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ABSTRACT 

Survivin is a highly conserved protein with important roles in cell death and 

mitosis; deletion of the survivin gene is embryonically lethal. It is highly 

expressed in most cancers, making it a promising target for cancer therapy. 

Autophagy, an important homeostatic cellular recycling system, promotes cell 

survival under stresses such as DNA damage, nutrient starvation and hypoxia.  

Recent research has begun to identify a link between survivin and autophagy, 

and therefore the aim of this thesis was to clarify the role of survivin in 

autophagy and to study the reported interaction between survivin and the 

autophagic protein microtubule-associated protein light chain 3 (LC3). 

To achieve this aim, a variety of cell biology and molecular biology techniques 

were employed. Cultured human cells were modified to express survivin and 

LC3 with fluorescent tags and studied with fluorescence microscopy to 

investigate the localisation and characteristics of both survivin and autophagic 

bodies. Co-immunoprecipitation was used to study the interaction between 

survivin and LC3, and gene manipulation was used to identify the critical amino 

acid residues. 

This thesis reports that high levels of survivin reduce the rate of autophagy and 

are associated with smaller autophagic bodies and larger acidic bodies. In 

addition, this study reveals that survivin interacts with LC3 through a canonical 

LC3-interaction region at residues 61-64, but this interaction is not critical to 

the role of survivin in regulating autophagosome or acidic body size. Finally, it 

raises the possibility that survivin-LC3 interaction may affect the mitotic role of 

survivin. 
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INTRODUCTION 

OVERVIEW 

Survivin is a small evolutionarily-conserved protein with dual roles in the 

regulation of mitosis and apoptosis. Expressed at the G2 and M phases of the 

cell cycle, survivin is required to regulate chromosomal congression, 

segregation and cytokinesis, to maintain genomic stability of daughter cells. 

Deletion of the survivin gene in mice results in lethality during embryonic 

development, with cells displaying mitotic failure and giant cells with irregular 

nuclei and micronuclei after just one week of growth1. In most tumours, 

survivin is aberrantly expressed throughout the cell cycle, with highest levels 

found in breast and lung cancers2, where expression is associated with 

resistance to oncotherapies and poor prognosis for survival. The mechanism for 

the anti-apoptotic activity of survivin is more complex than the direct inhibition 

of caspases and may require co-factors.  

Autophagy, a process to degrade sequestered cytoplasmic material, is closely 

associated with cell death, and many examples exist where autophagy protects 

cells against apoptosis3. 

 A link between survivin and autophagy was recently discovered suggesting that 

survivin can protect cells from autophagic cell death4 and this raises the 

possibility that inhibition of apoptosis by survivin may involve the regulation of 

autophagy. 
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SURVIVIN / BIRC5 

History / Discovery 

The human survivin protein was first described in 1997 by Ambrosini, Adida and 

Altieri, who identified survivin as a member of the Inhibitor of Apoptosis (IAP) 

family by the presence of a Baculovirus IAP Repeat (BIR) domain, and 

recognised that it was expressed during foetal development but also in many 

human cancers5. 

 

Physical structure 

A single copy of the survivin gene BIRC5 is located at the chromosomal position 

17q255. This chromosome is rich in protein-coding genes, having the second 

highest gene density in the genome6.  

The survivin gene promoter contains three cell cycle-dependent elements 

(CDE’s) and one cell cycle gene homology region (CHR)7. These G1 

transcriptional repressor elements are also found in other G2/M-regulated 

genes where they control cell-cycle periodicity8. As this suggests, endogenous 

survivin is expressed predominantly in the G2 and M phases of the cell cycle7. 

It has a short half-life of 30 minutes, with polyubiquitination and subsequent 

proteasome degradation causing a sharp fall in protein levels after mitosis9. 

The tertiary structure of survivin is a c-terminal alpha-helix; a 70-amino-acid 

zinc finger fold and a single N-terminal BIR domain, making it a member of the 

inhibitor of apoptosis (IAP) gene family10. The alpha-helix contains hydrophobic 

clusters with the potential for protein-protein interaction11,12. A summary of 

the two dimensional structure and function of survivin, along with the effect of 

experimental mutations is shown in figure 1.2.1. 

 



 

 
 

 

Figure 1.2.1 Summary of the two dimensional structure and function of survivin. Sources: Mitochondrial Targetting Sequence (MTS)13, BIR domain10, T3414, T4815 ,D70-

D7116 T9717, L9817, F102-L10218, T11719, K12920,21.
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Survivin readily forms a bow-tie-shaped homodimer in solution11 (figure 1.2.2) 

through an intermolecularly-bound zinc atom. Dimerisation appears to mask a 

nuclear export sequence in the central region of survivin18. Apart from itself, 

survivin forms binary interactions with inner centromere protein (INCENP)22, 

aurora kinase23 and borealin22 to form the chromosomal passenger complex 

(CPC); ran24, a small GTPase involved in mitotic spindle formation; CDK125 which 

phosphorylates survivin at T34 during mitosis; beclin126, a protein with roles in 

autophagy and apoptosis; second mitochondria-derived activator of caspase 

(SMAC/DIABLO)27, a mitochondrial protein involved in apoptosis and GAS2-like 

protein 3 (GAS2L3)28, a tubulin- and actin-binding protein. 

 

Figure 1.2.2: Structure of the survivin homodimer. Ribbon diagram illustrating the crystal 

structure of the survivin homodimer11(RCSB PDB:IE31). Molecular graphic generated with the 

UCSF Chimera package29. 

 

Post-translational  modifications  

Survivin is subject to multiple post-translational modifications which regulate 

its localization and function. For example, acetylation of K129 enhances survivin 

homodimerization, preventing exportation from the nucleus in association with 

chromosome region maintenance 1 (CRM1)20. Phosphorylation by cyclin-

dependent kinase (CDK-1) at T34 has been implicated in stabilizing survivin 

during metaphase25. Phosphorylation of residue T48 by casein kinase 2 (CK2) 

and residue S20 by polo-like kinase 1 (PLK1) are essential for accurate 

chromosome alignment and cell division15,30,31. Residue T117 is phosphorylated 

by aurora-B kinase at pro-metaphase, yet dephosphorylation stabilises 

centromere association and is critical for chromosome bio-orientation32. 
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Localisation 

Full length wild type survivin is predominantly cytoplasmic, suggesting either 

active transport out of the nucleus or restricted entry into the nucleus. Several 

studies have attempted to explain this localisation, but evidence has been 

somewhat conflicting, with several research groups suggesting alternative 

mechanisms for nuclear export, see figure 1.2.3.  

 

Figure 1.2.3: Regions of survivin identified as important for nuclear export. 

 

The 23 c-terminal amino acids of survivin were initially identified as critical 

residues for CRM1-mediated nuclear export33, yet a few years later nuclear 

export sequences (NES) at residues 89-9834 and 96-10417 were reported by 

different research groups. Later research found that CRM1-dependent nuclear 

export can be achieved by either the C-terminal region or by a region within 

residues 84-109 where a L98 is critical18. Though not part of a canonical NES, 

the first five hydrophobic residues of this sequence do appear to increase 

cytoplasmic localisation. In addition, mutation of residues 101 and 102 

restricted survivin to the monomeric form, and this significantly improved the 

affinity for CRM1, presumably because this NES lies within the dimer interface 

of the protein18. This suggests that the NES in the central region of survivin is 

monomer-specific and that nucleocytoplasmic shuttling of survivin may be 

regulated by dimerisation.  
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Though survivin is pre-dominantly cytoplasmic in cultured cells, pools are also 

found in the nucleus35,36, mitochondria13,37, and localised to polymerised 

microtubules7,38. Survivin localizes to mitochondria in tumour cells via a 

mitochondrial-targeting sequence at residues 1-1013 and is rapidly released into 

the cytosol following apoptotic stimuli where it suppresses caspase 

processing37. Nuclear survivin expression markedly increases in squamous cell 

carcinoma (SCC) tissues, as compared with normal epithelia, and it is highest in 

poorly differentiated SCCs36. Nuclear survivin in HeLa cells is not anti-

apoptotic35, yet it is still an unfavourable prognostic marker in several cancer 

tissues39. This apparent contradiction can be explained by the finding that 

nuclear survivin increases cell migration in SCCs, suggesting that while 

cytoplasmic survivin is anti-apoptotic, nuclear survivin has a role to play in 

tumour invasion36. 

 

Function in cell division 

Survivin performs an essential role in mitosis, where chromosomes align along 

the midzone formed between two spindle poles. This alignment requires the 

binding of the kinetochores of sister chromatids to microtubules from opposite 

poles of the cell during metaphase. Shortening of these microtubules then 

separate the chromatids which migrate to the spindle poles during anaphase. 

