dialysis. Furthermore, the native gel of AFt purified after dialysis

with glycine NaOH buffer shows more smearing compared to using Trizma acetate
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buffer, which was the only difference between the two self-assembly methods

used.

According to our observations, we can conclude that the smearing of the native
gels (resulting from imperfect AFt reassembly) is not related to the amount of
loaded protein (Table 3.2) or the time needed for the purification (Figure 3.10).
The smearing is correlated to the buffers (composition and ionic strength) used to
reassemble AFt, in addition to their effect on the PR%. This further supports the
previously reported influence of buffers’ composition on the reassembly process

[383, 393, 401].

3.3.2.2.7 Evaluating the time needed to reassemble the AFt cages.

One final optimisation parameter was the evaluation of the time needed to
reassemble the AFt cage after reaching physiological pH. Using ReM-8 and the
purification method (P4). Increasing the time of reassembly after direct addition
of Trizma acetate buffer (25 mM, pH 7.4) from 4 h to overnight robustly enhanced
PR% from~43% to 77%. Indicating that allowing more time for the AFt subunits to

reassemble was beneficial and enhanced the PR%.

The optimisation process of the self-reassembly method of AFt resulted in a fully
reassembled protein using ReM-8 with an expected hydrodynamic diameter of

~12 nm (Table 3.5), MWt of ~480 KDa (Figure 3.11) and a robust PR% of 77+5%.

Moreover, during the self-assembly optimisation process, measuring the pH of the
solution after each addition was done using a pH meter (Mettler Toledo). Failing
to pre-calibrate the pH meter before each encapsulation produced inconsistent
results regarding the PR%. Upon completion of optimisation process, JAa was
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encapsulated using the optimised method, and the effect of its encapsulation on

the integrity of the AFt cage was further evaluated.

3.3.2.3 Characterisation of AFt-encapsulated JAa through the optimised the self-
assembly route

Following optimisation, the encapsulation of JAa was performed at a ratio of 1:150

(AFt-JAa). Addition of JAa was done gradually along with adjusting the pH to 4 with

NaOAc in the first step of reassembly. The encapsulation method of JAa through

the optimised self-assembly method is fully described in Section 2.1.4.

To assess the effect of encapsulating JAa using our optimised method, the AFt-JAa
formulation at a ratio of 1:150 (AFt-JAa) has been characterised for its size,
stability, and integrity (Figure 3.12). Characterisation of AFt-JAa was performed
together with the empty Re-AFt protein which was prepared under the same
buffer conditions and diluted at the same conditions for analysis. Results were also

compared with the AFt control taken directly from our AFt stock.
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Figure 3.12: The encapsulation of JAa into AFt cages using the reassembly method.
(a) lllustration of JAa encapsulation by the reassembly method performed at 4 2C.
(b) Native PAGE of each step of the reassembly method. (c) SDS PAGE shows the
composition of AFt encapsulating JAa (AFT-JAa), empty reassembled AFt protein
(Re-AFt), and stock AFt control. (d) The native PAGE of AFt-JAa and empty Re-AFt
under the UV light.
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AFt was evaluated after each step of self-assembly during the encapsulation

process using blue native PAGE. The native gel revealed no band at ~480 KDa

expected for intact AFt, indicating successful disassembly of the horse spleen AFt

represented at pH 2.5 after the addition of HCI for 30 min. During reassembly, JAa

(10 uL; 10 mM) was added gradually along with NaOAc, the resulting solution

remained very clear even after resting the formulation for 1 hr at 4 2C. The native
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gel band at ~480 KDa indicates obvious reassembly of AFt cages at pH 4 after
gradual addition of NaOAc with JAa. The smearing at pH 4 in the native gel is proof
of only partial reassembly of the cage at this stage. The clear AFt band at
physiological pH at ~ 480 KDa following the purification process reflects the full
and successful reassembly of the AFt-JAa formulation. This suggests that the
integrity of AFt protein after encapsulation of JAa was preserved as demonstrated
by native gel in Figure 3.12b. Additionally, the successful entrapment of JAa was
evaluated by using UV light to illuminate the native PAGE protein bands after the
purification process (Figure 3.12d). Illumination of native gel was conducted after
ensuring illumination of JAa in a stock of 10 mM along with the AFt-JAa
formulation in their original Eppendorf tubes. The dialysis process was performed
originally to desalt the protein, to further ensure that the detected concentration
of JAa in the formulation is not related to any attached molecules on the surface
of AFt. At a loading of 50 pg protein/well, the AFt-JAa but not empty AFt protein
shows a UV absorption band at ~480 KDa. Therefore, this band is concordant only
with JAa encapsulation within AFt but not AFt protein. Both AFt-JAa and empty Re-
AFt shows a band in the loading wells, which could be related to some

precipitation of AFt due to the high amount of loaded protein.

Under denaturing conditions, the composition of AFt-JAa formulation and empty
Re-AFt along with AFt control was assessed under denaturing and reducing
conditions using SDS PAGE [327]. SDS PAGE demonstrated indistinguishable
secondary structure composition of AFt protein of all tested samples, this further
confirms that our optimised reassembly method succeeded to restore the AFt

cage after disassembly, with and without JAa entrapment (Figure 3.12c).
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The hydrodynamic sizes were measured for AFt, Re-AFt and AFt-JAa and reported

by number and volume respectively along with the ZPs (Figure 3.13).
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Figure 3.13: DLS characterisation of AFt encapsulated JAa (AFt-JAa). Data
compares the size of the nanoparticles to the empty reassembled AFt protein (Re-
AFt), and stock AFt in both (a) number and (b) volume averages, along with (c)
their statistical analysis. (d) Measured ZPs show no significant difference in all
tested samples. Data are reported as mean * SD. Significant differences are
expressed as *P < 0.05.

The hydrodynamic size of AFt-JAa dart-jaqe = 13.5£0.3 nm and dart-sac = 21.243.3 nm
to AFt dare = 12.13120.4 nm and dar: = 13.4+0.6 nm reported by number and volume
respectively (Figure 3.13, Table 3.6). The sizes presented by% volume still reflect

the presence of some unavoidable precipitation usually accompanying small NPs
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[386, 397]. However, the hydrodynamic size presented by the average number
shows a non-significant difference in the particle size in both the empty AFt and

AFt-JAa (p > 0.05).

To evaluate the effect of the reassembly process and JAa encapsulation on the
stability of AFt, ZP values were measured in Trizma acetate buffer (25mM, pH 7.4).
The measured ZPs {=—-11.742.4 mV and —17.3£2.2 mV for Re-JAa and AFt-JAa

respectively compared to {=—14.91£0.7 mV of AFt.

The change of ZPs was non-significant for AFt-JAa and Re-AFt compared to the
stock AFt (p > 0.05) (Figure 3.13d, Table 3.6). These observations reflect
preservation of AFt cage stability after the reassembly process with and without

encapsulation of JAa.

Table 3.6: Characterisation summary of encapsulated JAa into AFt core through
the self-assembly route. Results are shown as mean * SD from three independent
trials.

AFt stock Reassembled AFt | AFt-JAa
reference (1:150)

Size by number (nm) SD 12.13+0.4 12.5+0.5 13.5+0.3
Size by volume (nm) SD 13.4+0.6 17.8+0.8 21.243.3
Zeta potential (mV)t SD -14.9+0.7 -11.7+2.4 -17.31£2.2
Protein recovery% NA 775 697
Encapsulation Efficiency (EE)% NA NA 80+7
No. of molecules encapsulated | NA NA 120+ 10
per AFt cage

Table 3.6 provides the results in terms of EE% and the number of JAa molecules
encapsulated per AFt cage for the AFt-JAa formulation. We achieved ~80% EE
upon encapsulation of JAa into AFt core through the self-assembly method. This

encapsulation achieved entrapment of ~ 120 molecules of JAa inside each AFt
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capsule. Table 3.6 also compares the PR% obtained from the self-assembly of the
empty AFt cage and with AFt-JAa. The most striking result to emerge from the data
is the PR%, which reached 77% without adding JAa and dropped to ~ 70% upon
the addition of JAa. Adding JAa during the reassembly process reduced the PR%
but not significantly (p > 0.05). Our method was superior to the best-optimised
method reported in the literature, where PR% of 64% and 58% have been reported
for AFt alone and encapsulated doxorubicin respectively [375]. The successful
encapsulation of JAa into AFt addressed the main drawback of using the self-
assembly AFt-encapsulation method and further supports adoption of this method

for encapsulation of other agents with high MW1.

Thus, successful encapsulation of JAa was achieved through both the nano-reactor
and the self-assembly methods. Both encapsulation methods preserved the size,
integrity and charge of AFt’s cage upon encapsulation of JAa. However, due to its
high MWt of 424, JAa may not diffuse efficiently through the channels of AFt and
thus AFt-JAa obtained from the self-assembly method was used in further in vitro

assessment.

3.3.3 Validation of the optimised self-assembly method: encapsulation of
vincristine and rhodamine B

Following the promising characterisation results of AFt-encapsulated JAa achieved

through the self-assembly method, the applicability of using the method to

encapsulate other high MWt agents was investigated. VCR with MWt of 825 and

lateral dimensions of 1.0 X 1.45 nm and RB with MWt of 479 and lateral

dimensions of 1.05 X 1.44 nm were encapsulated through our optimised
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reassembly method (Figure 3.14). VCR has been encapsulated previously inside
the core of AFt [317], a successful entrapment of such a big molecule (double the
MWs1 of JAa) will be beneficial to validate our method. RB is a xanthene fluorescent
dye frequently used to stain biological samples [402, 403]. Successful
encapsulation of RB inside the core of AFt can be used to track AFt uptake/
localisation by measuring its fluorescence signal. VCR was encapsulated in a ratio

of 1:100 (AFt: VCR) and RB was encapsulated in a ratio of 1:200 (AFt: RB).

Figure 3.14: Vincristine structure and 3D model with lateral dimensions of (1.0 X
1.45 nm) (a). The structure and 3D model of rhodamine B (RB) with lateral
dimensions of (1.05 X 1.44 nm) (b).
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Following encapsulation through our optimised self-assembly method, AFt-VCR
and AFt-RB were characterised along with their AFt stock and Re-AFt controls for

their size and stability using DLS measurements. Results are described in Table 3.7.

Table 3.7: Results of encapsulating VCR and RB into AFt core and its DLS analysis
summary. Results are shown in mean * SD from two independent trials.

AFt stock Reassembeled AFt-VCR AFt-RB
AFt (1:100) (1:200)

Size by number 11.9+1.3 12.9+1.3 11.7+0.7 11.8+1.2
(nm)t SD
Size by volume 19.1+1.3 20.1+1.2 18.5+0.2 17.6+0.8
(nm)£ SD
Zeta potential (mV) £ SD | -12.5+0.9 -11.740.9 -10.31#0.5 -9.610.7
Protein recovery% NA 77 £5 6515 7916
Encapsulation Efficiency | NA NA 3043 4.5+1
(EE)%
No. of molecules | NA NA 3043 9+2
encapsulated per AFt
cage

The hydrodynamic size of both formulations revealed indistinguishable sizes to AFt
~12 nm (p > 0.05). Moreover, ZPs measured {=-10.3+0.5 mV and —9.6+0.6 mV
for AFt-VCR and AFt-RB respectively compared to {=—11.7£0.9 mV of empty Re-
AFt stock. Reduction in the ZPs was not significant following the encapsulation of
VCR (P > 0.05). However, a significant reduction in the ZP upon the encapsulation
of RB (p < 0.05) might be related to the binding of RB on the surface of AFt. AFt
successfully entrapped ~30 molecules of VCR with EE% of 33%. Previously VCR was
encapsulated inside the core of horse-AFt with an average EE% of ~40%. However,
authors from the previous study did not report the% weight of VCR to AFt, so a
comparison of the EE% could not be drawn with our data [317]. On the other hand,
AFt entrapped ~7 RB molecules, which might need further investigation to

enhance its EE%. Of interest, the recovered protein measured ~65% and 79% after
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the encapsulation of VCR and RB respectively. The successful refolding of AFt to
its expected size ~12 nm confirmed the superiority of our optimised method to
efficiently recover AFt upon the disassembly process and further support its use

to encapsulate high MWt agents.

3.3.4 Stability assay of AFt-JAa reassembled formulation
The stability of reassembled AFt-JAa formulation at 4 2C was assessed over 10
months. The changes in size and charge of AFt-JAa in Trizma-acetate buffer (25

mM, pH 7.4) with time are shown in Figure 3.15.
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Figure 3.15: Stability study of AFt-encapsulated JAa through the self-assembly
method monitored at storage conditions (T =4 2C; pH 7.4). (a) Hydrodynamic size
and (b) ZP were measured using Malvern zeta sizer Nano ZS. Measurements of
AFt-JAa were conducted along with empty reassembled AFt (Re-AFt) and AFt stock
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controls. (c) The stability of encapsulated JAa was assessed by measuring its
concentrations by UV-Vis spectroscopy at 330 nm over 5 weeks.

At storage conditions (T = 4 °C; pH 7.4), the hydrodynamic sizes of AFt-JAa were
statistically comparable to the AFt stock and empty Re-AFt over 10 months of
storage (p > 0.05). Moreover, ZP values did not change significantly (p > 0.05) over
10 months of storage. Reflecting the stability of reassembled AFt-JAa formulation
at storage conditions over the experiment time (10 months). The stability of the
encapsulated JAa was also evaluated using a UV-Vis spectrophotometer to detect
changes in JAa concentration over 5 weeks. JAa started to degrade after 4 weeks
of synthesis. Acetate derivatives of jerantinines were synthesised to enhance their
stability [202]. This stability of JAa is seen over the first 3 weeks of storage at 4 2C,
followed by partial degradation with time. Due to partial degradation of JAa, fresh
formulations of AFt-JAa were prepared every month for in vitro assessments.
Regardless of the stability of the encapsulated agent (JAa), our reassembled AFt
formulation remained stable over the whole time of assessments (10 months) and
further supported the high stability of native AFt [395]. Certainly, retaining the
stability of NPs is essential [404], and preserved stability was efficiently achieved

through our optimised reassembly method of AFt.

3.3.5 Release assay of JAa from AFt cages
Encapsulation of JAa within the core of AFt was followed by evaluation of its
release from cages under physiologically-relevant conditions (T=37 2C, pH 7.4). In

addition, the release of JAa was assessed at endosomal- and lysosomal-relevant
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conditions (T = 37 2C, pH 5.3). it is known that after being recognised by TFR1
membrane receptors, AFt is taken up by clathrin-coated pit-mediated endocytosis
and trafficked through the cells by endosomes and lysosomes [113, 405].
Therefore, it is important to evaluate JAa release under these conditions, to
ensure its release inside the cells (and molecular-target - tubulin dimers’
accessibility) [202]. Under both conditions, samples were collected over 24 h and

the concentration of released JAa was used to derive release profiles (Figure 3.16).
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Figure 3.16: (a) The standard curve of JAa obtained from LCMS. (b) The release
profile of JAa from AFt cargo (24 h, at 37 2C) in NaOAc (pH 5.3), and PBS (pH 7.4)
in four independent trials, statistical analysis of released JAa under both
conditions for the same time point, where data are reported as mean + SD (n = 3).
Significant differences between both conditions are expressed as ****P < 0.0001.

Although the release of JAa under both conditions (pH 5.3 and pH 7.4) follows a
similar pattern (Figure 3.16b), the results show ~23% slower release rate at pH 5.3
compared to pH 7.4 within the first 3 h and 6 h of the study. Moreover, A fast-
release pattern was seen following the first 6 h of the study with ~60% at pH 7.4

and ~40% at pH 5.3. This was followed by a slower release rate up to 24 h. After
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24 h, some JAa was still inside the AFt cage with ~5% at pH 7.4 and ~10% at pH 5.3.
A relationship between JAa release from AFt cages and the pH of the outer
environment can also be concluded from these data. At pH 5.3, the slower release
suggests greater entrapment of JAa molecules inside the core of AFt at lower pH,
at first consideration, perhaps contrary to expectations, as the AFt capsule is
expected to be more relaxed at lower pH, facilitating more ready release of an
entrapped agent. However, the observed slower release can be related to the
structure of AFt and its possible interactions with cargo. AFt can form hydrogen
bonds with loaded non-ionic molecules [406], and electrostatic attractions with
ionic molecules due to its highly active inner surface [382, 406, 407]. Thus, we
propose that at pH 5.3, the positively charged JAa molecules are trapped inside
the highly reactive negatively charged AFt interior through ionic interactions [407].
Due to this strong electrostatic interaction, positively charged JAa is better
entrapped than the uncharged JAa molecules at physiological pH 7.4 and thus

show a slower release (Figure 3.17).