At telophase the plasma membrane at the midzone pinches together 

segregating both DNA and cytoplasmic organelles into daughter cells with 

identical copies of genetic material in each (figure 1.2.4). 
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Figure 1.2.4: An overview of mitosis. Sister chromatids align at the midzone of the mitotic 

spindle at metaphase and are drawn to opposite spindle poles during anaphase. Duplicated 

DNA is segregated into daughter cells when the midbody contracts and splits the cell through 

a process termed cytokinesis. 

 

The concentration of survivin at G2/M -phase of the cell cycle is around 40 

times that found at G1, where it is almost undetectable7. During G2, survivin 

associates with the proteins borealin, INCENP and aurora-B kinase to form the 

chromosomal passenger complex (CPC)19,22. The CPC associates with the 

centromeres at metaphase. During anaphase the CPC transfers to the spindle 

midzone, and at cytokinesis it localises to the midbody40.  The structure of the 

CPC is illustrated in figure 1.2.5. 

Within the CPC, survivin is bound to borealin22. All four components of the CPC 

complex are required for cell division: without INCENP, survivin does not 

localise to the centromeres41; binding of aurora-B to survivin is required for its 

full kinase activity42; phosphorylation of survivin by Aurora-B at T117 in its 

carboxyl alpha-helical coil is required for binding to INCENP19 and survivin 

depletion prevents localisation of aurora-B and INCENP to the centromere43. 

Survivin anchors the CPC to the centromeres at prophase and metaphase by 

interacting with histone H3 phosphorylated at T3 via a discrete pocket in the 

BIR-domain44,45. As mentioned previously, phosphorylation of survivin by CDK1, 

CK2 and PLK1 are also essential for accurate chromosome alignment and cell 

division15,30,31. 
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Figure 1.2.5: Structure of the Chromosomal Passenger Complex (CPC). Borealin (orange), 

Survivin (yellow) and the N-terminus of INCENP (red) form a triple coiled coil (UniProt 

2QFA22). The C-terminus of INCENP binds to aurora B kinase (grey) (UniProt 4AF323). The 

central domain of INCENP, a single alpha helix, is thought to provide flexibility to the CPC 

while tethering aurora B to centromere – regulating phosphorylation of kinetochore 

substrates when bipolar microtubule attachment creates kinetochore tension46. 

 

Misaligned chromosomes do not segregate correctly into daughter cells and 

resulting chromosomal instability can cause genetic and phenotypic variability 

leading to cancer47. To guard against this, metaphase to anaphase transition 

can be delayed in the event of chromosome misalignment, by a surveillance 

mechanism named the mitotic spindle checkpoint (reviewed in 48). When 

kinetochores are not attached to microtubules, or are attached but not under 

tension, Mitotic arrest-deficient protein 2 (MAD2) and Budding uninhibited by 

benzimidazole-related protein 1 (BUBR1) inhibit CDC20, an accessory protein 

for the anaphase promoting complex (APC). Without APC activity, CDK1 

remains active, and cohesion complexes at the centromere cannot be cleaved, 

preventing progression to anaphase.   
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Survivin plays a role in the mitotic spindle checkpoint by stabilising the 

association of BUBR1 with kinetochore and therefore sustaining checkpoint 

signalling in response to a lack of tension43. In this way, survivin reduces the risk 

of chromosomal instability in dividing cells. However, during mitotic arrest, 

transcription is absent, which means that short-lived proteins like survivin 

gradually become depleted. Depletion of other anti-apoptotic proteins such as 

induced Myeloid leukemia cell differentiation protein (MCL1) can trigger 

apoptosis during prolonged mitotic arrest49 and it is highly likely that depletion 

of survivin during such an event would also trigger apoptosis, a final measure 

by the cell to prevent chromosomal instability. 

 

Function in apoptosis 

Apoptosis is a normal process during development and aging and maintains 

tissue homeostasis. As a cell death mechanism, it is carefully regulated; too 

much apoptosis results in tissue necrosis or impaired growth, too little results 

in tumour development. There are two main apoptosis activation pathways: 

the extrinsic and the intrinsic (reviewed in 50). The extrinsic pathway is initiated 

by the binding of ligands such as Tumour Necrosis Factor (TNF), Fas, and TNF-

Related Apoptosis-Inducing Ligand (TRAIL) to cell-surface receptors, or the 

delivery of granzyme-B through perforin channels. These signals lead to the 

activation of caspase-3 and a cascade of activation of effector caspase enzymes 

leading to cell death. The intrinsic pathway is initiated by internal signals such 

as p53 upregulation following DNA damage. These signals result in the 

depolarisation of the mitochondrial membrane and subsequent release of 

apoptosis effectors cytochrome c, SMAC/DIABLO which leads to the activation 

of caspase-3, and Apoptosis-Inducing Factor (AIF) which translocates to the 

nucleus where it induces nuclear fragmentation. Both pathways involve the 

activation of caspases resulting in a cascade of events ultimately leading to cell 

death.  



Introduction 
 

 
10 

 
 

 

The ectopic expression of survivin in cell culture can counteract apoptosis10, 

and interference with survivin can lead to apoptotic cell death51 making it clear 

that survivin plays a role in apoptotic regulation. The BIR domains of other 

human IAP family members such as x-linked inhibitor of apoptosis protein 

(XIAP) have been shown to inhibit caspase-3 and caspase-7, and they are 

regulated by SMAC/DIABLO. Whether survivin can inhibit caspase-3 or caspase-

7 activity remains controversial, with a number of papers citing evidence that 

it can2,52,53, and others claiming the opposite54,55, though there is evidence to 

suggest that survivin can inhibit caspase-956, and several other indirect 

mechanisms for apoptotic inhibition have been suggested. First, a direct 

interaction between survivin and SMAC/DIABLO has been identified as a critical 

factor in the inhibition of apoptosis, suggesting that the association of these 

proteins inhibits the pro-apoptotic activity of SMAC/DIABLO57,27. Second, 

survivin binds to XIAP during apoptotic stimulation and protects XIAP from 

polyubiquitination and subsequent proteosomal-degradation58. Finally, 

depletion of survivin appears to induce the translocation of AIF from 

mitochondria to the nucleus, causing DNA fragmentation in a caspase-

independent process59. An illustration of the mechanisms by which survivin 

may inhibit apoptosis is shown in figure 1.2.6 

In addition to its well-established roles in mitosis and apoptosis, a new role in 

autophagy is emerging, and this is discussed further in section 1.5. 
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Figure 1.2.6: Overview of the role of survivin in apoptosis. External signals for apoptosis are 

received through TNF-family receptors and Granzyme-B which enters the cell through 

perforin channels. These signals lead to the activation of caspase-3 and a cascade of 

activation of effector caspase enzymes leading to cell death. Internal signals for apoptosis 

such as p53 upregulation following DNA damage, result in depolarisation of the mitochondrial 

membrane and subsequent release of apoptosis effectors cytochrome c, SMAC/DIABLO and 

AIF. Survivin stabilises XIAP, inhibits caspase-9 and interferes with the SMAC/DIABLO and AIF 

pathways to inhibit apoptosis. 

 

Dysregulation of Survivin in disease 

Unlike the cell-cycle-dependent expression in normal dividing cells, survivin is 

expressed throughout the cell-cycle in most cancers10. High levels of survivin 

correlate with increased resistance to chemotherapy60 and irradiation17, and 

therefore poor prognosis for the patient.  Because survivin is overexpressed in 

most cancers, yet found in very low levels in most human cells61 it is a promising 

target for cancer therapy. 
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The Clinical Trials database (https://clinicaltrials.gov/ct2/) lists 19 completed 

trials which targeted survivin. The majority of these studies relate to the use of 

survivin inhibitors such as LY2181308, an antisense oligonucleotide that binds 

to survivin mRNA to inhibit its expression in tumour tissue, and YM-155 

(sepantronium bromide), a small molecule that suppresses the translation of 

survivin through direct binding to its promoter. A total of eight clinical trials 

have investigated the use of these inhibitors in combination therapy but 

published results indicate that they did not provide any clinical improvement  

(NCT01107444, NCT01038804, NCT01100931, NCT01009775, 

NCT00642018)62–65. A less direct approach to regulating survivin is more 

promising; a phase-I trial of CWP232291, a small molecule which blocks the 

proliferation of cancer cells via activation of caspases and downregulates 

survivin, found that this agent was effective against acute myeloid leukaemia66 

(NCT01398462) and recruitment for a phase-II trial is now underway 

(NCT03055286). 

In addition, six trials have used dendritic cell (DC) vaccines which take 

advantage of the essential role of DCs in activating T cells to 

promote antitumor responses. These vaccines supply the patient with DCs 

transfected with the mRNA of tumour-associated antigens such as survivin. 

Published data indicate that DC vaccines using survivin mRNA showed 

promising results in phase-I trials (NCT00197860, NCT00197912, 

NCT01410968)67–69. Three phase-I trials investigated the potential of survivin-

peptide vaccines and published data indicates that survivin peptide vaccination 

produced positive effects in both anaplastic astrocytoma and multiple 

myeloma (NCT01250470, NCT00499577)70,71. Finally, a trial using the DPX-

Survivac vaccine (IMV Inc.), a T-cell-activating immunotherapy targets survivin 

found that the vaccine produced sustained immune responses in ovarian 

cancer (NCT01416038)72. 

 

https://clinicaltrials.gov/ct2/
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There are currently five ongoing clinical trials that target survivin: two peptide 

vaccines, of which one is now in phase-II (NCT00470015, NCT00834665); a DC 

vaccine in phase-II (NCT01197625), a DPX-survivac vaccine trial looking at 

efficacy in different forms of cancer (NCT03332576); a SurVaxM (MimiVax) 

vaccine using a peptide mimic (NCT02455557), and a trial investigating tumour-

associated antigen (TAA)-specific cytotoxic T lymphocytes, including 

lymphocytes specific to survivin, in solid tumours (NCT02239861). 

In addition to the strong association with cancer, dysregulation of survivin plays 

a role in several other diseases. In autoimmune disease, survivin enhances 

antigen presentation, maintains the persistence of autoreactive cells, and 

supports the production of autoantibodies73. In Crohn’s disease for example, 

levels of survivin are increased in T cells of the small intestine due to reduced 

proteasome degradation, and this protects T cells from apoptosis74. A recent 

clinical trial found that the level of survivin in circulating blood is associated 

with rheumatoid arthritis (RA, NCT02851056)75,76 and this led to an active 

clinical trial to investigate whether current RA treatment reduces survivin levels 

(NCT03440892)75,76. Survivin has also been identified as a potential cardiac 

biomarker in elderly patients with heart disease where high levels of expression 

are associated with poor outcomes77. High levels are also associated with 

pathogenesis of acne and acne scarring78, and with human adipose-derived 

stem cells from obese patients79. 

Unusually low levels of survivin are associated with a severe pathology in 

women with chronic obstructive pulmonary disease (COPD)80, and also 

characterise cysts in polycystic kidney disease (PKD) where it is associated with 

chromosomal instability, cytokinesis defects and nuclear polyploidy or 

aneuploidy81. In non-alcoholic fatty liver disease, survivin expression is 

progressively lower in advanced stages82. 

Abnormal levels of survivin may play a role in disease through disruption of the 

cell cycle. Mouse models demonstrate that survivin knockout induces mitotic 

catastrophe1, yet on the other hand, high levels of survivin during prolonged 
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mitotic arrest will favour mitotic exit rather than apoptosis, which will also lead 

to aneuploidy and chromosomal instability. High levels of survivin may also 

allow cells to survive apoptotic stimuli causing unrestrained cell growth and 

division.  
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AUTOPHAGY 

History / Discovery 

Autophagy is a conserved catabolic process induced by cell stress such as 

hypoxia, nutrient deprivation, and DNA damage (caused by irradiation or 

chemotherapy for example). While the ubiquitin/proteasome system degrades 

the majority of short-lived, damaged proteins, autophagy targets long-lived or 

aggregated proteins and cellular organelles83.   

The lysosome was the first autophagic vesicle to be identified in 1949 by Belgian 

scientist Christian de Duve, who also coined the term ‘autophagy’ from the 

Ancient Greek auto (self) and phagia (eat)84. The full autophagic process was 

not observed in mammalian cells for another 50 years, when fluorescence 

microscopy enabled visualisation of the process in live cells85.  

The primary purpose of autophagy is cellular homeostasis which promotes cell 

survival, yet excessive levels can lead to cell death86 and therefore it is a highly 

regulated process. During mitosis for example, the breakdown of the nuclear 

envelope and fission of mitochondrial networks leaves chromosomes and 

mitochondria vulnerable to degradation by the autophagic machinery, and 

inhibition of autophagy by CDK-1 during mitosis is likely to be protective87,88.  

Considerable research has been focussed on autophagy over the past few 

years, expanding our understanding of the process in human cells, and 

discovering how its deregulation is associated with disease. 

 

Mechanism. 

Autophagy is a process whereby proteins and organelles are sequestered into 

double-membraned vesicles (autophagosomes) which then fuse with 

lysosomes to degrade their contents, releasing metabolic components back 

into the cytoplasm. There are three main forms of autophagy:  

macroautophagy, involving the generation of an autophagosome enclosing a 

portion of the cytoplasm, and fusion of this vesicle with a lysosome; 
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microautophagy, involving invagination of the lysosomal membrane – directly 

taking cytoplasm into the lysosome89 and chaperone-mediated autophagy, 

involving the transportation to, and translocation across, the lysosomal 

membrane of a targeted protein90. Macroautophagy is the subject of this study 

and will be referred to simply as ‘autophagy’ hereinafter. 

 

Early-stages of autophagy 

The molecular components of the early autophagic process are summarised in 

figure 1.3.1. Autophagy can be induced by low levels of energy, nutrients, 

growth factors or DNA damage, through AMP:ATP ratio or the PI3K-I/Akt, 

MAPK/Erk or p53 signalling pathways respectively. These signals activate AMP 

kinase (AMPK) or inhibit mammalian-target of rapamycin (mTOR) to activate 

unc-51-like autophagy activating kinase 1 (ULK-1). ULK-1 phosphorylates 

beclin-1 to enhance the activity of VPS34, the mammalian class III 

phosphatidylinositol 3-kinase (PI3K). Along with co-factors Atg14 and survivin, 

PI3K phosphorylates phosphatidylinositol to generate phosphatidylinositol-3-

phosphate (PI3P)91–93.  

A double-membrane lipid bilayer pre-autophagosomal structure called a 

phagophore is generated at the phagophore assembly site (PAS) in the 

presence of PI3P94. Several different sources for the origin of this membrane 

have been proposed, including de-novo synthesis and formation from the 

membrane of the golgi, endoplasmic reticulum or mitochondria (reviewed in 

95). The phagophore extends to engulf cytoplasmic proteins and organelles. 

Extension of the phagophore requires the activation of Atg12 by Atg7, and 

conjugation of Atg12 with Atg5 and Atg16L to form a large complex of 

approximately 800kDa96. This complex is thought to form a scaffold upon which 

microtubule-associated protein light chain 3 I (LC3-I) is lipidated with 

phosphatidylethanolamine (PE) forming LC3-II, and bound to the phagophore 

in a process catalysed by Atg397. The phagophore eventually forms a complete 

vesicle termed an autophagosome, enclosing selectively targeted material 
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bound to LC3-II on the inner membrane via cargo proteins. For example p62 

binds to both poly-ubiquitinated proteins98 and LC3-II,  and optineurin binds to 

damaged mitochondria99 and LC3-II. 

 

 

Figure 1.3.1: An overview of early autophagy. Autophagy can be induced by low levels of 

energy, nutrients, growth factors or DNA damage through a high AMP:ATP ratio or the PI3K-

I/Akt, MAPK/Erk or p53 signalling pathways respectively. These signals result in the activation 

of ULK-1 resulting in the generation of PI3P which is required for nucleation of the 

phagophore. Phagophore extension to form the autophagosome requires PE-conjugated LC3-

II, and a complex of Atg12, Atg16L and Atg5. 
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Late-stage autophagy 

Once the closed autophagic vesicle is formed, it may fuse with endosomes, 

forming an amphisome100 (see figure 1.3.2). The autophagosome or 

amphisome will then fuse with a lysosome to form an autolysosome101, where 

the target material will be degraded by acid hydrolases and the constituent 

components released back into the cytoplasm via membrane permeases102.  

 

Figure 1.3.2: Vesicular compartments in autophagy. The autophagic vesicle may fuse with 

endosomes to form an amphisome100 followed by fusion with a lysosome to form an 

autolysosome101, where the target material will be degraded. 