An explanation of the two-phased release pattern could be related to the distance
of JAa molecules cargo from the inner surface of AFt. This is illustrated using the
actual relative size of AFt along with JAa (Figure 3.17). In the first release phase
(up to 6 h), rapid release may be due to unbound JAa molecules that exist in the
centre of AFt’s core (distant from the interactive inner surface of AFt) which are
less likely to be entrapped through ionic or hydrogen bonds. In the second release
phase (from 6 h to 24 h), more steady release may be due to the entrapped JAa
molecules through stronger ionic (at pH 5.3) or weaker hydrogen (at pH 7.4)

bonds.
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Figure 3.17: lllustration of possible interaction of JAa and the interior surface of
AFt showing its inner diameter of 8 nm. (a) Possible ionic interaction of positively
charged JAa molecules at pH 5.3 or hydrogen bond interaction of uncharged JAa
molecules at pH 7.4 (b) At proximity, fewer possible interactions of JAa molecules
in the centre of the core and inner surface of AFt. Structure generated from
Molecular Operating Environment (MOE) software.

LC-MS analysis was beneficial to enable the detection of any possible JAa
degradation in samples. Detection of one peak at retention time (RT) ~3.8 with
MW?t of 424 for JAa but not at RT ~3.5 for JA confirmed that JAa was not
degraded/hydrolysed during the processes of encapsulation or release (Figure

3.18).
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Figure 3.18: LCMS profiles of detected peaks following the release of encapsulated
JAa from AFt cage under physiological pH (7.4). (a) Peak was not detected at
retention time (RT) ~3.8 of JA, (b) while the peak of JAa at RT ~ 3.5 was detected

for the same sample.
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3.4 Conclusion

This Chapter was undertaken to develop and determine the best method to
encapsulate JAa inside the core of horse spleen AFt; multiple parameters that
contribute to optimised encapsulation were evaluated. The optimisation process
of JAa encapsulation through both the nano-reactor route (diffusion method) and
the self-assembly route highlighted many parameters to be considered before
selecting the best encapsulation route for JAa cargo. Our findings support the use
of the nano-reactor route (the diffusion method) to preserve the integrity and
characteristics of the AFt cage [118, 308]. However, when choosing the nano-
reactor route to encapsulate agents, it is important to consider the lateral
dimensions of the agent to be encapsulated. The nano-reactor method is best
suited for encapsulation of small MWt molecules or those having a lateral
dimension < 0.4 nm [118, 306, 307] but not JAa (dimensions 0.96 nm x 1.26 nm).
The encapsulation of cargo through the nano-reactor route is guided not only by
cargo size but also by its ionisation state which can easily be manipulated
according to the pH of the solution; positively charged molecules are drained
through the channels of AFt into the negatively charged interior [407]. We thus
optimised the self-assembly method for AFt-encapsulation of JAa with robust and
reproducible results. Our observations addressed the conflicts related to the
unclear protocols associated with the preparation of AFt formulations which
represent a major obstacle to the translation of AFt from experimental to clinical
DDS [310]. Our study supports both the previously successful and failed methods

of AFt reassembly and identifies the critical component behind the observed
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conflict - the buffer composition and its ionic strength. Our validated optimised
self-assembly method also resolved the main disadvantage to its use, the low yield
of the formulation [375], and recovered ~77% of protein. Characterisation of AFt-
JAa has been performed demonstrating the robustness and reproducibility of the
method developed and produced a cage with comparable hydrodynamic size,
charge and integrity to native AFt. The successful encapsulation of 120 molecules
of JAa within horse spleen AFt cavity and PR% of ~70% were achieved by the self-
assembly method, with minimum precipitation and high stability over 10 months

of storage.
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3.5 Future work

1. Future studies need to be carried out to validate our reassembly method
on H-AFt to further progress pre-clinical (and eventual clinical) studies.

2. The future study should be tested using both the non-glycosylated and
glycosylated H-AFt as the half-life of glycosylated Ft is ten times longer than
non-glycosylated Ft which may impact the final formulation kinetic profile
in future clinical studies [408].

3. The encapsulation of large molecules through the nano-reactor route
should be investigated by relaxing the cage using the proton NMR
relaxation method [309] and using Archaeoglobus fulgidus Ft, which

possesses wider channels ~4.5 nm [409].
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4 Enhancing activity and selectivity of jerantinine A
acetate in breast carcinomas upon apoferritin-

encapsulation

4.1 Introduction

Jerantinines exhibit potent antitumour activity against diverse carcinoma cell lines
including colorectal (HCT-116, HT-29), breast (MCF-7, MDA-MB-468), lung (A549)
and pancreatic (MIA PaCa-2) cancer models [202, 203]. Jerantinines may also
represent a potential alternative therapy in carcinoma cells that possess acquired
drug resistance. This was exemplified in KB cells with (ICso < 1pg/ml) [197], and
paediatric medulloblastoma [217]. In addition to its potential use in human-
derived colorectal (HCT- 116) cells that developed MDR upon long term exposure

to escalating VCR concentrations [203].

Being indole alkaloids, jerantinines share a similar structure and main mechanism
of action to vinca alkaloids (e.g, VCR) by inhibiting microtubules’ polymerisation
[202, 203, 410], However, the tubulin-binding site is distinct from VCR, jerantinines
bind to colchicine binding site as reported previously in X-ray crystallography

studies [201].

The non-selective activity of jerantinines reported following the treatment of
MRC-5 normal fibroblasts might anticipate systemic toxicity and thus restrict its
prospective treatment use [202, 203]. Thus, the need for caution regarding toxicity
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to normal cells has led to consideration of development of a vehicle to deliver JAa

selectively to cancer cells [411].

In an attempt to enhance cancer patients’ quality of life and reduce mortality, the
development of therapies such as targeted delivery of NPs has been successfully
reported to reduce drug resistance and toxicities in different cancer types
including breast cancer [213, 412-414]. NPs’ enhanced activity of several
anticancer agents has been reported in many in vitro [415-417] and in vivo studies
[418-423]. Similar to other NPs, AFt was successfully employed for targeted
delivery of chemotherapeutic agents due to its biocompatibility, biodegradability
and self-targeting property through selective binding of its H subunits to TFR1 that
is overexpressed by tumour cells [113, 279, 285, 301-303, 374, 424]. As TFR1 is
also overexpressed in breast cancer cells, AFt represents a promising excellent

DDS in the treatment of breast cancer [113].
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4.2 Chapter aims

The goals of research described within this Chapter include:

149

Evaluation of targeting distinct subtypes of breast cancer (MCF-7 - luminal
A, ER+; BT-474 - luminal B, HER2+; SKBR-3, HER2 overexpression; MDA-MB-
468 - basal-like, TNBC; MDA-MB-231 - claudin-low, TNBC) versus non-
transformed phenotypes (MCF-10A breast cells besides MRC-5 foetal
fibroblasts) with AFt by determining TFR1 expression in each breast cancer
cell line.

Evaluation of the biocompatibility of AFt against the aforementioned cell
lines.

Evaluation of the effect of naked JAa and AFt-encapsulated JAa in terms of
toxicity and selectivity in the cell lines by conducting MTT assays and
validating the results with other in vitro viable cell counting and clonogenic
assays.

Assessment of AFt cellular uptake to determine whether intracellular
accumulation of AFt correlates with TFR1 expression levels, and thus the

changes in the JAa’s activity following its encapsulation.



4.3 Results and discussion

4.3.1 Expression of the transferrin receptor in breast cancer and non-
transformed cell lines

To examine the possibility of targeting breast cancer cells using AFt NPs, the
expression of TFR1 was investigated in the seven selected cell lines. AFt is mainly
but not exclusively sequestered through TFR1; SCARA-5 and TFR2 proteins also
contribute to the intracellular uptake of Ft through the recognition of L-chain and
H-chain respectively [111, 425]. Thus, their cellular levels were also evaluated
alongside the levels of TFR1 in whole-cell lysates. Using the western blotting
technique (see Section 2.3.3), cell lysates containing 40 pg protein determined by
the Bradford assay (see Section 2.2.1) were loaded and run by SDS PAGE. Western
blots detected diverse expressions of TFR1 in all breast cancer cell lines, whereas,
in MRC-5 fibroblast lysates, expression of TFR1 was below detectable levels
(Figure 4.1a). Significant differences in the expression of TFR1 in lysates of MCF-7,
BT-474, MCF-10A and SKBR-3 cells were detected compared to MRC-5 lysates (P <
0.0001) (Figure 4.1b). While a non-significant difference in the expression of TFR1
from MRC-5 in the lysates of triple-negative cells; MDA-MB-231 and MDA-MB-468
(p >0.05). Lysates of MDA-MB-231 and MRC-5 containing 50 ug protein were also

evaluated by western blot for the expression of TFR1 (Figure 4.1c).
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Figure 4.1: (a) Expression of TFR1, TRF2 and SCARA-5 in cell lines using
immunoblotting technique of cell lysates containing 40 pg protein. (b)
Densitometry analysis of TFR1 and SCARA-5 proteins normalised to the
housekeeping gene (GAPDH). (c) Expression of TFR1 in MDA-MB-231 and MRC-5
lysates containing 50 pg protein. Values are reported as mean * SD for 3
independent trials. Significant differences from MRC-5 are expressed as ****P <
0.0001.
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Weak expression of SCARA-5 in MDA-MB-468 and MCF-7 lysates and undetectable
expression levels of TFR2 are seen in all tested cell lines (Figure 4.1a). Thus,

suggesting that the uptake of AFt is primarily via TFR1 in tested cell lines.

In western blot, despite a) loading the same amount of protein per lysate and also
b) comparing expression to a house-keeping protein (GAPDH), the signal
generated by protein detection is not linear across the concentration range of
samples, thus data are typically considered to be semi-quantitative [342]. Thus,
western blot detection of TFR1 was followed by quantitative flow cytometry

analysis of TFR1 on the surface of all tested cell lines [357].

In flow cytometric analysis, cells were stained with a human PE-conjugated anti-
CD71 1° Ab and analysed using channels FL2 along with the control for the same
cell type (non-labelled cells). The expression of membrane-bound TFR1 was
obtained from the shift in fluorescence signals of 10,000 gated single cells for each

cell line compared to their control (See Section 2.3.7.3).

The representative flow cytometry plots show a significant shift in TFR1 after
binding of PE-Anti-TFR1 in breast cancer cell lines in blue (SKBR-3, MDA-MB-231,
MDA-MB-468, MCF-10A, BT-474, and MCF-7) compared to their controls (P <
0.0001), reflecting its high expression in these cells (Figure 4.2). In contrast, the
shift in the signal of labelled MRC-5 cells was indistinguishable from the control

non-labelled cells (p > 0.05), hence MRC-5 cells were thus termed TFR1-low cells.

152



7 SKBR-3 ™1 MDA:MB-231 =7 MDA-MB-468 0] MRC-5
8] 42 50 J“ + 60 A o] ‘\
c c | c I\ c |
S =1 | =1 ‘ S |
L G | G e Il S
— — — | —
3 ] 3 1 “ T | w 3
o= (SR ‘ Q= ‘w O
| |
0 7] 0] | 20 | 207
T T T T 0 ™Y ’I" T T s g T v T W o
W o' w0 e ot w® e 0’ w0 w0t w0t w0’ e w0 et w0t w0 ot w0 w® w® .'q‘ :93 " :g“ 0 w®
PE-Anti-TFR1 (a.u.) PE-Anti-TFR1 (a.u.) PE-Anti-TFR1 (a.u.) PE-Anti-TFR1 (a.u.)
" MCF-10A ] BT-474 ] MCF-7
‘§ 50 | 2 w0 “;‘4 o 0 |
S« 3 o] A 3w N
= o [ o ||
0} ° [ g [
O w1 U« | U %7
O O
0 20 o
0 ey T v v v v °
w ot w0 w0t w0’ ® 17 w0 w6 w00 et w0 w® w0 W et w6
PE-Anti-TFR1 (a.u.) PE-Anti-TFR1 (a.u.) PE-Anti-TFR1 (a.u.)
S 5 6+ TFR1- TFR1+
G © % ok ok ok
g oo sk ok k %k sk 3k sk %k
Q o 4- - %k %k %k k %k %k %k k %k %k %k %k - -
o =
O > - -
= =
= u -
<
— 2 =
e 2
c
l— -_—
0 | | I I | | I
SKBR-3 231 468 MRC-5 MCF-10A Bt-474 MCF-7

Figure 4.2: Flow cytometric quantification of TFR1 expression in SKBR-3, MDA-MB-
231, MDA-MB-468, MRC-5, MCF-10A, BT-474 and MCF-7. Graphs represent
median values + SD (n = 3) for 2 independent trials. Significant expressions from
control un-labelled cells were expressed as ****P < 0.0001.

Of note, results obtained for the expression of TFR1 from the WB and flow
cytometry analysis show no correlation for some cell lines. For instance, in TNBC
(MDA-MB-231 and MDA-MB-468) cells show a weak band for TFR1 in western
blots but a significant shift in their signals with the flow cytometry analysis. The
opposite is seen with MCF-10A cells. An explanation might be related to the
differences in the ratio of intracellular to extracellular levels of TFR1, which can be
detected only with whole lysates evaluated by western blot. Therefore, the
detected weak western blot signals in cells with high shifts in flow cytometry

indicate lower total TFR1 in these cell lines, however more (active) membrane-
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bound TFR1, as flow cytometry only detects intact, properly folded, surface-
exposed protein and thus functional TFR1 levels [357]. These results further
support the previously-detected high ratio of TFR1 to intracellular organelles, as a

consequence of spontaneous endocytosis and recycling [426].

High expression of TFR1, confirmed in breast cancer cells by both
immunohistochemical semi-quantitative analysis and flow cytometric analysis,
provides an exceptional opportunity for active targeting by AFt [113, 374, 427]. As
mentioned earlier (Section 1.2.5.1), high levels of active TFR1 seen in carcinoma
cells may be related to (and a consequence of) high iron demand, inflammation,
oxidative stress, and hypoxia associated with cancer microenvironments [116,
427-429]. In addition to its participation in tumour onset and progression. The high
level of TFR1 in MCF-7 cells was found to be caused by the high expression level
of TFRC [430] and might serve as a biomarker for early detection of ER+/PR+ ductal
breast cancer due to its high expression level compared to control signals [127].
Previous findings also highlighted the positive correlation between upregulation
of TFR1 and oncogenic EGFR and HER2 found in aggressive breast cancers. In TNBC
(associated with poor prognosis), where EGFR acts as an oncogenic protein [431],
a positive correlation between membrane TFR1 expression and EGFR activation
has beenreported. It has been shown that EGFR is required for cellulariron import
by binding to and regulating the subcellular distribution of TFR1 [432]. In HER2-
expressing cell lines (BT-474 and SKBR-3), the higher HER2 activity increases the
rate of HIF-1a synthesis [433], which binds to specific promoter elements leading

to overexpressed TFRC to promote iron-import [434].
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All tested breast cell lines including non-transformed MCF-10A measured
significantly higher levels of surface-exposed functional TFR1 levels compared to
normal MRC-5 fibroblasts (P < 0.0001). Thus, MRC-5 cells provide appropriate
negative control for our studies. Although previous immunohistochemical studies
reported significantly higher levels of TFR1 with breast carcinoma in situ, invasive
breast carcinomas and higher breast tumour grade compared with normal or
benign breast tissues [126, 435], upregulation of TFR1 expression may also be
associated with benign proliferative pathologies such as mammary gland

fibrocystic disease as exemplified by non-tumourigenic MCF-10A cells [436].