 

Lysosomes and autophagosomes need to migrate to the nuclear periphery to 

fuse together, and in mammals the microtubule network is required for this to 

occur efficiently103. Mature autophagosomes can be tethered to dynein motors 

for transport to the perinuclear area by the membrane-bound small GTPase 

Rab7104. To position them accurately for fusion, they also need to be able to 

move in the opposite direction, and this is achieved by kinesin motors which 

bind Rab7 and LC3 on the autophagosome membrane through the FYVE and 

coiled-coil domain-containing 1 (FYCO1) mediator105. 



Introduction 
 

 
19 

 
 

 

When nutrients are scarce, kinesins maintaining lysosomes at the cell periphery 

are released, allowing lysosomes to move towards the nucleus106. Though it is 

unclear how nutrient availability affects autophagosome positioning, one 

potential regulatory factor could be the lipid complement of the 

autophagosomal membrane. A recent study found that when lipids are limited, 

autophagosomes are tethered to ER contact sites, preventing their movement 

towards the nucleus for fusion with lysosomes. The authors of this study 

suggest that perhaps the lipid components of the outer autophagosome 

membrane are a measure of maturity and only mature autophagosomes are 

released for transport to the perinuclear area to fuse with lysosomes104.  

Once they come into contact, lysosomes and autophagosomes are tethered 

together in a complex process involving many proteins, summarised in figure 

1.3.3. Ectopic p-granules protein 5 (EPG5) binds to LC3 and the syntaxin17-

SNAP29 protein complex on the autophagosome membrane, and to VAMP8 

and rab7 on the lysosome107,108. Lysosomal rab7 is tethered to Syntaxin17 

(STX17) on the autophagosome by the homotypic fusion and protein sorting 

(HOPS) complex107,109, and to LC3-II and HOPS by Pleckstrin homology domain-

containing family M member 1 (PLEKHM1) Along with Atg14L110, EPG5 

facilitates the assembly of the soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE) complex of syntaxin17, SNAP29 and 

VAMP8 to drive fusion111. Starvation stimulates autophagosome-lysosome 

fusion by suppressing O-GlcNAcylation of SNAP-29 to increase its binding 

affinity for other SNARE proteins112.  

The fusion of autophagosomes to lysosomes can be transient, involving a 

transfer of autophagic luminal material to the lysosome, followed by 

detachment of the two separate organelles, or it can be stable, resulting in a 

loss of the inner autophagosomal membrane, and the formation of a hybrid 

organelle113. In both cases the resulting organelle is termed the ‘autolysosome’. 
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Figure 1.3.3: Fusion of the autophagosome and lysosome. Autophagosomes and lysosomes 

are tethered together in a complex process involving many different proteins. EPG5 binds to 

LC3 and the syntaxin17-SNAP29 protein complex on the autophagosome membrane, and to 

VAMP8 and Rab7 on the lysosome. The HOPS complex binds to lysosomal rab7 and STX17 on 

the autophagosome107,109. PLEKHM1 binds to LC3-II on the autophagosome, HOPS, and rab7 

on the lysosome. Atg14L110 and EPG5 facilitate the assembly of the SNARE complex 

highlighted in dark green, to drive fusion of the two vesicles111.  

 

Autophagy is a cyclical process since components of late-stage autophagy are 

recycled to produce new autophagosomes and lysosomes. LC3 is cleaved from 

PE in autolysosomal membranes by Atg4, releasing LC3-I into the cytoplasm, 

and lysosomes can be reformed from autolysosomes by a process termed 

autolysosomal reformation (ALR). ALR is triggered by the release of nutrients 

from an autolysosome which reactivates mTORC1 on the lysosomal surface. 

During this process, proto-lysosomal tubules extrude from autolysosomes and 

bud off to eventually mature into functional lysosomes112. 
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Dysregulation of Autophagy in disease 

Autophagy is deregulated in a number of human diseases, including 

neurodegenerative disorders, inflammatory disease and cancer reviewed in 114.  

Alzheimer's disease, Parkinson's disease and Huntington's disease have all been 

reported to be associated with high levels, or suppression, of autophagy115, 

though whether autophagy is protective or detrimental in these diseases is 

unclear. For example, patients with Alzheimer’s disease have been shown to 

have high numbers of autophagic vesicles116, yet in mice with early Alzheimer’s 

disease, the suppression of beclin- 1, an autophagy promoter, was associated 

with pathology117.  

In the chronic inflammatory disorder cystic fibrosis, protein aggregates 

accumulate in airway epithelial cells. Cystic fibrosis transmembrane 

conductance regulator is mutated in this disorder, and its overexpression in cell 

culture is associated with beclin-1 downregulation and defective autophagy118. 

In Crohn’s disease, another chronic inflammatory disorder, clearance of 

bacteria which have invaded cells is impaired. Susceptibility to this disease is 

increased in patients with mutations in the autophagy protein Atg16L1 which 

is involved in the elongation of the autophagosome membrane119.  

It is likely that autophagy has dual roles in cancer, since it can both degrade 

oncogenic material, inhibiting tumourigenesis, yet also promote tumour 

survival in hypoxic or low nutrient conditions reviewed in120. For example, 

beclin-1 is commonly deleted in one allele in human breast, prostate and 

ovarian cancers121 and a number of studies have indicated that downregulation 

of this protein leads to increased tumorigenesis92. Aberrant expression of LC3 

has also been identified in cancer, though studies report opposing correlations 

with pathology.  
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LC3 

History / Discovery 

 

Autophagy protein Atg8 was identified from the autophagy protein gene 8 

(apg8) yeast mutant; apg8-1 in 1993122 and the protein (originally called Apg8 

or Aut7) was described a few years later as critical for autophagy123. Though 

microtubule-associated protein light chain 3 (MAP-LC3) was discovered in 

mammals at a similar time124, it was not recognised as an Atg8 homologue 

associated with the autophagosome membrane until 2000125.  

MAPs are involved in microtubule-assembly regulation, cytoskeletal 

organization, and organelle transport. They are often associated with light 

chain proteins, of which LC3 is perhaps the most studied126.  

 

Physical structure.  

LC3 is encoded by a gene on human chromosome 20q13124 and transcription is 

regulated by several factors including activating transcription factor 4 (ATF4), 

CCAAT-enhancer-binding protein β (CEBP-β), C/EBP homologous protein 

(CHOP), E2F Transcription Factor 1 (E2F1), forkhead box O3 (FOXO 1/3), GATA 

Binding Protein 1 (GBP-1) , jun, transcription factor EB (TFEB), sterol regulatory 

element-binding protein 2S (SREBP2) and Zinc finger protein with KRAB and 

SCAN domains 3 (ZKSCAN3)127. 

Newly synthesised LC3 (often termed pro-LC3) is cleaved by Atg4 to form LC3-

I. LC3-I can be bound to a lipid molecule, phosphatidyl ethanolamine (PE), to 

form LC3-II125 in a process requiring Atg3 and Atg7. A protein complex formed 

by Atg12, Atg5 and Atg16L serves as a scaffold on the phagophore membrane 

to which LC3-I is localised for lipidation97. LC3-II exists as a membrane-bound 

protein on both the inside and outside surfaces of autophagosomes and the 

amount of LC3-II expressed in a cell correlates with the extent of 

autophagosome formation125. The crystal structure of MAPLC3B is shown in 

figure 1.4.1. 
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Figure 1.4.1: MAP-LC3 crystal structure. from www.ebi.ac.uk Protein Data Bank id:3vtu. The 

beta strand commonly used as a binding site for adaptor proteins is highlighted in red. The C-

terminal glycine exposed during post-translational cleavage by Atg4 is highlighted in blue. 

Ribbon diagram generated with Chimera29. 

 

It is now considered that there are six mammalian orthologs of yeast Atg8 

which can be divided into the MAP1LC3 (LC3) family, consisting of LC3A, LC3B 

and LC3C, and the GABARAP-like family, consisting of GABARAP, GABARAPL1 

and GABARAPL2/GATE-16. All of these Atg8-homologues associate with 

autophagosomes, are lipidated post-translation128–131, and show considerable 

overlap in their binding partners128. Both LC3A and LC3B are expressed in higher 

levels than LC3C across various tissues, and have been shown to accumulate on 

autophagosome membranes, though they show minimal co-localisation, 

suggesting that autophagosomes are formed from a single isoform130,131. 

 

Function.  

LC3 proteins have long been considered to be necessary for autophagosome 

formation123,132, yet a recent study demonstrated that when all human Atg8 

orthologues are knocked out, the main defect observed is in autophagosome-

lysosome fusion133. This suggests that LC3 proteins are required for fusion, but 

are not essential for autophagosome formation, though they must play a role 
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in the latter since autophagosomes were formed at a slower rate and are 

smaller in these experiments133.  