4.3.2 In vitro growth inhibitory effects of JAa and AFt-encapsulated JAa on
breast cell lines

The effect of JAa and its AFt-encapsulated form, in addition to the empty AFt
protein on the growth of cells, was initially assessed using two selected cell lines;
HER2-overexpressing SKBR-3 and TNBC MDA-MB-231 that highly expresses EGFR
[437]. The anti-proliferative effects of the above-mentioned test agents were first
evaluated using the MTT assay (see section 2.3.4). This assay is based on the
conversion of yellow water-soluble tetrazolium-based MTT reagent into purple
formazan crystals through the mitochondrial dehydrogenases of viable cells; the
intensity of formazan is directly proportional to the number of viable cells [438].
The in vitro MTT assay was adopted in accordance with previous studies
conducted to evaluate the activity of jerantinines on cancer cells’ growth and

viability [202, 203].
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Cells were evaluated by MTT assays after being exposed to JAa, AFt-JAa (0.02 -5
UM JAa), and AFt (0.17- 40 nM) equivalent to its concentrations in the formulation

for 24 h, 48 h, and 72 h.

In Figure 4.3, growth inhibition profiles for both cell lines show time- and
concentration-dependent reduction in the growth of the cells treated with naked
JAa. The growth inhibitory effect of JAa was detected at lower concentrations in
SKBR-3 cells than MDA-MB-231: ~60% growth inhibition of SKBR-3 cells was
detected following their exposure to 0.5 uM JAa at both 48 h and 72 h (Figure 4.3),
while in MDA-MB-231 cells, the growth was comparable to the control cells under
the same treatment conditions. These results demonstrate JAa’s s disparate
activity against the two breast cancer cell lines, higher sensitivity of SKBR-3 and
more resistance of TNBC MDA-MB-231 to JAa treatment at low concentrations
and corroborate JAa's s high anticancer potency as a natural alkaloid derivative

[202, 203].
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Figure 4.3: Representative MTT graphs displaying the growth inhibitory properties
of AFt encapsulated JAa, JAa, and AFt alone on SKBR-3 and MDA-MB-231 cells.
Cells were seeded in 96-well plates at a density of 4 x 103 cells/well. After allowing
to adhere (24 h), cells were treated and incubated for (a) 24 h, (b) 48 h, and (c) 72
h. Mean + SD of representative experiments are shown (n > 3 per trial); MTT assays

were repeated 3 times.
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Interestingly, both SKBR-3 and MDA-MB-231 cells were more sensitive to JAa at
all used concentrations (= 0.02 uM) when it was delivered to the cells within AFt
nanocapsules at all tested time points (24 h, 48 h, and 72 h). For example, AFt-JAa
(0.5 uM JAa) inhibited the growth of SKBR-3 cells by ~82% and ~86% and MDA-
MB-231 by 31% and 43% following 48 h and 72 h exposure respectively (Figure
4.3). The growth of cells was also evaluated following treatment of cells with
DMSO vehicle at its highest-used concentration in MTT assays (0.05%); no effect
on absorbance readings in either cell line was detected (data not shown). These
observations demonstrate that the activity of JAa is enhanced following its
encapsulation within the core of AFt and again demonstrate the higher sensitivity
of SKBR-3 to the treatment. AFt, at all concentrations (< 40 nM) has no effect on
the growth of cells, reflecting its biocompatibility, corroborating previous findings

[118].

To evaluate and compare the activity of both naked and encapsulated JAa,
estimated Glso values were calculated; the concentration of the test agent that
inhibits the growth of cells by 50% (see Section 2.3.4). Log Glso is shown in Figure

4.4 for better presentation due to high variants between Glso values.
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Figure 4.4: Summary of log Glso values (uM) of JAa and encapsulated AFt-JAa on
SKBR-3 and MDA-MB-231 cells at different exposure times. Cells were seeded in
96-well plates (n > 3) at a density of 4 x 103 cells/well. Cells were treated incubated
for 24 h, 48 h, and 72 h after allowing them to adhere for 24 h. Data points
represent log Glso mean = SD (n > 3); representative of 3 independent trials.
Significant differences are expressed as ****P < 0.0001.

JAa revealed high potency with Glsp ~ 0.20 — 0.45 puM in SKBR-3 cells and ~1.4-2.4
UM in MDA-MB-231 cells (24 h — 72 h). Treatment with encapsulated JAa clearly
shows greater potency than naked JAa, represented by a significant reduction in

Glsp values at all different exposure times (P < 0.0001).

The high potency of JAa seen with our data agrees with the previously reported
for JA and JB that showed a high potency (G/so values of <1 uM) against two breast
cancer cell lines: MCF-7 (ER+, luminal A subtype) and MDA-MB-468 (TNBC, basal-

like subtype) [202, 203]. In addition, previously when treating Mia PaCa-2 cells
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with JB, cells appeared to have greater growth after a 72 h (compared to 24 h)

exposure to JB at 1x Glsp; some ability to recover was speculated [439].

Subsequent assessment of the growth of all studied breast cancer cell lines was
conducted using MTT assays. One breast cell line for each subtype was used for
this evaluation: MCF-7 for luminal A (strongly ER+ and PR+), BT-474 for luminal B
(lower ER, PR expression, and HER2+), SKBR-3 for HER2 overexpression (ER—, PR—,
and HER2+), MDA-MB-468 for basal-like (EGFR+), MDA-MB-231 for claudin-low
(EGFR+), and MCF-10A for non-tumourigenic phenotype [70, 71]. MRC-5
fibroblasts were used as TFR1-low expressing cells (as described previously in
Section 4.3.1). The assessment was done using AFt-encapsulated freshly
reconstituted JAa stock, naked JAa, and AFt alone following 48 h exposure, except
for BT-474 cells which were treated for 72 h; to allow time for a minimum of one

cell cycle division.

Upon the treatment with naked JAa (0.02 — 5 uM JAa), clear concentration-
dependent growth inhibition was detected in all tested cell lines (Figure 4.5),
providing evidence of JAa’s activity in breast carcinomas regardless of subtype. A
comparison of the growth inhibition between the two most sensitive breast
carcinoma cell lines (SKBR-3 and MDA-MB-468) and MRC-5 normal fibroblasts with
JAa (5 uM) shows comparable growth inhibition by ~91%; indicating non-selective

inhibition (Figure 4.5.b).
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Figure 4.5: Representative MTT graphs displaying (a) comparative growth-
inhibitory profiles in all studied cell lines after treating with JAa. (b) Comparative
growth-inhibitory profiles of SKBR-3, MDA-MB-468, and normal MRC-5. (c)
Comparative growth-inhibitory profiles of SKBR-3, MDA-MB-468, and normal
MCF-10A. (d) Comparative growth-inhibitory profiles of MCF-7, MDA-MB-231 and
normal MCF-10A. Cells were seeded in 96-well plates at a density of 3-5 x 103
cells/well. After allowing to adhere (24 h), all cell lines were treated and incubated
for 48 h, except for BT-474 which was treated for 72 h and excluded from this
comparison. Mean * SD of representative experiments are shown (n > 3 per trial);
MTT assays were repeated 3 times.

To support previous observations, selectivity indices (SI) were calculated to
demonstrate the selectivity of JAa for breast cancer cell lines compared to non-
cancerous lung (MRC-5) fibroblasts (Table 4.1). The Sl was calculated by dividing
the Glsp value in MRC-5 cells by the Glso in the particular breast cancer cell line; SI
values > 3 were considered as high selectivity [440]. Except for BT-474, JAa shows
low selectivity for breast cancer cells over non-transformed foetal fibroblasts as
reflected by Sl < 3. The low selectivity of JAa reflected by Sl values in all TFR1+ cell
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lines supports: i) previous data indicating non-selective growth inhibition of MRC-
5 cells when treated with JB and JA [202, 203]; ii) our quest to exploit and target
TFR1 overexpression in breast cancer cell lines to deliver the AFt protein

nanocarrier and its cargo to breast cancer cells.
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Table 4.1: Glso, TGl, LCso® and selectivity index (SI)° values of JAa and its
encapsulated form AFt-JAa in all cell lines.

Cell lines
SKBR-3 MDA- MDA- MRC-5 MCF- BT-474 MCF-7
MB-231 MB-468 10A
Glso
JAa 0.19+ 0.38% 0.28% 0.56+ 0.36% 0.14+ 0.37%
0.04 0.10 0.04 0.15 0.05 0.02 0.03
AFt-JAa 0.04+ 0.12% <0.02 0.53+ 0.03% <0.02 0.15+
0.02 0.07 0.04 0.01 0.06
TGl
JAa 0.30+ 1.15+ 0.48+ 4.10% >5.00 1.35+ 0.79%
0.09 0.21 0.02 0.11 0.04 0.04
AFt-JAa 0.13+ .53+ 0.21+ >5.00 1.06+ 0.17+ 0.75%
0.02 0.07 0.06 0.04 0.02 0.05
LCso
JAa 0.22+ 0.58+ 0.35% 0.68+ 0.27+ 0.36% 0.30+
0.04 0.03 0.04 0.07 0.04 0.03 0.03
AFt-JAa 0.04+ 0.06% <0.02 0.48% <0.02 0.05+ 0.14+
0.04 0.05 0.05 0.02 0.02
Sl
JAa 2.9 1.4 1.9 - 1.5 24.4c 1.5
AFt-JAa 13.5 4.6 26.7 - 18 64.5c 3.5
TFR1 250 33 24 NA 4 92 158
expression

@ Glso, TGl and LCsp values are presented as mean * SD from three independent
MTT assays (n = 3).

bS| values > 3 were considered high selective [440].

€ Glsp values of BT-474 to MRC-5 after 72 h exposure were considered to calculate
Sl values.

4 TFR1 expression from flow cytometry data was calculated in fold-increase in
comparison to the normalised fluorescence signal from labelled MRC-5 cells
(TER1-).

On the other hand, comparative growth inhibition curves between cancerous
breast cell lines and non-cancerous MCF-10A show growth inhibition of MCF-10A
by ~52% and greater growth inhibition of MDA-MB-468 and SKBR-3 by 98% and

~86% respectively with JAa treatment at a concentration of 5 uM (Figures 4.5c).

At the same concentration, JAa inhibited the growth of MCF-7 by ~72% and MDA-
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MB-231 by ~63% (Figures 4.5d). These observations reflect some selectivity of JAa
for cancerous breast cell lines over non-cancerous MCF-10A cells at high
concentrations only ( > 2 uM) and corroborate a previous report of the selectivity
of JA for two breast cancer cells (MDA-MB-468, and MCF-7) over non-cancerous
MCF-10A cells [204]. In the previous study, a combined proteomic and functional
genomic analysis showed that JA exerts its antitumour activity by modulating
spliceosome activity, in addition to its reported targeting of tubulin
polymerisation. JA was found to upregulate SF3B1 and SF3B3 proteins in MCF-7
and MDA-MB-468 by enhancing their stability rather than transcriptional
activation and induced dissociation of the protein from the nucleosome complex
in both breast cell lines but not in MCF-10A cells. The induction of SF3B1 further
impaired mRNA splicing activity and induced specific apoptosis in breast cancer
cells. However, as selectivity was detected only at a high concentration of JAa, and
as using high concentrations of antitumour agents anticipates more systemic
toxicity, the development of a vehicle to deliver JAa selectively to cancer cells is

necessitated [411].

Following treatment of cells with AFt-JAa (0.02 — 5 uM JAa) and AFt (0.17- 40 nM),
the specific growth inhibition profiles for each cell line following all different

treatment conditions including naked JAa is shown in Figure 4.6.
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Figure 4.6: Representative MTT graphs from a single trial displaying the growth
inhibitory properties of AFt encapsulating JAa, JAa, and AFt alone in seven selected
cell lines. Cells were seeded in 96-well plates at a density of 3-5 x 103 cells/well.
After allowing to adhere (24 h), cells were treated and incubated for 48 h. BT-474
was incubated for 72 h. All cell lines show a reduction in growth when treated with
JAa and AFt-JAa. AFt did not affect the growth of the cells. Mean * SD of
representative experiments are shown (n > 3 per trial); MTT assays were repeated
3 times.

AFt alone demonstrated a non-detrimental effect on the growth of cells at all
concentrations (< 40 nM), confirming its biocompatibility (Figure 4.6).
Interestingly, greater growth inhibition was evident in all cell lines following the
delivery of JAa through AFt NPs even at the lowest-used concentration of 0.02 uM
(Figure 4.6) reflecting its higher potency. Compared to treatment with naked JAa,
a significant reduction in Glso values was detected following treatment with AFt-
JAa in all used breast cell lines (P < 0.05), thus indicating significantly enhanced

activity following AFt-encapsulation (Figure 4.7).

JAa B AFt-JAa
%k Xk 3 Xk Xk %k %k %k Xk %k %k %k Xk Xk

0.8 —
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Figure 4.7: Growth inhibitory activity of JAa and its encapsulated form (AFt-JAa)
represented by mean £ SEM GIsp values in seven cell lines. Data points represent
Glso mean * SD (n > 3); representative of 3 independent trials. 3-4 x 103 cells/well
were exposed to test agents for 48 h. Significant differences were measured using
multiple unpaired t-tests and expressed as *P < 0.05, **P <0.01, and ***P < 0.001
in bracket.

A non-significant reduction of Glsp values was detected in TFR1-low expressing
MRC-5 cells (p > 0.05) following the treatment with AFt-encapsulated JAa (Figure
4.7). This indicated enhanced selectivity in TFR1+ cells was supported by
calculating their Sl values to TFR1-low expressing MRC-5 cells (Table 4.1). After 48
h of exposure, AFt-encapsulated JAa inhibited the growth of all TFR1+ cells with
high selectivity compared to the TFR1- low expressing cells; represented by SI
values (~3.5 -~26.5). This selectivity can also be seen in the comparative growth
inhibition profiles in Figure 4.8 following the treatment of AFt-JAa even at low

treated concentrations (= 0.02 uM).

In addition to the estimated GIso values, the concentration of agent required to kill
50% of initially-treated cells (LCsp), and total growth inhibitory (TG/) values were
estimated for all tested cells (Table 4.1). Data acquired from these two parameters
also support the observation made with Glso values. For example, estimated TG/
values for all breast cells when treated with the encapsulated agent were lower
than concentrations of naked JAa; corresponding to enhanced potency. On the
other hand, the higher estimated TG/ value (> 5 uM) when MRC-5 cells were
exposed to encapsulated agent indicates its selectivity and confirms the potential

of AFt-encapsulation to target TFR1-overexpressing cell lines.
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Figure 4.8: Representative MTT graphs from a single representative trial displaying
(a) comparative growth-inhibitory profiles in all studied cell lines after treatment
with AFt-JAa. (b) Representative enhanced selectivity of AFt-encapsulating JAa
represented by higher growth inhibition at low concentrations of two selected
TFR1+ cells (MDA-MB-468 and SKBR-3) compared to non-cancerous TFR1-low
expressing MRC-5 cells. Cells were seeded in 96-well plates at a density of 3-5 x
10° cells/well. After allowing to adhere (24 h), all cell lines were treated and
incubated for 48 h, except for BT-474 which was treated for 72 h. Mean % SD of
representative experiments are shown (n > 3 per trial); MTT assays were repeated
3 times.

Of note, most tested cell lines show similar activities of JAa and its encapsulated
form at high concentrations (> 2 uM JAa) as shown in Figure 4.6. We can speculate
that at high concentrations of treated JAa, the tubulin-binding site of JAa can be
saturated and no selectivity can be further detected between JAa and its
encapsulated form. This also encourages the use of AFt NPs to safely deliver small

doses of encapsulated agents and to reduce systemic toxicity.

4.3.3 Invitro cell viability effects of JAa and AFt-encapsulated JAa on breast
cancer cell lines
The previous initial results for enhancing JAa activity upon its encapsulation inside

AFt obtained from MTT assays were further validated using viable cell counting
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assays. As outlined in Section 2.3.5, the MTT assay is associated with limitations,
and specifically measures tetrazolium reduction by mitochondrial metabolic
activity. Therefore, in vitro cell counting assays were conducted to evaluate the
effects of JAa and its encapsulated form on cell proliferation and viability [441,

442].