Multiple binding partners for LC3 have been discovered which act either by 

tethering LC3 to autophagic machinery or targeting particular cargos for 

degradation in selective autophagy134. Binding partners typically contain a 

canonical sequence of amino-acids used to interact with LC3, termed an LC3-

interacting-region (LIR) or Atg8-interacting motif (AIM)135. The LIR motif 

consists of a tryptophan (Trp, W) or less commonly a tyrosine (Tyr, Y) residue 

followed by two further amino acids (xx, where x is any amino acid) and 

terminates with a leucine (Leu,L), an isoleucine (Ile,I) or in one instance, a valine 

(Val,V) forming a WxxL pattern illustrated in figure 1.4.2. The preceding three 

N-terminal residues to W, and the two residues separating the W and L tend to 

be acidic which complements the basic nature of the binding site on Atg8/LC3, 

making the interaction stronger. The residues preceding W also tend to be 

hydrophilic, whereas the residue immediately preceding the L tends to be 

hydrophobic135. LC3-binding partners form an intermolecular parallel beta-

sheet with β2 of LC3 family members, which means that a functional LIR 

requires a WxxL-like sequence with an extended β-conformation135.  

 

Figure 1.4.2:  AIM/LIR canonical sequence and its form in several known LC3-interacting 

proteins. Adapted from 135. X represents any amino-acid. 
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LC3 also interacts with tubulin either through MAP1A or MAP1B124, or directly 

via its N-terminal domain136 and stabilizes microtubule networks by promoting 

growth over shortening events137. In this capacity, LC3 is contributes to 

intracellular transport during autophagy105, phagocytosis138 and viral 

infection139. 

 

Dysregulation of LC3 in disease 

Aberrant expression of LC3 has also been identified in cancer, though studies 

report opposing correlations with pathology. For example, LC3 is highly 

expressed in gastrointestinal cancers140 and correlates with stage, tumour size 

and poor overall survival in patients with oral squamous cell carcinoma 

(OSCC)141. In contrast, both beclin-1 and LC3-II have reduced expression in lung 

cancer tissues142, and their downregulation correlates with poor prognosis in 

hypopharyngeal squamous cell carcinoma (HSCC)143. Reduced expression of 

LC3 is also associated with the progression of renal cancer144. It is likely that the 

relationship between LC3 and cancer depends on the stage and type of cancer 

and the co-expression of other proteins. 
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RATIONALE 

A number of studies have demonstrated that there is considerable cross-talk 

between apoptosis and autophagy, and survivin is not the first protein to have 

a role in both processes. For example, beclin-1, which is required for the 

nucleation of the phagophore, also interacts with the anti-apoptotic Bcl-2 

proteins145. These two proteins disassociate during autophagy and prolonged 

autophagy disrupts the anti-apoptotic function of Bcl-2 leading to cell death. 

Another example is the inhibitory interaction of Atg12, required for the 

expansion of the phagophore, with the anti-apoptotic protein mcl-1146. Finally, 

p53 is a pro-apoptotic protein, which in the cytoplasm can inhibit autophagy 

through the activation of mTOR147.  

Evidence pointing to a role for survivin in autophagy has been gradually 

accumulating over the past few years. An inverse relationship between survivin 

and autophagy was indicated by research on glioma cells, where the depletion 

of beclin-1, a key promoter of autophagy, led to the downregulation of survivin 

and sensitization to TRAIL-induced apoptosis26. In support of this, the 

suppression of survivin using the inhibitor YM155 induced autophagy-

dependent cell death in prostate cancer cells148 and adenoid cystic carcinoma 

cells149. In addition, several cancer cell lines treated with the tumourigenic 

chemokine CCL2 demonstrated an increase in survivin expression associated 

with a decrease in autophagy4.  

Interactions have been identified between survivin and autophagy proteins 

beclin-126, Atg5150, LAMTOR(HBXIP)14 and of particular relevance to this thesis, 

LC3B4. The interaction with LC3B was reported by Roca, et al (2008) and is the 

sole paper to date to demonstrate an interaction between these two proteins4. 

Other potential mechanisms for the regulation of autophagy by survivin are 

discussed in more detail below. 
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Survivin and mTOR 

The primary inhibitor of autophagy, mTOR, can promote the translation of 

survivin mRNA151, and survivin has been shown to associate with 

LAMTOR5/HBXIP14 which forms part of the ragulator complex responsible for 

tethering mTORC1 at the lysosome surface for activation when amino acids are 

abundant. mTOR activation at the lysosome surface is illustrated in figure 1.5.1. 

In addition, overexpression of p70S6K1, a phosphorylation target of mTORC1, 

is sufficient to upregulate survivin152. Together, these data suggest reciprocal 

regulation occurs between mTOR and survivin. 

 

 

Figure 1.5.1: Activation of mTOR at the lysosome surface: Small GTPase ‘Rag’ proteins interact 

with a pentameric ‘ragulator’ complex on the lysosome surface. Ragulator is comprised of 

LAMTOR1 (p18/C11orf59), itself anchored to the lysosome surface by lipidation; LAMTOR2 

(p14); LAMTOR3 (MAPKSP1/MP1), LAMTOR4 (C7orf59), and LAMTOR5 (HBXIP/XIP). Abundant 

amino acids induce the guanine nucleotide exchange factor (GEF) -activity of ragulator, to load 

RagB with GTP, enabling rag A/B heterodimers to interact with raptor (r) in mTORC1, essentially 

tethering mTORC1 to the lysosome. This allows mTORC1 to be activated by lysosome-bound 

protein Rheb. Growth factor and energy signals are transmitted to mTORC1 via a different 

mechanism, whereby TSC1 and TSC2 proteins form a tumor suppressor complex which 

regulates the GTP-loading state of Rheb153,154.  
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Survivin and clathrin 

Other potential links with autophagy include the interaction of survivin with 

clathrin, a protein that plays a major role in the formation of coated vesicles151. 

During normal enucleation, large vacuoles resembling autolysosomes form, yet 

when survivin is knocked-down, enucleation is inhibited and smaller vacuoles 

resembling autophagosomes are formed, suggesting that autophagosome-

lysosome fusion is affected151. Clathrin also plays a role in the regulation of ALR, 

a process crucial to autophagosome homeostasis155, and clathrin-coated 

vesicles are used to transport acid hydrolases from the golgi apparatus to the 

lysosome 156 (figure 1.5.2).  

 

 

Figure 1.5.2: Clathrin and the lysosome. Clathrin plays a role in autophagic lysosome 

reformation (ALR)155, coats vesicles used to deliver acid hydrolases to the lysosome156, and 

associates with survivin (CO-IP) in enucleating erythroblasts where survivin knockdown may 

affect autophagosome-lysosome fusion151. Image not to scale. 
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Survivin and c-Src (proto-oncogene tyrosine-kinase of the sarcoma-family of 

kinases). 

When cells migrate, the focal adhesion (FA) sites anchoring them to their 

substrate need to be assembled at the leading-edge of the cell and 

disassembled at the trailing-edge. FA disassembly requires the interaction of c-

Src, integrins, and LC3-II157 (figure 1.5.3). Survivin has recently been shown to 

interact with c-Src13, and expression of survivin is related to cancer 

metastasis158, suggesting the possibility of a connection between survivin and 

autophagic disassembly of FAs.  

 

 

Figure 1.5.3: Focal adhesion (FA) disassembly. The key FA protein, paxillin, is degraded by 

autophagy. Paxillin interacts with LC3 through an LIR in a c-Src-regulated manner157. 

 

 

 



Introduction 
 

 
30 

 
 

 

HYPOTHESIS AND AIMS: 

This study tests the following hypothesis: Interaction between survivin and LC3 

inhibits autophagy. 

The aims of this thesis are two-fold: 

To confirm interaction between survivin and LC3 and to identify the critical 

amino-acid residues responsible. 

To determine the impact of survivin expression on autophagy in cultured 

human cells. 
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MATERIALS AND METHODS 

MOLECULAR BIOLOGY TECHNIQUES. 

All reagents were from New England Biolabs (NEB) unless otherwise stated. 