The validation of MTT assay results was performed using three selected breast
cancer cell lines; SKBR-3 (aggressive cells with high sensitivity to JAa treatment),
MDA-MB-231 ( highly aggressive cells with moderate sensitivity to JAa treatment),
and MCF-7 ( low aggressive cells with moderate sensitivity to JAa treatment)
following 48 h exposure of cells to JAa, AFt-JAa (0.2 uM JAa), AFt (0.0017 uM) or
appropriate media alone. This JAa concentration was selected as in MTT assays,
and considerable differences in growth inhibition between naked- and AFt-

encapsulated JAa were detected (Figure 4.6).

In SKBR-3 (one of the most sensitive cell lines to JAa treatment as detected from
MTT assays) viable cell counting assays showed a significant reduction in viable
cells following the treatment with both JAa and AFt-JAa (P < 0.01 compared to
control) with fewer cells counted following exposure of cells to encapsulated JAa
(P <0.01 compared to cells treated with naked JAa) (Figure 4.9a). In MDA-MB-231
(a less sensitive cell line to JAa as detected in MTT assays), viable cell numbers
comparable to control were counted following the treatment with the free agent
(Figure 4.9b), however, a significant reduction of viable cells numbers was
detected following their exposure to encapsulated JAa compared to naked JAa (P

< 0.05). In MCF-7 cells lower but non-significant (p > 0.05) viable cell numbers were

169



counted with the free agent, but a significant reduction of viable cells numbers
was counted following exposure to encapsulated JAa compared to control (P <
0.05) but non-significant when compared to the free agent (p > 0.05). Exposure of
all cells to AFt alone (0.0017 uM) did not show any detrimental effect on viable
cell numbers. In all cell lines, fewer viable cell numbers were evident following
encapsulated JAa treatment, corroborating data obtained by MTT assay; indicating

enhanced activity of JAa following delivery by AFt nanocarrier to the cells.
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Figure 4.9: In vitro cell viability assays in (a) SKBR-3, (b) MDA-MB-231 and (c) MCF-
7 following treatment with JAa, AFt-JAa (0.2 uM JAa), AFt (0.0017 uM) or media
alone for 48 h. Cells (2 x 10* cells/well) were seeded in 6-well plates and incubated
overnight before the treatment. Cells were harvested stained with trypan blue and
counted by haemocytometer. Values are reported as mean £ SD (n = 3). Significant
differences from the control for > 3 independent trials are expressed as *P < 0.05,
**P < 0.01, and ****P < 0.0001. Significant difference from JAa is expressed in

brackets.

4.3.4 Effects of JAa and AFt-encapsulated JAa on colony formation of breast
cancer cell lines

Following the validation of our initial results by cell counting assays, clonogenic

assays were performed. Clonogenic assays were carried out to evaluate the ability

of single breast cancer cells to survive a brief challenge with naked and
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encapsulated JAa and retain their proliferative capacity to form progeny colonies.
To mirror MTT assay treatment conditions, SKBR-3, MDA-MB-468, and MCF-7
were treated for 48 h and BT-474 for 72 h. SF% was calculated after cells were
exposed to JAa, AFt-JAa (0.2 uM and 0.4 uM JAa), and AFt (0.0033 uM) equivalent

to the highest concentration of AFt in AFt-JAa used in the assay.

As illustrated in Figure 4.10 and Figure 4.11, comparable colony formation
resulted with both control (medium alone) and AFt treatment in all tested cell lines
corroborating the biocompatible nature of AFt delivery vehicle. The inhibition of
colony formation with JAa and AFt-JAa was significant and dose-dependent in all
treated cell lines. In SKBR-3 cells, JAa at concentrations of 0.2 uM and 0.4 uM
inhibited colony formation by ~33% and ~81% respectively (Figure 4.10.a). SKBR-
3 cells were more sensitive to encapsulated JAa; colony inhibition by ~83% and
~93% at concentrations of 0.2 uM and 0.4 uM respectively. Of interest, inhibition
of colony formation with AFt-JAa (0.2 uM JAa) was equivalent to the inhibition of
colony formation produced by 0.4 uM naked JAa, in agreement with cells’ growth
inhibition detected in MTT profiles at these treatment concentrations (Figure 4.6).
AFt-encapsulated JAa demonstrated significantly enhanced activity at a
concentration of 0.2 uM JAa (P < 0.5) and 0.4 uM (P < 0.01) compared to naked

JAa (Figure 4.10.a), corroborating MTT results.
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Figure 4.10: Representative images of the clonogenic assays and their percentage
survival fractions (SF%) conducted on (a) SKBR-3 and (b) MDA-MB-468 for 48 h
treatment with JAa, AFt-JAa (0.2 uM and 0.4 uM JAa), AFt (0.0033 uM) or media
alone. Values are reported as mean + SEM (n = 3). Significant differences from the
control for 2 3 independent trials are expressed as *P <0.05, **P <0.01, and ****p
< 0.0001. Significant differences from JAa are expressed in brackets.

In MDA-MB-468 at a low concentration of 0.2 uM JAa, significant inhibition of
colony formation with naked JAa by ~50% (P < 0.01) and with AFt-JAa by ~81% (P
<0.0001) from control were detected (Figure 4.10.b). At 0.4 uM JAa, both free and
encapsulated agent showed a comparable significant reduction in colony

formation (P < 0.0001) and almost abolished colony formation in all 3 independent
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trials by > 99%, reflecting its similar and high potency detected in MTT assays

(Figure 4.6).

BT-474 colony formation was significantly inhibited by 44% (P < 0.01) with free and
by 69% (P < 0.001) with encapsulated JAa at a concentration of 0.2 uM. At 0.4 uM
JAa, both free and encapsulated agent showed significant reductions in colony
formation by 60% with the free JAa (P < 0.001) and 75% with the encapsulated
agent (P < 0.0001), indicating dose-related inhibition of clonogenic SF% (Figure
4.11.a). Of interest at a concentration of 0.2 JAa, AFt-encapsulated JAa
demonstrated significantly enhanced activity (P < 0.5) compared to naked agent,
which again corroborates MTT assay data (Figure 4.6) and the thesis that AFt-

encapsulation enhances JAa potency.
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Figure 4.11: Representative images of the clonogenic assays and their percentage
survival fractions (SF%) conducted on (a) BT-474 for 72 h treatment, and (b) MCF-
7 for 48 h treatment. Cells were treated with JAa, AFt-JAa (0.2 uM and 0.4 uM JAa),
AFt (0.0033 uM) or media alone. Values are reported as mean + SEM (n = 3).
Significant differences from the control for > 3 independent trials are expressed as
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Significant difference
from JAa is expressed in brackets.

At the lower-used concentration (0.2 uM), MCF-7 showed negligible sensitivity to
JAa in clonogenic assays following exposure to both free and encapsulated agent
(p > 0.05) as shown in Figure 4.11.b. These observations indicate that cells have
neither been killed nor lost their ability to form progeny colonies. Dose-related
inhibition of clonogenic SF% was detected; at a concentration of 0.4 uM, free and

AFt-encapsulated JAa inhibited colony formation by 79% and 62% respectively.
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However, this indicates that in MCF-7, encapsulated JAa at 0.4 uM showed
unexpected lower activity compared to free agent and was unrelated to
observations seen with other cell lines. This may be a consequence of the slow
release of JAa from the core of AFt as discussed in Section 3.3.5. As demonstrated,
JAa needed > 24 h to be fully released from the core of AFt. At the doubling time
of MCF-7 cells (~18 h), cells will be exposed to a lower JAa amount when delivered
within the AFt vehicle compared to the free agent. This will allow more cells to
recover and double following treatment with encapsulated JAa and thus impact
overall survival. In agreement with our observations, an earlier study reported that
cells treated with H-AFt-encapsulated-gefitinib demonstrated higher SF% than
cells treated with free gefitinib. Reduced potency, detected in clonogenic assays
only but not MTT was related to gefitinib's sustained drug release from H-AFt
[306]. Another study also showed that AFt encapsulation enhances platinum
anticancer’s uptake through a slow and sustained pattern [379]. On the other
hand, acetate derivatives of jerantinines enhance their stability and
hydrophobicity which impact their cellular permeability to and/or retention of
jerantinines, in addition, to enhancing potency reported in assays necessitating
continued exposure [439]. However, acetate forms are prodrugs, requiring
bioactivation by cellular esterase cleavage to release active jerantinines [439]. The
very low initial cell numbers in clonogenic assays (~250 cells/well of MCF-7) may
produce cellular esterase concentrations below the threshold necessary to
convert JAa to JA during the time of JAa exposure. On the other hand, when cells

were seeded in higher numbers (700 cells/ well) for SKBR-3 and BT-474, and (400
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cells/well) for MDA-MB-468, JAa potency was markedly potentiated by AFt-

encapsulation corroborating observations seen from MTT assays.

In summary, significantly reduced colony formation in SKBR-3, BT-474, and MDA-
MB-468 TFR1+ cells treated with AFt-encapsulated JAa corroborates enhanced

activity seen with MTT and cell count assays.

Enhancing JAa’s activity and selectivity in tested cell lines upon treatment with
AFt-encapsulated JAa may be due to differences in TFR1 expression (Figure 4.2).
TFR1 recognises the AFt H subunit and triggers its endocytosis which might further
affect the accumulation of JAa inside the cells [113]. Further investigations were
conducted to reveal whether the enhanced activity of JAa upon AFt delivery was

i) related to enhanced cellular uptake of JAa, or ii) enhanced stability.

4.3.5 Cellular uptake study
The H-AFt cellular uptake study was conducted to correlate its intracellular
accumulation with the expression of TFR1 (See Section 2.3.7.4). Intracellular
accumulation of AFt will be considered when examining the enhanced activity and
selectivity of JAa following AFt encapsulation. As AFt vehicle and JAa are not
fluorophores, the study was done using AFt alone after conjugation with a
fluorophore to reveal its internalisation by selected cells over time. The cellular
uptake and internalisation study of AFt was done using H-AFt conjugated to 5-
carboxyfluorescein at a concentration of 40 nM (equivalent to the highest
concentration of AFt used in the MTT assay). Carboxyfluorescein was conjugated

to the inner surface of H-AFt, as conjugation to AFt’s outer surface might affect its
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surface properties and thus its uptake mechanism by cells. Measurement of
fluorescence signals was performed after washing the cells to exclude the effect
of any extracellular AFt NPs on the final fluorescence signal. Intracellular uptake
was measured quantitatively using flow cytometry in four TFR1+ cell lines (SKBR-
3, MDA-MB-231, BT-474, and MCF-7) in addition to TFR1-low expression MRC-5
fibroblasts. Comparisons were made with control cells incubated with media

alone.

Higher accumulation of H-AFt reflected by higher fluorescence signals was evident
with time and was detected even at the shorter incubation time of 1 h in all tested
cell lines (Figure 4.12). With longer exposure times (2.5 h, 4 h, 24) the
accumulation of H-AFt started to noticeably vary between cells. For example, at
24 h the mean cellular accumulation of H-AFt increased by 564% and 900% in
SKBR-3 and BT-474 respectively compared to their controls. Higher accumulations
of H-AFt were also time-dependent in MDA-MB-231 and MCF-7 cells with the
highest cellular accumulation detected after 24 h of exposure by 270 % and 340%
for each cell line, respectively. Interestingly, following 24 h, MRC-5 cells measured

the lowest cellular accumulation of H-AFt compared to other cells.
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Figure 4.12: Cellular uptake study in (a) SKBR-3, (b) MDA-MB-231, (c) MRC-5, (d)
BT-474 cells and (f) MCF-7 of 5-carboxyfluorescein-conjugated-human-apoferritin
(CF-H-AFt, 40 nM) following 1 h, 2:30 h, 4 h and 24 h of exposure. Representative
flow cytometry plots showing the shift in H-AFt fluorescence intensity indicating
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its cellular uptake (on the left side) and statistical analyses of H-AFt uptake with
time compared to control at (0 h) of exposure for each cell line (on the right side).
Data are reported as median + SD (n = 3) and repeated 3 times. Significant
differences from the control are expressed as *P < 0.05, **P < 0.01, ***P < 0.001
and ****p < 0.0001.

Further statistical analysis of the mean fluorescence intensities performed
between TFR1+ cells and TFR1-low expression MRC-5 fibroblasts showed that
substantial differences in the accumulation of H-AFt started to emerge after 2.5 h
(Figure 4.13). For instance, significantly higher H-AFt accumulations by SKBR-3
cells (P <0.05) and MCF-7 cells (P < 0.01) were detected compared to MRC-5 after
2.5 h of exposure. While a significantly higher H-AFt accumulation with other cells
MDA-MB-231 (P < 0.001) and BT-474 (P < 0.01) were detected at longer exposure

times of 4 h and 24 h respectively.
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Figure 4.13: Cellular uptake study in TFR1+ cells (SKBR-3, MDA-MB-231, MRC-5,
MCF-7 and BT-474) of 5-carboxyfluorescein-conjugated-human-apoferritin (CF-H-
AFt, 40 nM) following 1h, 2:30 h, 4 h and 24 h of exposure. statistical analyses of
H-AFt uptake with time of TFR1+ cells compared to TFR1-low expression MRC-5
fibroblasts at all exposure times. Data are reported as median + SD (n = 3) and
repeated 3 times. Significant differences from the MRC-5 are expressed as *P <
0.05, **P < 0.01, ***P <0.001 and ****P < 0.0001.
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The enhancement in H-AFt accumulation in these TFR1+ breast cancer cell lines is
irrefutable and correlates with their higher expression of TFR1 compared to MRC-
5. As mentioned earlier, the binding of Ft is mediated by the cellular TFR1, which
recognises the Ft H chain and internalises it through clathrin-coated pit-mediated
endocytosis [113]. As the H-chain comprises the whole of H-AFt and ~ 10% of
horse spleen AFt [376, 395], we can use the uptake results of H-AFt to predict the
uptake of horse spleen AFt used to encapsulate JAa. Moreover, we can speculate
that H-AFt may be recognised more readily by TFR1, therefore the use of H-AFt

may further enhance cancer-selectivity.

The cellular uptake study of AFt that revealed a higher accumulation of H-AFt in
TFR1+ cells was followed by studying the accumulation of JAa in these cells under
one treatment condition; To correlate their cellular uptake of AFt-encapsulated
agent to the detected enhanced activity under these conditions (see Section
2.3.8). SKBR-3 and MDA-MB-231, MCF-7 and BT-474 cells were exposed to JAa,
AFt-JAa (0.4 uM JAa), AFt (0.0033 uM) or appropriate media alone for 72 h (n = 6).
Intra and extracellular samples (see Section 2.4.1) were analysed by LC-HRMS to
detect both JAa and its hydrolysed form JA. After 72 h treatment, LC-HRMS
analyses revealed greater intracellular JAa levels, by 7%, 13%, and 15% in SKBR-3,
MDA-MB-231, and BT-474 cells respectively following treatment with AFt-JAa
compared to the treatment with naked JAa (Figure 4.14). While in MCF-7, the
levels of JAa and JA were below the limit of detection. This may be related to the
higher proliferation of MCF-7 (doubling time of ~18 h) compared to other tested
cell lines, which may result in higher degradation/metabolism of agent following

72 h exposure.
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Figure 4.14: Intra and extracellular levels of JAa and its hydrolysed form following
72 h, 0.4 uM exposure of free and AFt-encapsulated JAa in (a) SKBR-3, (b) MDA-
MB-231 and (c) BT-474. Data are represented as mean * SD (n = 3) for 7
independent trials. Significant differences from naked JAa are expressed as *P <
0.05, ***P < 0.001 and ****P < 0.0001.

The greater intracellular JAa levels detected with AFt encapsulation support a role
for TFR1 receptor-mediated cellular uptake of AFt, resulting in enhanced growth
inhibition observed following exposure of these cancer cells to AFt-encapsulated

JAa.

On the other hand, results show that ~25% and ~7% higher levels of extracellular

JA were detected in SKBR-3 and BT-474 cells respectively following AFt-
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encapsulation compared with naked JAa (Figure 4.14a, c). As higher levels of
encapsulated agent might be related to better stability, the stability of naked and
encapsulated JAa under the treatment conditions (24 h, 48 h, and 72 h at 37 2C)
was evaluated. The levels of JAa and JA were detected using LC-HRMS following
incubation in different media. The detected levels of JAa with AFt encapsulation
at 24 h exposure were ~0.4-fold higher than levels detected with free JAa (Figure
4.15). While the levels detected at 48 h and 72 h were ~1.2-fold higher with AFt
encapsulation. These results indicate enhanced stability of JAa with AFt
encapsulation under the treatment conditions, which further contributed to

enhanced activity of AFt-JAa in various breast cancer cell lines.
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Figure 4.15: Levels of free and AFt-encapsulated JAa following incubation with
different media for 24 h, 48 h and 72 h at 37 2C. Data are represented as mean +
SD (n = 3) for 3 independent trials. Significant differences from free JAa are
expressed as ****P < 0.0001 in brackets.
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The overall enhanced selectivity and activity of encapsulated JAa in TFR1+ breast
cells are therefore related to increased uptake/accumulation of AFt which results
in greater cellular accumulation of JAa in addition to enhanced JAa stability under
the treatment conditions. These observations are consistent with reports that the
internalisation of H-AFt in TNBC cell lines (MDA-MB-231 and MDA-MB-468) was
mediated through TFR1 followed by clathrin-dependent uptake [312]. Authors
have shown that delivering curcumin within an AFt vehicle revealed better efficacy
than delivering the drug alone [312]. Another study reported that platinum
anticancer drugs delivered by AFt showed enhanced uptake and slow and
sustained growth inhibition in a pheochromocytoma cell line [379]. The provided
evidence indicates that the AFt vehicle enhances the activity of delivered agents
as a result of enhanced uptake/accumulation of encapsulated agents in cells that

overexpress the TFR1 receptor.

Although enhancing JAa’s activity in breast cells is related to high expression of
TFR1 that recognises AFt, drawing an absolute relationship between the
expression of TFR1 and uptake of AFt or enhanced AFt-JAa potency was not
achieved in our study (Table 4.1). This is a consequence of many reasons. First,
the cellular accumulation pattern of H-AFt was not constant with time and varied
from one cell line to another. As Figures 4.16a, b show, the accumulation pattern
of AFt per h in the first 4 h of the study was higher and different than the
accumulation seen in the subsequent 20 h exposure in SKBR-3, MDA-MB-231, and
MCEF-7 cells. On the other hand, the greater accumulation of AFt in the last 20 h of
exposure compared to the first 4 h of the study seen with BT-474 cells might be

related to a slower degradation of AFt compared to other cell lines. Indeed, the

183



accumulation of NPs is not exclusively related to intracellular uptake but also to
the metabolic fate/state of cells [443]. Second, AFt is not exclusively sequestered
by TFR1. AFt has been proved to recognise Chemokine (C-X-C motif) Receptor 4
(CXCR4), and SCARAS which further contribute to the overall uptake of the protein

and thus its biodistribution once inside the body [273].
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Figure 4.16: (c) Cellular accumulation pattern of 5-carboxyfluorescein-conjugated-
human-apoferritin (40 nM) for 24 h in TFR1+ cells (SKBR-3, MDA-MB-231, MRC-5,
MCF-7 and BT-474) and one TFR1-low expressing cells (non-cancerous MRC-5)
during 24 h. (a) The accumulation levels per hour of H-AFt in all cells, during the
first 4 h of study, and (b) the succeeding 20 h of study. Data are reported as median
1 SD (n = 3) and repeated 3 times. Significant differences of accumulation pattern
of H-AFt per hour in TFR1+ cells from MRC-5 cells are expressed as *P < 0.05, **P
<0.01 and ****P < 0.0001.
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4.4 Conclusion

The present study was set out with the aim to deliver JAa efficiently and selectively
to breast carcinoma cells. The high level of TFR1 detected using flow cytometry on
the surface of cells of all subtypes of breast carcinoma supports previous findings
[426] supporting its essential role to satisfy breast cancer cells’ high iron demands
[427, 432]. The low detected levels of TFR1 in normal MRC-5 fibroblasts further
highlight the promising therapeutic benefits of actively targeting TFR1 in breast
cancers. The high activity of JAa inhibiting the growth of all tested cells detected
in MTT, cell counting, and clonogenic assays reflects its high potency but also non-
selective targeting. This further supports the previously highlighted concerns of
jerantinines and emphasises the importance of delivering JAa through AFt NPs to
breast carcinomas [202, 203]. Following the delivery of AFt-JAa formulation, the
reduction in Glso values seen in MTT assays, the lower counted viable cells, and
colonies formation in all TFR1+ cells but not TFR1-low expressing cells, revealed
enhanced activity and selectivity of encapsulated JAa for breast cancer cells.
Higher colonies detected in rapidly dividing MCF-7 cells (~18 h) following the
treatment with encapsulated JAa may be related to the slow release of JAa. The
slow release of JAa from AFt capsules that takes > 24 h (as shown in Chapter 3)
endorses the premise of sustained drug release from AFt as an efficient DDS.
Enhanced activity and selectivity of AFt-JAa formulation are shown to be
correlated to the preferential enhanced uptake of H-AFt seen in TFR1+ cells over
TFR1-low expressing cells, which recognise the Ft H chain of AFt and internalise it

through clathrin-mediated endocytosis [23]. This further enhanced the uptake and
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accumulation of intracellular JAa in treated breast cancer cell lines, in addition to
enhancing its stability under the treatment conditions (37 2C; < 72 h) when
encapsulated within AFt core. The treatment with AFt alone with the highest
concentration used (40 nM) has a negligible effect on cells indicating a

biocompatible delivery system.
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4.5 Future work

1.

187

To comprehensively understand the mechanism by which AFt is sequestered
by cancerous cells and how it affects the activity of encapsulated agents more
studies should be conducted:
i.  To verify different receptors responsible for AFt uptake (e.g, SCARA-5
and CXCR4).
ii. To study the metabolomic profiles for different cells to understand
the degradation/metabolism process of AFt and encapsulated agents.
iii.  Imaging studies to determine how AFt is trafficked through the cell.
The effectiveness of H-AFt formulation must be investigated; to better
correlate its uptake to the expression of TFR1 only, in preference to horse
spleen AFt that is also recognised by other receptors like SCARA-5 receptors

through its L-chain.



5 Free and apoferritin encapsulated jerantinine A
acetate perturb cell cycle and induce cell death of

breast carcinoma cells

5.1 Introduction

A single molecule with multiple targets (also known as a hybrid molecule) in
chemotherapy has many advantages over drug combinations, such as reducing
possible drug interaction, adverse reactions and simplifying the drug regimen that
enhances patient compliance [444]. Moreover, hybrid molecules have been
shown to overcome acquired drug resistance and development of these agents
has become a popular approach [445]. (-)-Jerantinines are multi-target
antiproliferative alkaloids, demonstrating their in vitro potency by inhibiting
tubulin polymerisation, PLK1 activity, generating ROS and arresting the cell cycle
in G2/M phase in a panel of human cancer cell lines [198, 202, 203]. As a result of
being multitargeted agents, jerantinines induce apoptosis in a caspase-
dependent, as well as caspase 3-independent manner as in MCF-7 cells for
example [202-204]. Jerantinines also share the advantage of other hybrid
molecules and evade P-gp-mediated MDR for example in VCR resistant (VR) HCT-
116 cells [203]. Jerantinines were also active against P-gp+ paediatric
medulloblastoma cells [217] and therefore may represent a putative alternative

to VCR in this disease. Besides being a multitargeted agent, JA has been exposed
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as targeting the spliceosome in breast cancer cells leading to induction of cell
death. The spliceosome is a pivotal protein complex comprised of small nuclear
RNA (snRNA) involved in splicing immature mRNA; disturbing its function causes
abnormal splicing patterns and ultimately cell death [204]. Therefore, it is crucial
to preserve jerantinines’ rich and diverse pharmacology while delivering them
within AFt capsules in an attempt to enhance activity and selectivity as

demonstrated previously in Chapter 4 with JAa.
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5.2 Chapter aims

The goals of research described within this Chapter include:

190

Evaluation of antiproliferative targets of free and AFt-encapsulated JAa in
three subtypes of breast cancer cells (MCF-7 - luminal A, ER+; SKBR-3, HER2
overexpression; MDA-MB-231 - claudin-low; TNBC) by determining cell
cycle perturbation.

Evaluation of apoptosis in response to the treatment by investigating the
changes in the expression of many proteins that play role in apoptosis and
survival using western blots.

Evaluation of possible targets and mechanisms perturbed by jerantinines
in the treated aforementioned cell lines including PLK-1 and ROS
generation.

Corroboration of the biocompatibility of AFt against the aforementioned

cell lines.



5.3 Results and discussion

5.3.1 Free and encapsulated JAa perturb cell cycle progression of breast
cancer cell lines

As previously reported, jerantinines mediate their antiproliferative activity mainly

by binding to the colchicine binding site of tubulin and destabilising its

polymerisation [198, 201-203]. As a result of microtubule disruption, the transition

of cells to the mitotic phase halts causing inhibition of cell growth, a consequence

of profound G2/M events’ accumulation.

To determine the effect of AFt-encapsulation of JAa on cell cycle progression, flow
cytometry analyses were conducted on three selected cell lines: MCF-7 (luminal
A; low proliferation rate with good prognosis), SKBR-3 (HER2-enriched; aggressive
with intermediate prognosis) and MDA-MB-231 (triple-negative; most aggressive
and poor prognosis) cells [60, 70]. Using the same treatment conditions adopted
for clonogenic assays, cells were treated with JAa, AFt-JAa (0.2 uM and 0.4 uM

JAa), AFt (0.0033 uM) and appropriate media alone for 48 h.

As described in Section 2.3.7.1, our method was adopted from Nicoletti [355],
which further allows detection of two more subpopulations; pre-G1 (< 2N and
known as hypoploid) and super G2 ( > 4N number and known as hypertetraploid or
aneuploid). Detecting the pre-G1 subpopulation is a good indication of apoptotic cells
[446]. The used Triton X-100 detergent in this method allows the stain to
permeabilise the cells. If the cells are going through apoptosis, many nucleases will

be activated which will cause apoptotic cells to stain weaker than healthy cells.
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Moreover, during the staining process, some of the fragmented DNA will be
released from cells due to the hypotonic effect of the used buffer in this method
which will weaken the stain of these cells [355]. The signal of DNA fragments is
easily detected by flow cytometry following nucleic acid staining with propidium
iodide. The weaker detected signal of propidium iodide will be shifted from the

diploid subpopulation and appears in the hypodiploid (pre-G1) region.

In order to mathematically consider the pre-G1 and super-G2 subpopulations,
suitable software analysis has to be chosen. Certain often-used software including
Kaluza which use both Michael H fox and J.V. Watson algorithms, assume only the
data within the GO/G1, S and G2/M peaks in the analysis [3]. However, FlowJo
software analysis, which uses both J.V. Watson and Dean Jett Fox algorithms,
considers pre-G1 and super-G2 subpopulations in the analysis and hence was used

in our study.

In SKBR-3 cells (the cell line most sensitive to JAa, as indicated by MTT and viable
cell counting assays, compared with MDA-MB-231 and MCF-7), a profound dose-
dependent depletion of events in the G1 phase was detected (Figure 5.1). The
depletion was accompanied by higher accumulation of events in G2/M and/or sub-
G1 phases. Following treatment with the free agent, events’ accumulation in the
G2/M phase at a concentration of 0.2 uM JAa were comparable to the control
(untreated) cells. While SKBR-3 revealed a significant cell cycle arrest in the G2/M
phase at 0.4 uM JAa and higher events’ accumulation by ~26% compared to the
untreated cells (p < 0.0001). The treatment with the free agent at both 0.2 uM and

0.4 uM revealed a significant (p < 0.001) and dose-dependent increase of events
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in the sub-G1 phase by ~145% and ~174% respectively. The significant
accumulation of pre-G1 events in the affected populations indicates apoptosis.

Interestingly, when JAa was delivered within AFt, higher events’ accumulation at

the G2/M phase was detected by ~13% at treated concentrations of 0.2 uM.
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Figure 5.1: The effects of JAa and its encapsulated form AFt-JAa on the cell cycle
of SKBR-3 cells. Cells were treated with JAa (0.2 uM, 0.4 uM), AFt-JAa (0.2 uM, 0.4
uM), AFt (0.0033) uM) for 48 h. (a) Representative cell cycle distribution and (b)
their statistical analysis. Data are expressed as a percentage of median * SD from
20,000 events from one trial (n = 2 per experiment) and repeated on 3
independent occasions. Significant differences are expressed as **P < 0.01, ***p
<0.001, *¥***P < 0.0001 from untreated control. Significant difference from JAa is
expressed in brackets.
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These results indicate that AFt encapsulation of JAa enhances activity of JAa at the
lower used concentration of 0.2 uM, reflected by the significant higher depletion
of G1 events (p < 0.0001) and G2/M events accumulation (p < 0.01). However, the
effect of AFt encapsulation on the activity of JAa to perturb cell cycle progression
at the higher used concentration was not significantly affected. These results
further corroborate those described previously in Chapter 4, where MTT, cell
count and clonogenic assays demonstrated the enhanced activity of JAa at the
same used concentration (0.2 uM JAa), indicating enhanced delivery of JAa and

consequently interaction with molecular target(s) following its AFt-encapsulation.

In MDA-MB-231 cells (less sensitive to JAa, as indicated by MTT and viable cell
counting assays compared with SKBR-3 cells), the effect of JAa on cell cycle
progression was also dose-dependent (Figure 5.2). Free JAa at 0.2 uM caused a
significant G1 depletion (p < 0.01) compared to the control cells. Interestingly
encapsulated JAa at the same concentration caused higher G1 depletion (p <
0.0001), and pre-G1 events’ accumulation by 120% (p < 0.01). At a higher
concentration of 0.4 uM, both free and encapsulated JAa caused a significant sub-
diploid accumulation by ~204% with the free agent and 248% with AFt-JAa (p <
0.0001) compared to untreated cells. The cells also show dose-dependent
accumulation of events in the S phase; which may indicate DNA damage (a

possible consequence of ROS generation).
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Figure 5.2: The effects of JAa and its encapsulated form AFt-JAa on the cell cycle
of MDA-MB-231 cells. Cells were treated with JAa (0.2 uM, 0.4 uM), AFt-JAa (0.2
UM, 0.4 uM), AFt (0.0033) uM) for 48 h. (a) Representative cell cycle distribution
and (b) their statistical analysis. Data are expressed as a percentage of median *
SD from 20,000 events from one trial (n = 2 per experiment) and repeated on 3
independent occasions. Significant differences are expressed as*P < 0.05, **P <
0.01, ****pP < 0.0001 from untreated control. Significant difference from JAa is
expressed in brackets.

Exhibiting lower sensitivity to JAa, MDA-MB-231 reveal less prominent changes to
cell cycle distributions, however, results show enhanced perturbation of cell cycle

for AFt-encapsulated agent, with a significant change of the G1 events (p < 0.05)
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over treatment with 0.2 uM naked JAa). Enhanced activity is also indicated at 0.4
MM, as more numerous events were detected in the pre-G1 phase with
encapsulated JAa; indicating apoptosis. These results are consistent with MTT and
viable cell counting assays (see Section 4.3.2 and 4.3.3) demonstrating enhanced

activity with AFt-encapsulated JAa at both concentrations.