 

Bacterial transformation with plasmid DNA purification 

Approximately 1µg plasmid DNA was added to 100ul CaCl2-chemically-

competent E.coli DH5α bacteria and incubated on ice for 30 min. Cells were 

heat-shocked for 45 seconds at 42oC and returned to ice for 2 min. 750 µl Luria 

Broth (LB) (0.17 M NaCl with 1% tryptone (w/v) and 0.5% yeast extract (w/v), 

pH 7) was added and the cells incubated at 37oC with shaking for 1 hour. Cells 

were then pelleted by centrifugation at 17,000 xg for 1 min and resuspended in 

100 µl LB broth then streaked onto LB-agar with either 100 µg/ml ampicillin or 

30 µg/ml kanamycin and incubated overnight at 37oC. Selected colonies were 

resuspended in 5 ml LB with antibiotic and grown-on overnight at 37oC with 

shaking. Plasmid DNA was purified using the QIAprep Spin Miniprep kit 

(QIAGEN). Overnight cultures were centrifuged at 3,220 xg (4oC) and 

supernatant discarded. Plasmid DNA was extracted from bacterial pellets into 

30 µl sterile distilled water by centrifugation through filter cartridges according 

to manufacturer’s instructions. DNA samples were stored at -20oC. 

 

Polymerase Chain Reaction (PCR) 

A 50 μl reaction was prepared in sterile distilled water in a thin-walled 0.2 ml 

PCR tube (Thermo Fisher Scientific) on ice, consisting of ThermoPol reaction 

buffer (10x, 5 ul), 200 µM deoxynucleotides, 0.4 µM forward primer, 0.4 µM 

reverse primer, 50 ng plasmid DNA template, 1 U of Vent DNA Polymerase. 

Reaction mixtures were incubated in a thermocycler (T100 Thermocycler, 

BioRad) where they were subjected to cycles of temperature described in the 

following table: 
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Temperature (oC) Duration (minutes) Purpose 

95  

 

            30 cycles  

3 initial denaturation 

95 0.5 denaturation 

60 0.5 annealing 

72 1 minute per kb template extension 

72 5 final extension 

 

Confirmation of amplification was achieved by subjecting 5 µl of the PCR 

reaction product and negative control to agarose gel electrophoresis. 

DNA product was purified from the PCR reaction using the QIAquick PCR 

Purification kit according to manufacturer’s instructions, and eluted with 30 µl 

sterile distilled water. 

 

DNA agarose electrophoresis 

DNA samples were analysed by agarose gel electrophoresis (0.8% w/v agarose 

in TAE buffer [40 mM tris-acetate, 1 mM EDTA]) containing SYBR Safe DNA stain 

(ThermoFisher Scientific) at 100 V (45 min). DNA bands were visualised with UV 

light.  

 

Site-directed mutagenesis 

A PCR reaction was performed using mutagenesis primers (see appendix). 

Purified plasmids were then treated with 20U Dpn1 at 37oC for 3 h. The reaction 

was terminated by heat-inactivation of the Dpn1 enzyme at 80oC for 20 min. 10 

µl reaction mixture was used to transform E.coli DH5α cells. 

Mutagenesis of the plasmid construct was confirmed by sequencing using an 

appropriate primer at the Nottingham University DNA Sequencing Facility. The 

DNA sequence of the mutant construct was aligned with the template DNA 

construct using  NCBI:BLAST159 to confirm successful mutagenesis. 
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Restriction digestion 

Plasmids were cleaved at unique restriction sites by incubation with specific 

restriction endonucleases and CutSmart buffer for 1 hour (37oC). Gel Loading 

Dye (6x) was added to terminate the digestion reaction. Digested DNA was 

separated by agarose gel electrophoresis and the amplified fragment of 

interest identified by size and excised. DNA was extracted from the gel using 

QIAquick Gel Extraction Kit (Qiagen) according to manufacturer’s instructions. 

 

Ligation 

Restriction enzyme-digested plasmid backbone (vector) and insert (PCR 

product) were ligated together at a molar ratio of 1:3 using the following 

equation: 

𝑣𝑒𝑐𝑡𝑜𝑟 (𝑛𝑔) ×  𝑖𝑛𝑠𝑒𝑟𝑡 (𝑘𝑏)

𝑣𝑒𝑐𝑡𝑜𝑟 (𝑘𝑏)
× 3 

A 20ul reaction mixture was prepared with 2 µl T4 DNA Ligase Buffer (10x), 100 

ng vector DNA, insert DNA as determined by the above equation, 400U T4 DNA 

ligase for 1 h (16oC). A control reaction without the DNA insert was also 

performed to confirm that significant vector re-ligation did not occur. The 

reaction mixture (5 µl) was used to transform E.coli DH5α cells.  

 

CLONING STRATEGIES FOR INDIVIDUAL PLASMID CONSTRUCTS 

To express mutant forms of survivin in mammalian cells, plasmids were 

required containing the cDNA for survivinL28A,L64A,V89A,L96A,L104A (survivinpent) or 

survivinF61A,L64A tagged with GFP, RFP, flag, or untagged. Plasmids generated 

prior to this study were survivinpent-GFP, survivinL64A, survivinL64A-GFP, and flag-

survivin. 

For all mutants, the target amino-acid was replaced with an alanine (Ala,A).  
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Generation of survivinpent-RFP 

SurvivinpentGFP was extracted from pre-existing plasmid pcDNA3.1 Survivinpent-

GFP by digestion with EcoRI and XhoI and ligated into an empty pBluescript 

vector digested with the same restriction sites. This new plasmid; pBluescript 

survivinpentGFP was then digested EcoRI and HindIII, both of which were now 

unique, and ligated into pDsRed1-N1 digested with the same restriction sites. 

 

Generation of survivinF61A,L64A constructs 

These plasmids were generated by site-directed mutagenesis of survivinL64A 

constructs in pcDNA3.1 mammalian expression vectors created previously in 

this laboratory. Overlapping primers were designed and used for site-directed 

mutagenesis of the survivinF61A,L64A, and back-to-back primers were used with 

the Q5 site-directed mutagenesis kit for GFP, RFP or flag -tagged constructs. 

Primers sequences are listed below: 

Template 

plasmid 

Desired construct Primer nucleotide sequence 

pcDNA3.1 

survivinL64A 

survivinF61A,L64A Forward: CTTCTGCGCCAAGGAGGCGCAAGGCTGGG 

Reverse: CCCAGCCTTCCGCCTCCTTGGCGCAGAAG 

pcDNA3.1 

survivinL64AGFP  

survivinF61A,L64AGFP Forward: TTTCTTCTGCGCCAAGGAGGCGG 

Reverse: CACTGGGCCAAGTCTGGC 

pDsRed1-N1 

survivinL64ARFP  

survivinF61A,L64ARFP 

 

Forward: TTTCTTCTGCGCCAAGGAGGCGG 

Reverse: CACTGGGCCAAGTCTGGC 

pcDNA3.1 

survivinL64A  

flag-survivinF61A,L64A Forward: TTTCTTCTGCGCCAAGGAGGCGG 

Reverse: CACTGGGCCAAGTCTGGC 
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MAMMALIAN CELL CULTURE TECHNIQUES.  

All reagents were from Sigma-Aldrich unless otherwise stated. 

Cell lines 

U2OS – a human osteosarcoma cell line with epithelial adherent morphology. 

These cells display a flattened phenotype in cell culture which makes them ideal 

for microscopy. 

Hek293T cells - human embryonic kidney or adrenal cells. These cells have 

excellent transfection efficiency and expression of ectopic genes making them 

ideal for transient transfection and immunoprecipitation. 

 

Growth conditions and media.  

Cell lines were cultured in tissue culture flasks at 37°C and 5% CO2 in a 

humidified incubator. Culture medium consisted of Dulbecco’s Modified Eagle’s 

Medium with 4500 mg/L glucose, L-glutamine, sodium pyruvate, and sodium 

bicarbonate (DMEM, D6429) supplemented with 10% foetal calf serum (FCS, 

HyClone), herein referred to as ‘complete medium’. 

To maintain the expression of plasmid DNA in stable cell lines, media was 

supplemented with 50 µg/ml Geneticin (G418, Acros organics). 

Cells cultures were passaged at approximately 80% confluence and maintained 

in a TriMat2 Class 2 Microbiological Safety Unit.  

 

Passaging cells 

To maintain a healthy population of cells, adherent cell lines were passaged in 

log-phase of growth. Cells were dissociated from the tissue culture surface with 

trypsin solution (0.5% Trypsin, 0.2% EDTA) in PBS. Harvested cells were diluted 

1:10 with fresh complete media, applied to a fresh tissue culture flask, and 

cultured as described previously. 

 

https://www.sigmaaldrich.com/catalog/product/sigma/59418c?lang=en&region=US
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Transfection. 

Cells were transfected with plasmids using TorpedoDNA transfection reagent 

(ibidi) at a ratio of 1µg plasmid DNA : 3 µl reagent. Plasmid DNA and reagent 

were diluted individually with PBS and then combined with gentle pipetting and 

incubated for 15 minutes to form complexes. The DNA/reagent complex was 

applied to adherent cells at an exponential phase of growth in complete media 

using a drop-wise technique and cells incubated overnight. Transfections were 

performed in eight-well tissue culture dishes (ibidi) for microscopy or six-well 

tissue culture dishes for molecular biology and respective reagent quantities 

are shown below. 

 8 well  6 well 

Surface area per well (cm2) 1 9 

Media volume per well (µl) 200 2000 

Plasmid DNA (µg) 0.3 2 

TorpedoDNA (µl) 0.9 6 

Total PBS (µl) 60 200 

 

Generation of stable cell lines 

To generate a Hek 293T cell line stably expressing GFP or GFP-LC3 for 

immunoprecipitation experiments, Hek cells were transfected with 

pcDNA3.1_GFP or pcDNA3.1_GFP-LC3 and the following day 50 µg/ml 

Geneticin (G418, Acros organics) was added to the complete medium. Surviving 

adherent cells were harvested 7-10 days later using trypsin/EDTA in PBS, and 

FACS sorted with a Beckman Coulter MoFlo XDP, to filter out cells not 

expressing the fluorescent tag. Positive cells were then maintained in media 

supplemented with Geneticin (50 µg/ml) to maintain selection pressure. 

 

Freezing cells 

To maintain low passage number and therefore cell phenotype, cells were 

batch frozen in liquid nitrogen following stable line generation and woken as 
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required. Cultured cells were harvested during log phase growth using 

trypsin/EDTA solution (0.5% Trypsin, 0.2% EDTA) in PBS, pelleted by 

centrifugation at approximately 500 xg for five minutes and resuspended in FCS 

supplemented with 10% DMSO at a concentration of approximately 2 million 

cells per ml. Cell suspension was aliquoted into cryovials in volumes of 500 µl 

and gradually frozen to -200oC and stored in liquid nitrogen. 

 

Drug treatments. 

Chloroquine (CQ) diphosphate salt (C6628) was dissolved in water to a 

concentration of 100 mM and aliquots stored at -20oC and used at a final 

concentration of 50 µM or 120 µM. 

Lyophilized Rapamycin (RAP, ThermoFisher Scientific) was dissolved in DMSO 

to a concentration of 200 µM and stored in aliquots at -20oC and used at a final 

concentration of 200 nM. 

Dimethylenastron (DMA, Calbiochem) was dissolved in DMSO to a 

concentration of 10mM and stored in aliquots at -20oC. and used at a final 

concentration of 1 uM.  

 

BIOCHEMICAL ASSAYS  

Bradford protein assay  

To determine the protein concentration in cell lysates, a 2 µl sample of lysate 

was diluted with dH2O (800ul) and mixed by vortex with 200 µl dye reagent 

concentrate (Bio-Rad). After 10 min at room temperature, the absorbance of 

each sample was measured at 595nm using a spectrophotometer. 

BSA protein standards of 1, 2.5, 5, 10, 15 and 25 µg were used to construct a 

standard curve of absorbance. 

 

https://www.sigmaaldrich.com/catalog/product/sigma/59418c?lang=en&region=US
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MICROSCOPY TECHNIQUES.  

Fixation and immunostaining 

Cells in the log phase of growth were seeded onto sterile coverslips at 30,000 

cells per well in a 24 well tissue culture plate and incubated overnight. If mitotic 

cells were required, adhesion was promoted by pre-treating coverslips with a 

layer of 10% poly-L-lysine in PBS, followed by evaporation and three washes in 

PBS. Cells on the coverslips were washed gently with PBS to remove media and 

cell debris. Fixation solution (0.5 ml per well, 4% formaldehyde in PBS at 37oC) 

was applied for 5 min followed by 3x 5 min washes with PBS. Cells were 

permeablised using 0.15% Triton X-100 in PBS (37oC) for 2 min. 

To reduce non-specific antibody binding, coverslips were incubated with 

blocking solution (1% BSA in PBS) for 15 min. Primary antibodies were diluted 

in blocking solution and applied to the coverslips for 1 h followed by a 15 min 

wash in blocking solution. Species-specific secondary antibodies conjugated to 

a fluorescent dye (Vector) were diluted (see appendix) in blocking solution and 

applied to coverslips with a DAPI (1 µg/ml) counter-stain for 1 hour before 

washing cells gently in PBS, leaving to dry and mounting on glass slides with 

Mowiol 4.88 mounting medium (Polysciences Inc.) and sealing with nail polish. 

 

Live cell imaging.  

Exponentially growing cells (50,000) were seeded onto chambered coverslips 

(µSlide 8-well, Ibidi) and allowed to adhere to the surface overnight at 37°C and 

5% CO2 in a humidified incubator.  

The following day, growth medium was aspirated and replaced with live 

imaging medium consisting of DMEM (phenol-red-free, D1145) supplemented 

with 4 mM  l-glutamine,  10% FCS and buffered with 25 mM HEPES. 
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Imaging.  

All images were acquired using an inverted, wide-field fluorescence microscope 

(Olympus IX-71, DeltaVision Elite) with 100x (1.40 NA, oil-immersion) or 60x 

(1.42 NA, oil-immersion) objectives. The incubation chamber and objectives 

were pre-heated to 37oC. Microscope control was provided by Lenox Softworks 

software and images captured with an integrated CoolSnap HQ2 camera 

(Photometrics). Images were deconvolved and 0.3 µm z-stacks projected using 

maximum signal from each slice. 

For live imaging, cells were grown in phenol red-free, HEPES-buffered media to 

maintain physiological pH in the absence of a 5% CO2 environment. 

 

Measurement of puncta 

Fluorescent puncta were measured using ImageJ software160. To achieve this, 

deconvolved and projected z-stack images were masked to restrict images to a 

single cell expressing the protein construct(s) of interest. Macros were created 

to automatically measure the number of puncta in the cell, and the diameter 

of each puncta (see appendix). Briefly, this macro first split the colour channels 

of each image, then selecting the channel relevant to the puncta being 

measured, enhanced the contrast, subtracted any background and thresholded 

the image, creating a mask of the puncta. Identified puncta were then 

measured and counted by the ImageJ Analyse Particles program, excluding any 

puncta above 2um2, below 0.1 um2, or that did not form an oval or circular 

shape. Data for each image was saved to a text file as the macro opened, 

analysed and closed each file in turn in the target directory, which increased 

throughput and reduced observer bias. 
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SDS PAGE AND IMMUNOBLOTTING 

SDS Polyacrylamide gel electrophoresis 

Cell lysates were prepared by washing adherent cells in log-phase of growth 

with 1 ml ice-cold tris-buffered saline (TBS) twice before scraping into 1 ml cold 

TBS and centrifuging at 500 xg for 3 min at 4oC to pellet the cells. The cell pellet 

was resuspended in 1 ml ice-cold lysis buffer (10 mM Tris-Cl pH 7.5; 150 mM 

NaCl; 0.5 mM EDTA; 0.5% NP40; 1 µg/ml CLAP containing chymostatin, 

leupeptin, antipain and pepstatin A; 1 mM PMSF) and kept on ice for 30 minutes 

with gentle pipetting. Lysates were then centrifuged at 17,000 xg for 10 min to 

pellet cell debris and DNA. 

Lysate samples were boiled in sample buffer as detailed in specific methods and 

applied to hand cast 15% polyacrylamide gels. Proteins were drawn through 

the gel in Laemmli running buffer (25 mM Trizma, 192 mM Glycine, 0.1% SDS) 

using Bio-Rad apparatus at 200 constant volts for 45 mins at room temperature. 

Separated proteins were transferred to PVDF (Immobilon-P) in Towbin transfer 

buffer (24 mM Trizma, 195 mM Glycine, 0.5% SDS, 10% methanol) using Bio-

Rad apparatus at 350 constant amps for 90 minutes at room temperature. An 

ice-block was used to prevent over-heating of the buffer and gel during 

electrophoresis.  