In MCF-7 cells (less sensitive than SKBR-3 cells to JAa, as indicated by MTT and
viable cell counting assays but equi-sensitive as MDA-MB-231), free and
encapsulated JAa failed to significantly perturb the cell cycle progression at the
lower used concentration of 0.2 uM (p > 0.05) as shown in Figure 5.3. Interestingly,
encapsulated but not free JAa at a concentration of 0.4 uM revealed a significant
depletion of G1 events (p < 0.0001). The treated cells showed a significant cell
cycle arrest in the G2/M phase (p < 0.05) reflecting enhanced activity of
encapsulated JAa at 0.4 uM. The same treated population also showed an
accumulation of hypoploid events by ~10-fold (p < 0.0001); indicating apoptosis.
The analysis also detected accumulation in pre-G1 events with 0.2 uM AFt-
encapsulated JAa by 1.6-fold and with 0.4 uM free JAa by 2.7-fold. Those
accumulations, although not statistically significant (p > 0.05), also indicate the

presence of apoptotic populations.
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Figure 5.3: The effects of JAa and its encapsulated form AFt-JAa on the cell cycle
of MCF-7 cells. Cells were treated with JAa (0.2 uM, 0.4 uM), AFt-JAa (0.2 uM, 0.4
puM), AFt (0.0033) uM) for 48 h. (a) Representative cell cycle distribution and (b)
their statistical analysis. Data are expressed as a percentage of median * SD from
20,000 events from one trial (n = 2 per experiment) and repeated on 3
independent occasions. Significant differences are expressed as *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 from untreated control. Significant difference
from JAa is expressed in brackets.

Unlike MDA-MB-231 cells, significant perturbation of cell cycle analysis of MCF-7
is detected only with 0.4 AFt-JAa but not 0.2 uM AFt-JAa, reflecting lower

sensitivity to free and encapsulated JAa. This further supports results reported in
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Chapter 4, where the Sl value of AFt-JAa was 3.5 in MCF-7 compared to the higher
sensitivity detected with MDA-MB-231 with SI = 4.6 (see Section 4.3.2). The
perturbation effect of encapsulated but not free JAa at a concentration of 0.4 uM,
reflects the enhanced activity of JAa when delivered to the cells through AFt
vehicle. This also supports the results from the previous Chapter 4, when MCF-7
shows enhancement in the Sl of AFt-JAa.

The overall effect of JAa and its encapsulated form on G2/M cell cycle block implies
arrest of cells from progression through mitosis. This indicates that the major
mechanism of action of JAa — destabilisation of microtubules, is not affected by
AFt encapsulation. AFt alone did not perturb cell cycle in any of the cell lines,
further supporting the biocompatibility of AFt nano vehicle. Our results agree with
Raja (2014) and Qazzaz (2016) [202, 203], who showed G2/M arrest of JA and JB
as a sign of perturbing microtubules dynamics in diverse human carcinomas. JA
and JB destabilise microtubules and reduce the expression of B-tubulin and as a
result, inhibit tubulin polymerisation and mitosis in treated cells. Between the
three treated cell lines, SKBR-3 cells; the most responsive cells to JAa as detected
by MTT (refer to Section 4.3.2), also show the highest sensitivity to JAa treatment
represented by a significant cell cycle perturbation and early apoptosis (p <
0.0001). The highest selectivity of AFt-JAa treatment indicated by Sl value
detected with SKBR-3 cells was further corroborated with greater and significant
depletion of G1 events and apoptotic cells with AFt-JAa treatment (p < 0.01)

compared to the free agent.
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5.3.2 Free and encapsulated JAa induces apoptosis of breast cancer cell lines
Evading apoptosis is one of the main hallmarks of cancer, which results in cancer
cell survival, proliferation, and resistance to the most common anticancer
therapies. Thus inducing cancer cell apoptosis is the ultimate goal of non-surgical
anticancer therapy [447]. Following treatment with free and AFt-encapsulated
JAa, significant accumulation of events in the pre-G1 phase in breast cancer
treated cells observed in the cell cycle analysis are a good indicator of apoptosis.
Although cell cycle analysis was performed using the Nicoletti method, cell debris
might also contribute to the pre-G1 signal [446]. Therefore, a distinction from
apoptosis requires avoiding DNA shearing during preparation of the samples, or
validation of results with another apoptosis test. In addition, the signal of
apoptotic cells in late S or G2/M phases of cell cycle may not be detected as pre-
G1 populations [448]. For these reasons, annexin V assays were carried out to

validate apoptosis results indicated by previous cell cycle analysis.

Using the same treatment conditions as cell cycle analysis, SKBR-3, MDA-MB-231
and MCF-7 cells were prepared for apoptosis analysis by flow cytometry (see
Section 2.3.7.2).

In this analysis, the signals detected from cells stained with propidium iodide and
Annexin V were used to generate quadrant plots. The viable cells with no labelling
are found in the lower left quadrant. The population of cells exclusively labelled
with Annexin V are in the early apoptosis state and found in the lower right
guadrant. This is due to the binding of Annexin V-FITC to the PS of the outer cell
membrane of apoptotic cells [356]. The population exclusively labelled with

propidium iodide represents the non-apoptotic, necrotic cells/debris and is found
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in the upper left quadrant. This is due to the binding of propidium iodide to the
DNA of the necrotic cells following its penetration of their ruptured/ highly porous
cell membrane. While the population of cells with dual staining are in the late
apoptosis state and found in the upper right quadrant.

Free and encapsulated JAa caused profound dose-dependent incidence of
apoptosis in all tested cell lines (Figure 5.4, 5.5, 5.6). In the most sensitive cell line
to JAa, a significant early SKBR-3 apoptosis (p < 0.0001) at 0.2 uM and 0.4 uM by
~3.2-fold and ~3.9-fold respectively was detected (Figure 5.4). While AFt-JAa
induced early SKBR-3 apoptosis by ~3.9-fold and ~3.8-fold at a concentration of
0.2 uM and 0.4 uM respectively (p < 0.0001). Interestingly, the significantly higher
apoptotic population (p <0.001) detected with AFt-JAa at 0.2 UM compared to the
free agent, reflects its enhanced activity at this concentration and corroborates
MTT, cell counting, and clonogenic assays. AFt-JAa at 0.2 uM demonstrated
comparable activity to 0.4 uM naked JAa as demonstrated by apoptosis-induction,
which corroborates results from the SKBR-3 clonogenic assay (as described

previously in Chapter 4).
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Figure 5.4: The effects of JAa and its encapsulated form AFt-JAa on the apoptosis
of SKBR-3 cells. Cells were treated with JAa (0.2 uM, 0.4 uM), AFt-JAa (0.2 uM, 0.4
uM), AFt (0.0033) uM) for 48 h. (a) Representative quadrant scatter plots and (b)
their statistical analysis. Data are expressed as a percentage of median * SD from
20,000 events from one trial (n = 2 per experiment) and repeated on 3
independent occasions. Significant differences are expressed as ***P < 0.001,
*¥***p < 0.0001 from untreated control. Significant difference from JAa is
expressed in brackets.

MDA-MB-231 cells showed dose-dependent, significant late apoptosis with free
and encapsulated JAa with all tested concentrations (Figure 5.5). Free JAa induced
late MDA-MB-231 apoptosis by ~0.6-fold and ~2.2-fold at a concentration of 0.2

UM and 0.4 uM respectively. Interestingly higher late MDA-MB-231 apoptosis was
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detected with AFt-encapsulated JAa by ~0.8-fold and ~2.7-fold at a concentration
of 0.2 uM and 0.4 uM respectively. Of interest, comparable early apoptotic MDA-
MB-231 events were detected after exposure to encapsulated 0.4 uM JAa, but
significantly enhanced late phase apoptosis (p < 0.05) was detected compared to
exposure to naked agent; reflecting enhanced activity of AFt-JAa at this
concentration. In addition to the apoptotic cells, a profoundly significant
accumulation of cells (p < 0.01) in the upper left quadrant was detected under all

different conditions, indicative of non-apoptotic cell death.
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Figure 5.5: The effects of JAa and its encapsulated form AFt-JAa on the apoptosis
of MDA-MB-231 cells. Cells were treated with JAa (0.2 uM, 0.4 uM), AFt-JAa (0.2
UM, 0.4 uM), AFt (0.0033) uM) for 48 h. (a) Representative quadrant scatter plots
and (b) their statistical analysis. Data are expressed as a percentage of median *
SD from 20,000 events from one trial (n = 2 per experiment) and repeated on 3
independent occasions. Significant differences are expressed as *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 from untreated control. Significant difference
from JAa is expressed in brackets.

In MCF-7 cells, Free JAa failed to cause significant annexin V+ apoptotic population
at both used concentrations (Figure 5.6). Of interest, when JAa was delivered to
cells within AFt, a significant incidence of apoptosis was detected (p < 0.0001) with
the higher used concentration of 0.4 uM AFt-JAa; support enhancing activity with
JAa and corroborating previously reported results from MTT, and cell counting

assays.
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Figure 5.6: The effects of JAa and its encapsulated form AFt-JAa on the apoptosis
of MCF-7. Cells were treated with JAa (0.2 uM, 0.4 uM), AFt-JAa (0.2 uM, 0.4 uM),
AFt (0.0033) uM) for 48 h. (a) Representative quadrant scatter plots and (b) their
statistical analysis. Data are expressed as a percentage of median + SD from 20,000
events from one trial (n = 2 per experiment) and repeated on 3 independent
occasions. Significant difference is expressed as ***P <0.001, ****P <0.0001 from
untreated control. Significant difference from JAa is expressed in brackets.

In all treated cells, the apoptotic populations observed by the annexin V assays
were consistent with findings of pre-G1 accumulation of cells provided by cell cycle
analysis. Our results are also consistent with the findings of inducing apoptosis in

cancer cells treated with JA and JB following cell cycle arrest in diverse human
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cancer cell lines [202, 203]. AFt alone (0.0033 uM) indistinguishably affected
apoptosis when compared with control in tested cell lines (Figure 5.4, 5.5, 5.6)

supporting its applicability as a biocompatible delivery vehicle.

5.3.3 Free and encapsulated JAa change the expression of apoptotic and
anti-apoptotic protein biomarkers

Evading apoptosis in cancer cells is related to their ability to inhibit apoptotic
pathways by overexpressing antiapoptotic proteins and repressing proapoptotic
ones [447]. Therefore, cell cycle perturbations and apoptosis-induction by JAa
were further corroborated by investigating the expression of proteins possessing
roles in mitosis, apoptosis, and cell survival including p53, Bcl-2, Mcl-1, PARP and
PLK-1. P53 is a tumour-suppressor protein normally activated when cells are
exposed to damage. When p53 is activated, it arrests the damaged cells to transit
from the G1-to-S and the G2-to-M phase until the damage is repaired [10]. If the
cells’” damage cannot be repaired, p53 causes apoptosis by regulating the activity
of the Bcl-2 family proteins [11, 23]. However, it is estimated that in 50% of cancers
including breast cancer TP53 gene mutations which encode p53, result in more
aggressive disease and reduced survival [24]. The Bcl-2 protein family plays a key
role in regulating intrinsic (mitochondrial) apoptosis. As a result of activating Bcl-
2 pro-apoptotic family members and inhibiting Bcl-2 antiapoptotic family
members, cytochrome c is released from mitochondria into the cytosol following
MOMP resulting in apoptosome formation, caspase 3 activation and ultimately
apoptosis [21]. Caspase 3 cleaves PARP as one of its targets, thus cleaved PARP

functions as a biomarker of cells undergoing apoptosis [449]. The PARP enzymes’
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superfamily are DNA damage sensors that play a key role in recruiting DNA repair
proteins (see Section 1.3.3.2 ) [450]. Inhibition of PARP in BRCA-mutant/deficient
tumours resulting in chromosomal instability, cell cycle arrest and subsequent

apoptosis [174, 175].

PLK1 onco-protein is another important controller in cancer initiation and
progression including driving mitotic events, and it is frequently highly expressed
in human cancers [451-453]. PLK1 is a validated cancer target, and its inhibition

leads to G2/M phase arrest resulting in apoptosis [452, 454-457].

Lysates of SKBR-3, MDA-MB-231 and MCF-7 cells, following 72 h exposure to free
and encapsulated JAa (0.1-0.6 uM for SKBR-3 cells and 0.2-0.8 uM for the MCF-7
and MDA-MB-231 cells) were prepared and analysed using western blot (see

Section 2.3.3).

A profound dose-dependent elevation in cleaved PARP accompanied abolished
expression of antiapoptotic Mcl-1 protein in SKBR-3 lysates following treatment of
cells with free and encapsulated JAa, indicating apoptosis (Figure 5.7).
Interestingly, this was detected with encapsulated JAa at the lower concentration
of 0.2 uM. Moreover, both free and encapsulated JAa caused significant dose-

dependent decreases in the expression of p53 relative to control (p < 0.01).
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Figure 5.7: Protein expression in SKBR-3 cell lysates following 72 h exposure of
cells to JAa, AFt-JAa at different concentrations, AFt (0.0068 uM) and media only.
Collated densitometric measurement of cellular protein expression levels of PARP,
cleaved PARP, Mcl-1 and p53 represented as mean * SD and repeated on 3
independent occasions. Significant differences from untreated cells are expressed

s **P < 0.01, ****P < 0.0001 from untreated control. Significant difference from
JAa is expressed in brackets.
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The highly detected levels of cleaved PARP accompanying treatment at higher
concentrations are indicative of apoptosis. The detected cleavage of PARP in SKBR-
3 lysates is consistent with high levels of caspase 3 [458]. It is known that PARP is
cleaved upon the activation of caspase 3 [459]. Indeed, apoptosis was previously
detected in MIA PaCa-2, HCT-116 and VR HCT-116 cells along with enhanced
caspase 3 activity following their treatment with JA and JB; down-regulation of
anti/apoptotic pro-apoptotic proteins Mcl-1 and Bcl-2 was also evident [202, 203].
Inducing apoptosis through the activation of caspase 3 is one of the mechanisms
by which jerantinines affect the growth/viability of cancer cells. Moreover, it
seems that the profound cleavage of PARP in SKBR-3 cells (the most sensitive cell
line in the three cell line panel) may reflect their greater sensitivity to JAa over
other cell lines. SKBR-3 cells harbour a mutated p53 protein [460]. Mutations in
p53 produce a non-functional p53 protein or a protein with new functions that
cause invasion, metastasis and chemoresistance [24, 461]. Thus, the interference

with mutant p53 expression or activity reduces proliferation of cancer cells [462].

In MDA-MB-231, a greater reduction by AFt-JAa compared to naked JAa in the
expression of tumour suppressor p53 was detected along with the expression of
whole PARP and PLK1 at 0.8 uM, while the expression of these proteins remained

stable at lower tested concentrations (Figure 5.8).
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Figure 5.8: Protein expression in MDA-MB-231 cell lysates following 72 h exposure
of cells to JAa, AFt-JAa at different concentrations, AFt (0.0068 uM) and media
only. Collated densitometric measurement of cellular protein expression levels of
PARP, PLK-1 and p53 represented as mean + SD and repeated in 3 independent
occasions. Significant differences from untreated cells are expressed as *P < 0.05,
**p < 0.01, ***P < 0.001, ****P < 0.0001 from untreated control. Significant
differences from JAa are expressed in brackets.
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MDA-MB-231 also express caspase-3 [463], which upon its activation cleaves
PARP. The reduction in PARP expression detected at higher concentrations of JAa
is consistent with its lower sensitivity compared with SKBR-3; as shown in
apoptosis assays (Figure 5.5). MDA-MB-231 cells also harbour another type of
mutant p53. This mutation causes p53 to lose its ability to bind Bcl-xI and Bcl-2,
resulting in losing cytochrome c release from mitochondria, and consequently
cytoplasmic pro-apoptotic activity [464]. Thus, reduced expression of mutant p53
detected with JAa treatment at higher concentration (8 uM) is consistent with
reduced proliferation of MDA-MB-231 cells detected with cell cycle arrest (Figure
5.2) and cell death (Figure 5.5). Of interest and in contrast to SKBR-3, JAa
suppressed PLK1 protein in MDA-MB-231, indicating interference with mitotic
entry, spindle assembly, anaphase entry and cytokinesis that results in apoptosis
[452, 454-457]. Previously, JB has been shown to dose-dependently inhibit the
expression and activity of PLK1 as one of multiple possible targets to interact with
tubulin and accompanies G2/M arrest. Results suggest apoptosis-induction
through different pathways in different cell lines and support the results of

Annexin V assays.

In MCF-7 lysates, dose-dependent reduction in the expression of pro-survival Mcl-
1 protein accompanied suppression of anti-apoptotic protein Bcl-2 and oncogenic

kinase PLK-1 in parallel with up-regulation of p53 expression (Figure 5.9).
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Figure 5.9: Protein expression in MCF-7 cell lysates following 72 h exposure of cells
to JAa, AFt-JAa at different concentrations, AFt (0.0068 uM) and media only.
Collated densitometric measurement of cellular protein expression levels of Mcl-
1, Bcl-2, PLK-1 and p53 represented as mean + SD and repeated in 3 independent
occasions. Significant differences from untreated cells are expressed as *P < 0.05,
**p < 0.01, ***P < 0.001, ****P < 0.0001 from untreated control. Significant
differences from JAa are expressed in brackets.
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The dose-dependent reduction in expression of anti-apoptotic/pro-survival
proteins Mcl-1 and Bcl-2 indicate cell death and are consistent with apoptotic
populations detected in Annexin V assays (Figure 5.6). Unlike the findings with
SKBR-3 and MDA-MB-231, the relatively stable levels of PARP protein following
the treatment is consistent with caspase 3 deficiency in MCF-7 cells [465].
Although caspase 3 activation and PARP cleavage predisposed apoptosis in diverse
cancerous cells following the treatment with jerantinines [202, 203], it has been
suggested that inducing apoptosis of MCF-7 following the treatment with JA might
occur through caspase-independent pathways [466]. Indeed, MOMP results not
only in releasing cytochrome ¢ from mitochondria but also in other proteins such
as apoptosis-inducing factor (AIF), proapoptotic mitochondrial serine protease
(HtrA2/0Omi) and endonuclease G which are known to promote caspase-
independent death through mechanisms involving ROS production [467]. Such
proteins might predispose the caspase-independent apoptosis pathways in MCF-

7 but are yet to be investigated in a future study.

In contrast to the high expressed levels of mutant p53 found with SKBR-3 and
MDA-MB-231 lysates, MCF-7 cells express low levels of wild type (WT) p53. This is
consistent with the findings of lower total levels of WT p53 detected in breast
cancer cells including MCF-7 compared with consistently higher levels of this
protein in the breast cancer cell lines encoding mutant p53 [468]. Re-expressing
p53 in cells retaining WT p53 activity results in restoring its anticancer activity and
predisposes cancer cells to apoptosis or decreased proliferation [469]. Increasing
levels of WT p53 in cancer cells treated with JA was detected previously along with

down regulation of its inhibitor; Hdm2 [202]. Of interest, although increasing the
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expression of WT p53 accompanied down regulation of PLK-1 in MCF-7, these cells
show lower sensitivity to treatment compared to SKBR-3 and MDA-MB-231.
Curiously, activation of functional but not mutant p53 has been found to protect
cancer cells, including MCF-7, from the effects of PLK-1 inhibitors [451, 470].
Indeed, jerantinines target and inhibit PLK-1 as one of their multiple anticancer
mechanisms [203]. Moreover, PLK1 is a direct transcriptional target of p53 and its
inhibition results from the activation of WT p53 [471]. Alternatively, the inhibition
of PLK1 may trigger DNA damage which activates functional p53 [451]. Either way,
functional p53 has been found to lower cellular response to PLK1 inhibition by
maintaining centrosome separation, this permits a proportion of treated cells to
traverse mitosis and cytokinesis, and re-enter G1 phase in the cell cycle with a
normal complement of chromosomes. Taken together, it may be suggested that
the lower sensitivity to JAa detected in MCF-7 cells might be related to the
protective effect of active WT p53 to PLK-1 inhibition. In contrast PLK1 inhibition
in cancer cells that possess mutant p53, as seen in SKBR-3 and MDA-231 cells,

might be advantageous with respect to jerantinine-sensitivity.

5.3.4 Free and encapsulated JAa Induce reactive oxygen species in breast
cancer cell lines

ROS are highly reactive radicals, ions or molecules generated normally in cells and

required for many cellular processes including immune response and progression

of the cell cycle [358, 359]. However, these free radicals are destructive to cellular

proteins and DNA; therefore, their cellular levels are managed with cellular

antioxidants [361, 472]. Uncontrolled high levels of ROS lead to oxidative stress
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resulting in degenerative diseases, and sometimes oncogenic transformation
[360]. In cancer cells, the elevated rates of ROS promote

tumourigenesis, angiogenesis and tumour invasion [360, 361].

Both environmental and internal mechanisms lead to the elevation of ROS levels
[473], including high cellular levels of iron. As mentioned earlier (Section 1.6.2)
iron plays a pivotal role in the occurrence of tumours and the disorder of its
metabolism further facilitates tumour progression [474]. Due to their higher
demand for iron, tumour cells import high levels of iron through the highly
expressed TFR1 (Section 1.2.5.1). The high level of iron induces lipid peroxidation,
a process that also results in ROS production. Iron-dependent excessive increased
intracellular ROS lead to detrimental consequences including DNA damage and cell
cycle arrest [361]. Cell death due to this process was recently discovered and is
known as ferroptosis [472]. However, damaging high levels of intracellular ROS
caused by chemotherapeutic agents results in ferroptosis in addition to other cell
death mechanisms including apoptosis, necrosis and autophagy, which initiate
caspase-dependent as well as caspase-independent cell death pathways [467,
475-477]. Cells undergoing ferroptosis do not share the morphological features of
apoptosis: shrinkage of cells, formation of apoptotic bodies, chromatin
condensation or formation of the cytoskeleton. Ferroptotic cells do not show
swelling of cells or rupture of their cellular membrane like necrosis. Neither do
ferroptotic cells demonstrate the formation of double-membraned
autolysosomes detected in autophagy; they show a shrinkage of mitochondria and

an increase in cell membrane density [478].
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Some anticancer agents, notably natural oxygen-containing compounds (e.g.,
doxorubicin) also exert anticancer action via ROS generation, formed as by-
products of oxygen metabolism. Due to their high metabolic turnover and
genomic/chromosomal instability, cancer cells are highly sensitive to ROS; causing

cellular death [479].

As previously indicated, treating MDA-MB-231 cells with JAa, resulted in
accumulation of events in the S phase, which may indicate DNA damage as a
possible consequence of ROS-generation. In addition, suggested cellular death
that might trigger caspase 3-independent apoptosis pathways in MCF-7 might also
involve ROS production. Therefore, measuring the levels of H,0, was conducted
to investigate whether JAa, AFt-JAa (0.4 uM JAa) and AFt (0.0033 uM) increase the
levels of ROS in MDA-MB-231 and MCF-7 cells following 24 h exposure (see Section

2.3.9).

Free JAa evoked significantly increased ROS production in MDA-MB-231 (112%)
and MCF-7 (135%) following 24 h exposure to cells compared to the control cells
(p <0.01) (Figure 5.10). AFt-JAa also showed a clear increase in ROS production in
MDA-MB-231 (119%) and MCF-7 (127%), compared to the control (p < 0.0001) but
not compared to free JAa (p > 0.05). AFt alone induces comparable levels of ROS

to untreated cells in both cell lines (p > 0.05).
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Figure 5.10: Free and AFt-encapsulated JAa (0.4 uM JAa for 24 h) potently
increased ROS production in MDA-MB-231 and MCF-7 cells compared to their
levels without treatment. While the levels of ROS production following AFt
treatment (0.0033 uM) were comparable to untreated cells. Data are expressed
as a percentage of Mean + SEM in three independent trials (n = 2 per trial).
Significant differences are expressed as **P < 0.01 and ****P < 0.0001.

Increased levels of ROS in treated cells indicate their contribution to cell death
detected in previous in vitro assays (Figure 5.5, 5.6), and support their suggested
role in caspase-independent apoptosis [204], exemplified in caspase 3 deficient
MCF-7 cells [463]. In MDA-MB-231 cells, ROS generation may contribute to
apoptosis through caspase-dependent apoptosis, consistent with S phase
accumulation and DNA damage in treated cells. Although sub-lethal doses of ROS
production might be mutagenic, jerantinines show their cytotoxic effects at low
doses due to their multitarget effects. In accordance with these results, a previous

study has demonstrated that as one of its mechanisms, JB induces apoptosis
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through the production of high levels of ROS in treated cells including HCT-116 and
MIA PaCa-2 [203]. Moreover, the authors showed that JB overcomes P-gp
mediated VCR resistance In VR HCT-116 cells by increasing the levels of ROS.
Indeed, jerantinines were suggested to act as other natural products and induce
apoptosis via ROS following the oxidation of mitochondrial pores, resulting in the
release of cytochrome c and activation of caspases, inducing apoptosis [203, 480-

482].

In contrast to results obtained with other conducted in vitro assays that indicate
higher activity of encapsulated JAa, AFt-JAa shows comparable levels of ROS to
levels induced with naked JAa. This is consistent with the fact that AFt-JAa
formulation competes with Ft internalisation through binding to TFR1. This will
further reduce intracellular iron levels and ROS induction through lipid

peroxidation.

One interesting observation following treatment of MDA-MB-231 with JAa is
related to the non-apoptotic population found in the upper left quadrant in
Annexin V apoptosis assays (Figure 5.5). As the dead cells from ferroptosis do not
go through the apoptosis process, they appear in the upper left quadrant of
annexin V apoptosis assay along with necrotic populations [483]. Therefore, in
MDA-MB-231, the high levels of ROS and non-apoptotic dead cells further suggest
that the treatment with JAa might lead to ferroptosis cell death in these cells in
addition to previously detected apoptosis. Moreover, it has been shown that p53

plays an important role in the regulation of ferroptosis, in addition to its role in

the regulation of the Bcl-2 family. The relation between p53 and ferroptosis is not

217



yet fully established. However, previous studies have shown that although mutant
p53 is associated with more aggressive and chemo-resistant cancers, it increases
sensitivity to ferroptosis [484, 485]. In cancer cells, mutant p53 binding to
antioxidant transcription nuclear factor erythroid 2—related factor 2 (NRF2) results
in suppression of solute carrier family 7-member 11 (SLC7A11) expression.
SLC7A11 is a constituent of the cystine/glutamate antiporter known as system xc-
which mediates the internalisation of cystine, a precursor for glutathione (GSH)
biosynthesis. GSH is one of the most important intracellular antioxidants that
converts free radicals into harmless molecules such as converting H.0; into water.
Therefore, inhibition of system xc results in lowering antioxidant capacity and
increases sensitivity to oxidative stress and ferroptosis [484-486]. This might
further explain the superior response to JAa treatment of MDA-MB-231 cells
(harbouring mutant p53) compared to MCF-7 (harbouring WT p53) cells as
observed with other in vitro assays (e.g., MTT and cell cycle perturbation). The
overall findings of a non-apoptotic population in treated MDA-MB-231 along with
ROS induction and mutant p53 stabilisation at the lower-used JAa concentration,
support the possibility of ferroptosis-induction in these cells following JAa
treatment. Further investigation of jerantinines’ activity in TNBC cell lines
harbouring mutant p53 should be examined to determine whether this cancer
phenotype, typically associated with poor prognosis and ill-defined molecular
targets for therapy, possesses greater sensitivity to jerantinines than WT p53

cancer cells.
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5.4 Conclusion

The main goal of the current study was to examine mechanisms and molecular
targets of JAa in three subtypes of breast cancer cells; SKBR-3, MDA-MB-231 and
MCF-7, and to investigate the effect of AFt-encapsulation on targets affected by
JAa in light of observed enhanced anticancer activity in vitro. Following treatment,
G2/M events’ accumulation confirmed the main mechanism of JAa as a
microtubule destabilising agent as previously reported [198, 201-203]. As a result
of prolonged arrest, cell death highlighted by the accumulation of cells in the pre-
G1 phase was identified in all tested cells. The detected apoptotic population in
SKBR-3 and MCF-7 cells, in addition to non-apoptotic, non-viable population in
MDA-MB-231 suggests that several pathways may be targeted (rich and diverse
pharmacology) and highlights the significance of JAa as a hybrid agent. As evidence
for apoptosis, repression of survival, anti-apoptotic proteins Mcl-1, Bcl-2, and
cleaved PARP were confirmed. Inhibition of PLK-1 and ROS induction following JAa
treatment further highlight its multi-targeted capacity, consistent with previous
reports [202, 203]. Our study exposes a new advantage of using JAa in the
treatment of diverse breast carcinomas. JAa significantly increased the levels of
functional WT p53 expression in MCF-7 while suppressing mutant p53 in SKBR-3
and MDA-MB-231 cells. Due to the relation between p53 mutations and
oncogenicity, compounds that degrade mutant p53 without affecting WT p53 are
valuable for cancer therapy [487]. Therefore, JAa’s effect on the expression levels
of p53 is a new promising therapeutic finding that is worthy of future

investigations. Of interest inhibiting mutant p53 along with ROS production
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accompanied by apoptotic and non-apoptotic cell death populations in MDA-MB-
231 suggest ferroptosis as a new non-investigated mechanism of death triggered
by JAa and AFt-JAa. This offers potential for use of JAa to treat TNBC, typically
associated with poor prognosis. However, further mechanistic validation is
required. Furthermore, our study confirms that the multiple pathways targeted by
JAa were not affected upon its encapsulation with the biocompatible AFt delivery

vehicle, rather enhanced activity was consistently detected.
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5.5 Future work

3.

221

Further investigations are needed to reveal apoptotic mechanisms triggered
by JAa in caspase 3-deficient MCF-7 cells. This will include changes in the
expression of proteins that might activate caspase-independent apoptosis
pathways such as AIF, HtrA2/Omi, and endonuclease G proteins.

To comprehensively understand the mechanism by which non-apoptotic
populationsin MDA-MB-231 cells are produced following treatment with JAa.
This will include changes in target genes and pathways regulating lipid
peroxidation in ferroptosis such as i) GSH production ii) ROS detoxification iii)
iron metabolism and their master transcriptional factors such NFE2L2.
Further investigations are needed to reveal how jerantinines increase the
expression of WT p53 but in contrast, reduce/stabilise mutant p53
expression, and how this might be relevant to the (differences in) response
to treatment.

Examining the levels of ROS in breast cancer cell lines treated with
encapsulated and naked jerantinines following shorter exposure periods
(e.g., 6 h), to further validate AFt-encapsulated formulation.

Confocal microscopy to examine morphological changes to microtubules
caused by AFt-JAa; further interrogation of morphology associated with

ferroptosis.



6 General discussion, conclusion and future

directions

6.1 General discussion and conclusion

This study highlights the importance of investigating a new therapeutic approach
to enhance breast cancer patients’ quality of life and reduce mortality. Two major
obstacles in breast cancer therapy - drug resistance and chemotherapeutic toxicity
were addressed in this study by using one of the most attractive endogenous
nanocarriers, AFt protein [60-62, 488]. JAa demonstrates promising high potency,
multi-target effects and the ability to overcome MDR in vitro [202-204, 217].
However, it also shows poor cancer selectivity indicated by cytotoxicity against
non-cancerous foetal lung fibroblast cells (MRC-5) [202]. Poor cancer-selectivity
was addressed in this study by targeting JAa delivery to breast cancer cells using
AFt. The nanoreactor and the self-assembly methods were both investigated to
encapsulate JAa. Nanoreactor encapsulation of JAa was achieved only by mixing
low volumes over extended time intervals (10 pL, 10 mM) every 30 min indicating
the slow encapsulation of JAa into AFt. Indeed, JAa, a relatively large molecule
with a MWt of 424, may require more time to diffuse through AFt’s pores (0.3-5
nm) [387]. Not allowing sufficient time for JAa to diffuse into the core of AFt by
adding higher amounts in shorter intervals increases the opportunity for
unwanted intra- and inter-molecular interactions to develop, which are reflected
in high aggregation as demonstrated by the large hydrodynamic size of AFt-JAa >
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100 nm following nanoreactor route encapsulation. Enhancing the encapsulation
of JAa was achieved by diffusing JAa at pH lower than its pKa (~7) to allow greater
relaxation of AFt cages under acidic conditions [380], and to protonate JAa
molecules that facilitate its movement into the negative inner surface of the AFt
cage [382]; the interior high negative charge of AFt chains (specifically L—chain),
works as a draining force to entrap cations inside the core of AFt at concentrations
significantly higher than bulk concentration [407]. However, the inconsistency in
EE% when increasing the ratio of JAa:AFt during encapsulation, and the large
lateral dimensions of JAa (0.96 X 1.26 nm) suggest that using the nanoreactor
method might not be the best route to encapsulate JAa. Moreover, the only
encapsulation success by diffusion of a large molecule (maltose, with a lateral
dimension of 1.3 nm) through the AFt channels was achieved in conjunction with
relaxation of the cage by proton NMR [309]. All other successful nanoreactor route
encapsulations without cage relaxation included agents with either relatively small
with MWt < 250 [118, 307], or lateral dimensions < 0.3 nm [306]. Therefore,
complete dissociation of the AFt cage to ensure the encapsulation of JAa was
investigated and optimised. The varied reports for the evaluation of the self-
assembly method highlighted the importance of optimising and uniting the
parameters controlling the efficiency of this method [310], to produce a
reproducible and validated method with a high PR% yield. During the evaluation
of the type of acidic solution used to dissociate AFt subunits, the disappearance of
the horse spleen AFt band at ~480 in the native gel seen with HCl only, indicated
the significance of solution types used to dissociate the horse spleen AFt cage

rather than pH-alteration alone. This is explained by the impact of the Hofmeister
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effect of ion type and their ability to salt in (structure-breaking ions) or salt out
(structure-making ions) proteins. Accordingly, Cl" is a better structure-breaking ion
needed for salting in AFt subunits and keeping them separate at pH 2 compared
to acetate [394]. On the other hand, the successful dissociation of H-AFt using both
HClI and glycine acetate indicates the need for a weaker structure-breaking ion to
disassemble AFt and thus supports its reported lower stability compared to horse
spleen AFt [395]. The varied and different PR% produced upon adopting different
reassembly methods reflect the importance of producing an efficient reassembled
formulation at this step. Contrary to disassembly, AFt reassembly needed better
structure making ions (salt out) to give the AFt subunits the required
intermolecular hydrophobic forces, thus the ability to refold their native structure
[282, 398]. This was achieved by both sustaining the reassembly solution with high
ionic strength throughout the reassembly process and quickly avoiding the PI of
AFt (4.1- 5.1) to restore subunits’ reassembly properties [393]. The failure of
producing the required hydrodynamic size of AFt (< 12 nm) when using basic
solution rather than buffers, supports the significance of using buffers to bind to
native proteins and increase the conformational stability of proteins with no
impact on the denatured or unfolded state [400]. The characterisation of AFt-
encapsulated large MWt agents including VCR and RB besides JAa through the self-
assembly method, produced formulations with comparable size, charge and
integrity to AFt stock used. Comparable size and charge cage to AFt post-
encapsulation indicates the negligible effect of cargo type on the properties of
reassembled AFt, and thus validates its use as cage, and the reassembly method

we have optimised for encapsulating other agents with high MWt regardless of
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their type. Our optimised self-assembly method encapsulated ~120 JAa molecules
inside the core of horse spleen AFt, which robustly recovered ~77% and ~70% of
protein without and with JAa encapsulation. The formulation was stable for 10
months at storage conditions (pH 7.4; 4 2C) and showed rapid release of JAa at 37
oC in the first 6 h with ~40% and 60% release at pH 5.3 and 7.4 respectively,

followed by a more controlled release for > 24 h under both pH conditions.

AFt can be targeted to the tumour tissues due to its recognition by, and
overexpression of TFR1 on tumour cells’ outer surface. TFR1 recognise the Ft H
chain of AFt and internalises it through clathrin-mediated endocytosis [23]. Thus,
in this study, the significant high expression of membrane-bound TFR1 (P <0.0001)
measured in six breast cell lines (MCF-7 - luminal A, ER+; BT-474 - luminal B, HER2+;
SKBR-3, HER2 overexpression; MDA-MB-468 - basal-like, TNBC; MDA-MB-231 -
claudin-low, TNBC) compared to MRC-5 that expressed very low TFR1 levels,
validated their targeting with AFt. In MTT assays JAa demonstrated high growth
inhibitory effects in all used cell lines including non-transformed MCF-10A and
MRC-5. GIsp cells values between 0.14 and 0.56 uM reflect its high potency, but
also non-selective targeting. MTT assays demonstrated that delivering JAa within
AFt NPs significantly reduced Glso values (P < 0.05) only in cell lines that
overexpress TFR1, irrespective of their phenotype, while no significant change in
MRC-5 GIso values following their exposure to naked or AFt-encapsulated JAa was
encountered. The significantly lower counted viable cells, and colonies’ formation
in all TFR1+ cells further support enhanced activity of the AFt-JAa formulation and
further inspire use of AFt as a TFR-1-targeted drug delivery vehicle for breast

carcinoma. The enhanced selectivity of AFt-JAa formulation is shown to be
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correlated to the preferential enhanced uptake of H-AFt seen in TFR1+ cells over
TFR1-low expressing cells. The enhanced potency of the AFt-JAa nanoformulation
was found to be related to increased intracellular accumulation of JAa in cells
overexpressing TFR1, as reflected by significantly higher accumulation of JAa in
TFR1+ over naked JAa in tested cells (SKBR-3, MDA-MB-231 and BT-474). The AFt
formulation also enhanced the stability of JAa, which further contributes to the
observed enhanced activity. This was reflected by higher detected levels of JAa in
culture media without cells under the treatment conditions (7= 37 °C; < 72 h)

following AFt encapsulation compared to naked agent.

The subsequent supporting in vitro tests in SKBR-3, MDA-MB-231 and MCF-7 cells
confirmed enhanced the activity of encapsulated JAa without altering its
mechanism of action. Cell cycle analyses showed varied but significant cell cycle
arrest with G2/M phase and pre-G1 events’ accumulation following treatment
with free JAa. This confirmed that JAa exhibits potent antiproliferative activity by
arresting the cell cycle in the G2/M phase and indicates that a major molecular
target of jerantinines, mitotic microtubules’ destruction, was not affected (indeed,
was enhanced) following delivery of the agent by AFt NPs [198, 201-203].
Consistent with the accumulation of pre-G1 events, apoptosis-induction in the
three tested cell lines was also confirmed by Annexin V apoptotic assays. Western
blotting demonstrated that inducing apoptosis in treated cells is related to
repression of anti-apoptotic survival proteins; Mcl-1 in SKBR-3 and MCF-7 in
addition to Bcl-2 in the latter. This was accompanied by cleaved PARP in SKBR-3
and MDA-MB-231 cells. In addition, enhanced expression of WT p53 in MCF-7 (p

< 0.0001) and repression/stabilisation of mutant p53 in SKBR-3 (0.01) and MDA-
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MB-231 respectively were detected at concentrations of 2 0.6 uM for both naked
and encapsulated JAa. Indeed, destabilising tubulin polymerisation results in
profound G2/M arrest and activates the mitotic checkpoint [489]. This results in
the activation of tumour suppressor p53 which prohibits damaged cells transiting
from the G2-to-M phase until the damage is repaired [10]. Cells with prolonged
exposure to microtubule-disrupting agents, fail to go through cytokinesis and
might transit to G1-like phase with double the number of normal chromosomes
[490]. This will further activate G1 checkpoints which upon their activation further
activate p53 in an attempt to repair the damaged DNA. As a result of unrepaired
damage, activated p53 causes apoptosis by regulating the activity of Bcl-2 family
proteins [11, 23]. The significant up-regulation of p53 protein following treatment
of WT p53 MCF-7 cells with JAa was evident. In contrast, stabilisation of mutant
p53 expression was detected in SKBR-3 and MDA-MB-231 cells at > 0.2 uM and
interestingly inhibited at 0.6 uM in SKBR-3. Indeed, mutants of p53 are detected
in 50% of cancers which results in more aggressive disease and impaired survival
[24]. Thus, inhibiting its expression by anticancer agents is of high interest.
Western blotting revealed a reduction in the expression of anti-apoptotic/pro-
survival Bcl-2 and Mcl-1 proteins which regulate mitochondrial apoptosis. As a
result of their inhibition cytochrome c is released from mitochondria into the
cytosol resulting in apoptosome formation, caspase 3 activations (this can also
occur independently of caspase activation) and ultimately apoptosis, which was
presented in the pre-G1 events’ accumulation and the emergence of apoptosis
populations detected by Annexin V assays [21]. Active caspase 3 cleaves PARP as

one of its targets [449], this was evident in the lysates of treated SKBR-3 and MDA-
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MB-231 cells. In contrast, the non-significant reduction of PARP when MCF-7 cells
were treated with JAa, indicates that cleaving PARP is not a main mechanism of
inducing apoptosis. This is consistent with the absence of caspase 3 in MCF-7 cells
[491]. JAa-encapsulation within AFt did not change its multi-target capacity,
indeed JAa still demonstrated high potency as a PLK1 inhibitor in treated MCF-7
and MDA-MB-231 cells before and after AFt-encapsulation. However, previously
it has been found that activation of functional p53 protects cancer cells from the
effect of PLK-1 inhibitors [451, 470], which further explains the lower sensitivity to
JAa in MCF-7 cells but not cells with mutant p53; SKBR-3 and MDA-MB-231 and
may further suggest a new specificity of jerantinines in treating cells with mutant
p53. Moreover, mutant p53 might expose differences in response to the
treatment through a different mechanism. In cancer cells, mutant p53 binding to
antioxidant transcription factor NRF2 results in inhibition of system xc which
reduces antioxidant capacity and increases sensitivity to oxidative stress [484-
486]. As detected in our results JAa induce ROS in both MDA-MB-231 cells
(harbouring mutant p53) and MCF-7 (harbouring WT p53) and might further
explain the better response to JAa treatment exhibited in MDA-MB-231 cells
compared to MCF-7. Besides, in the three tested cell lines, the diverse apoptotic
response could be related to many other reasons. The different sensitivity of
treated cells to JAa treatment can be related to varied expression levels of certain
proteins, indeed it has been supposed that the variation in the Bcl-2 protein
content within the mitochondria affect the response levels of cells with different
phenotypes to apoptosis [492]. Of interest, AFt did not show any detrimental

effect on tested cells as indicated from all used in vitro assays including MTT, cell
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count, clonogenic, cell cycle analysis, annexin V apoptosis, or western blotting

expression of apoptotic/antiapoptotic proteins.

The overall enhanced activity of encapsulated JAa within AFt nanocarrier in TFR1+
cells showed in this study further supports previous research reporting enhanced
activity of other clinical and experimental anticancer agents such as doxorubicin
[321, 493], temozolomide [118], and benzothiazole prodrugs [307, 494]. This study
confers a robust AFt-reassembly route to JAa-encapsulation which achieved a
significant degree of cancer-selectivity in breast cancer cells expressing enhanced
TFR1 versus TFR1-low MRC5 cells and provides evidence that AFt-JAa offers a
potential treatment for intractable, drug-resistant mammary carcinomas, and
supports using AFt as a safe and biocompatible nanocarrier of anticancer agents,

worthy of further preclinical development.
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6.2 Future directions

230

LC-MS-based cellular metabolomics study is to be further conducted to
identify key metabolites affected by naked and encapsulated JAa. Involved
metabolites are to be further analysed by MetaboAnalyst and MetExplore
analysis tools to comprehensively reveal several affected pathways involved
in carcinogenesis and to investigate the potential nanotoxicity at the
cellular and molecular levels [495].

The development of affibody-conjugated AFt delivery capsules that target
proteins overexpressed in certain mammary tumours, remains a goal of
current research, ultimately to enhance survival rates and improve
prognoses in breast cancer patients. However, the benefits of actively
targeting AFt should be strictly evaluated versus the benefits of using
passive targeting of AFt as presented in this study. As it has been reported
previously that small polymers showed a better tumour accumulation
when compared to their actively targeted larger form conjugated to
antibodies, binding of affibody, which is part of monoclonal antibodies but
with smaller size is to be investigated. In addition to the conflicts reported
with their affinity; active targeting may tend to bind tightly to the cells on
the surface of the tissue rather than penetration the core of the cancerous
tissue [249].

This study demonstrated enhanced potency and selectivity of
encapsulated JAa, in addition to supporting the biocompatibility of used

AFt nanocarrier. However, comprehensive future in vivo studies including



231

tolerability and efficacy of tested agents are needed to integrate these
results into the clinical routine.

As a non-P-gp substrate evading MDR efflux, previous reports presented
jerantinines as a potential alternative to VCR in the treatment of paediatric
medulloblastoma [217]. However, as the anticancer mode of action of
jerantinines operating via microtubule disruption resulting from binding at
the colchicine site, interestingly, colchicine is also a P-gp substrate [201,
496], a future study should be conducted to examine any cross-resistance
between jerantinines and colchicine. This will be performed using two
variant breast carcinoma lines derived from MDA-MB-231 and MCF-7 that

demonstrate acquired resistance to colchicine.
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8 Appendices

8.1 Appendix |

This appendix provides the full gel images for AFt encapsulation of JAa presented

in Chapter 3.
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Figure 8.1: Characterisation of the integrity of AFt alone and AFt-JAa in different
ratios (1:200; 1:400; 1:800) through nano-reactor route using (4-16%) native
PAGE. Presented in Figure 3.3.
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Figure 8.2: Blue (4-16%) polyacrylamide native gel electrophoresis of AFt-
encapsulated-JAa (AFt-JAa) through the nano-reactor route (a) and reassembly
route (b) presented in Figures 3.5a and 3.12b.
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Figure 8.3: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
of AFt-encapsulated-JAa (AFt-JAa) through the nano-reactor route and reassembly

route presented in Figures 3.5b, 3.12c.
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Figure 8.4: Blue (4-16%) polyacrylamide native gel electrophoresis of the AFt cage
reassembly in one step (1S) from pH 2 to pH 7.4 vs raising the pH in two steps (2S)
from pH 2 to pH 4 and then from pH 4 to pH 7.4 presented in Figure 3.9.
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Figure 8.5: Blue (4-16%) polyacrylamide native gel electrophoresis of AFt cage
reassembly through the study of the effect of initial AFt protein concentration on
the outcomes of the reassembly method. (a) Native gel PAGE (pH 4) of ReM-1, (b)
Native gel PAGE (pH 4) of ReM-2, (c) Native gel PAGE (pH 7.4) of ReM-1 and (d)
Native gel PAGE (pH 7.4) of ReM-4 presented Table 3.3.
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Figure 8.6: Blue (4-16%) polyacrylamide native gel electrophoresis of AFt cage
reassembly optimisation study of the reassembly methods (ReM) 3-9; (a)
reassembly at pH 4 and (b) reassembly at pH 7.4 presented in Table 3.4. and Table

3.5.
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Figure 8.7: Blue (4-16%) polyacrylamide native gel electrophoresis of AFt cage
reassembly optimisation of method ReM-5 evaluating the time and speed needed
to purify the formulation. Reassembled AFt spin filtered for 10 min at 2000 rpm (I)
or 15 min at 3000 rpm (Il) presented in Figure 3.10.

AFt ReM P1 P2 P4 P5 AFt

Figure 8.8: Blue (4-16%) polyacrylamide native gel electrophoresis of AFt cage
purification methods of the reassembled AFt using 4 different methods. ReM-8
AFt was spin filtered for 15 min (P1), dialysed against 25 mM Trizma-acetate buffer
then spin filtered for 15 min at 3000 rpm (P2), spin filtered for 15 min at 3000 rpm
then dialysed against (100 mM) glycine NaOH buffer at pH=8.6 (P3) or spin filtered
for 15 min then dialysed against 25 mM Trizma-acetate buffer at pH=7.4 (P4)
presented in Figure 3.11.
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8.2 Appendix I

This appendix provides the full gel images for TFR1 expression evaluated by

western blot and presented in Chapter 4.
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Figure 8.9: Expression of TFR1 and SCARA-5 in cell lines using immunoblotting
technique of cell lysates containing 40 pg protein presented in Figure 4.1a.
Densitometry analysis of TFR1 and SCARA-5 proteins normalised to the
housekeeping gene (GAPDH).
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Figure 8.10: Expression of TFR1 in panel of cell lines including MDA-MB-231 using
immunoblotting technique of cell lysates containing 50 pg protein presented in
Figure 4.1c. Densitometry analysis of TFR1 protein normalised to the
housekeeping gene (GAPDH).
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