 

Immunoblotting 

PVDF membranes from SDS-PAGE were soaked in blocking buffer consisting of 

PBS with 5% w/v dry non-fat milk (Marvel) and 0.1% Tween 20 for 1 hour with 

agitation at room temperature to reduce non-specific binding. Primary 

antibodies were diluted in blocking buffer as detailed below and applied to the 

membranes which were sealed in plastic and incubated overnight at 4oC with 

agitation. 
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Antibody Manufacturer Host Dilution 

Polyclonal anti-LC3 

(recognises LC3A and 

LC3B) 

Sigma-Aldrich L8918 rabbit 1:2000 

Polyclonal anti-survivin Novus rabbit 1:1000 

Monoclonal anti-tubulin  

clone B512 

Sigma-Aldrich T5168 mouse 1:2000 

Monoclonal histone H3 

pT3 clone 159 

Novus Rabbit 1:2000 

GFP Sigma-Aldrich Mouse 1:2000 

Polyclonal p62 Enzo Life Sciences rabbit 1:1000 

 

Membranes were washed three times for 5 min each in PBST (PBS with 0.1% 

Tween 20). HRP-conjugated secondary antibodies (DAKO) raised against the 

primary antibody species of origin were diluted 1:2000 in blocking buffer and 

applied to the membranes, sealed in plastic and incubated for 45 min at room 

temperature with agitation. Membranes were washed three times for 5 min 

each in PBST and bands detected using enhanced chemiluminescence 

(Amersham ECL; GE Healthcare) and X-ray film (Amersham Hyperfilm; GE 

Healthcare). 

 

P62 DEGRADATION ASSAY FOR AUTOPHAGIC FLUX 

For these experiments, U2OS cells stably expressing GFP or survivin-GFP were 

seeded onto 6 well plates at a density of 1 x 105 per well in complete medium 

and left overnight to adhere. The following day medium was aspirated and 

replaced with complete medium with or without 50 uM CQ or 200 nM RAP. 

Cells were harvested at 1, 2, 3 and 6 hr after treatment and lysates analysed by 

SDS-PAGE and immunoblotting for P62, GFP and tubulin (see section 2.6.2 for 

antibody details). Relative p62 abundance was quantified using ImageJ 
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software to measure the density of p62 bands relative to tubulin bands at each 

time-point. 

VIABILITY ASSAY 

Cell culture media in a 96-well-plate was supplemented with resazurin (R7017) 

to a final concentration of 10 µg/ml and cells incubated for 1 hour (37oC, 5% 

CO2). Fluorescence was measured with an excitation wavelength of 530 nm and 

an emission wavelength of 590 nm to detect resorufin using a FLUOstar Galaxy 

Spectrophotometer (BMG Lab technologies). 

CLONOGENIC SURVIVAL ASSAY 

U2OS cells expressing GFP or survivin-GFP were seeded at 500 cells per 10 cm2 

tissue culture dish, allowed to adhere overnight and then incubated in 

starvation media (Hanks’ balanced salt solution) for 24 h. The following day, 

starvation media was replaced with complete media and the cells left to grow 

in standard cell culture conditions for two weeks. Cells were washed gently with 

warm PBS, stained with 2ml methylene blue dye (1% methylene blue (w/v) in 

ethanol) per dish for 1 h, rinsed with water and inverted to dry. 

Percentage survival was calculated by expressing the colony number on each 

treated plate as a percentage of the mean colony number on untreated dishes 

for the same cell line.  

CO-IMMUNOPRECIPITATION.  

Flag-tagged co-immunoprecipitation  

Exponentially growing Hek293T cells stably expressing GFP-LC3 were seeded at 

a density of 1 x 105 per well on a 6 well tissue culture plate and allowed to 

adhere to the surface overnight at 37°C and 5% CO2 in a humidified incubator. 

The following day, cells were transfected with plasmids for the expression of 

flag, flag-survivin, or flag-survivinF61A,L64A. After 16-24 h cells were washed 

gently with ice-cold PBS and harvested by scraping into 700 µl freshly made ice-

cold lysis buffer (50 mM TrisHCl pH 4, 150 mM NaCl, 1 mM EDTA, 1% Triton x-
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100, 1 µg/ml CLAP containing chymostatin, leupeptin, antipain and pepstatin A, 

and 100 µM AEBSF) and lysed on ice for 30 min with gentle pipetting. DNA and 

cell debris were pelleted by centrifuging the lysate at 17,000 xg for 10 min at 

4oC and the supernatant lysate retained. 20 µl of this lysate was removed as an 

input sample and boiled in 20µl 2x sample buffer (125 mM TrisHCl pH 6.8, 4% 

SDS, 20% glycerol, 0.004% bromophenol blue) in a heat block at 90oC for 3 min. 

Anti-Flag M2 Affinity Gel (25 µl per condition, 50:50 slurry) was washed 3x in 

cold TBS (50 mM TrisHCl pH 7.4, 150 mM NaCl) made fresh from 10x stock, and 

centrifuged at 5,000 xg for 30 seconds at 4oC. Remaining cell lysate was 

incubated with M2 gel for 2 h at 4oC with end-over-end rotation before washing 

3x with 1 ml TBS at 500 xg and 4oC to remove unbound species. M2 gel was 

then boiled in 30 µl 2x SDS loading buffer (125 mM TrisHCl pH 6.8, 4% SDS, 20% 

glycerol, 0.004% bromophenol blue) and stored at -20oC. 

 

GFP-tagged co-immunoprecipitation.  

Exponentially growing Hek293T cells were seeded as per flag-tagged co-

immunoprecipitation. The following day cells were transfected with plasmids 

for the expression of GFP-LC3 and either survivin or survivinF61A,L64A. After 16-

24 h cells were harvested and re-seeded onto 10 cm tissue culture plates and 

grown on until a confluence of 80% was reached. Cells were then washed with 

1 ml ice-cold tris-buffered saline (TBS) twice before scraping into 1 ml cold TBS 

and centrifuging at 500 xg for 3 min at 4oC to pellet the cells. The cell pellet was 

resuspended in 1 ml ice-cold lysis buffer (10 mM Tris-Cl pH 7.5; 150 mM NaCl; 

0.5 mM EDTA; 0.5% NP40; 1 µg/ml CLAP containing chymostatin, leupeptin, 

antipain and pepstatin A; 1 mM PMSF) and kept on ice for 30 minutes with 

gentle pipetting. DNA and cell debris were pelleted as per flag-tagged co-

immunoprecipitation. A sample of supernatant lysate (20 µl) was removed as 

an input sample and the remaining lysate supplemented with 300 µl dilution 

buffer (10 mM Tris-Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA). 
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GFP-Trap A beads (25 µl per condition, 50:50 slurry, Chromotek) were washed 

twice in 500µl cold dilution buffer, centrifuging at 2,500 xg for 2 min at 4oC to 

pellet beads between washes. Lysate samples were added to the beads and the 

mixture incubated at 4oC for 1 h with end-over-end rotation. Beads were 

washed with 500 µl cold dilution buffer, centrifuging at 2,500 xg for 2 min at 

4oC to pellet beads and the supernatant removed. Bead pellets were 

resuspended in 100 ul of 2x sample buffer (120 mM Tris/Cl pH 6.8; 20% glycerol; 

4% SDS; 0.04% bromophenol blue; 10% β-mercaptoethanol), boiled for 10 min 

at 90oC to dissociate immunocomplexes from beads and stored at -20oC. 

STATISTICAL ANALYSIS  

Experimental data was collated using MS Excel software. Graphs were 

generated, and statistical analyses performed with GraphPad Prism software. 

To ensure reproducibility, experiments were repeated independently three 

times where possible. For each experiment, clonogenic and resazurin 

experiments were performed in triplicate, and 15-30 cells were imaged per well 

for fluorescence microscopy experiments. 

All error bars shown indicate standard error of the mean (SEM) calculated by 

the following equation: 

SEM  =   SD / √ n 

where SD = standard deviation of the sample mean, n = sample size. 

The sample size of measurements taken for autophagosome and lysosome 

analyses was considerable, increasing the chance of introducing outliers due to 

experimental error. For these experiments, outliers were identified and 

removed using GraphPad Prism ROUT method with a coefficient Q of 1%. The 

ROUT method combines robust regression and outlier removal techniques and 

coefficient Q defines how aggressively the technique defines outliers. The 

sample size indicated on graphs excludes values by the ROUT method.  
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To assess whether a difference between two datasets was representative of 

the difference in the true population, the student’s t-test was used to compare 

data sets. The t-test used was a Welch’s unpaired, two-tailed t-test, which 

means that the variance within each data set is not assumed to be the same 

between data sets, the data sets being compared were samples from different 

populations (unpaired), and the distribution of data about the mean was 

normal (two-tailed).  

Where multiple datasets needed to be compared, a one-way ANOVA test was 

used, followed by a post-hoc Dunnett’s test for multiple comparisons, to assess 

the significance of any difference between a dataset mean and the 

experimental control mean. This method applies corrects for multiple 

comparison bias, whereby the more comparisons an investigator makes, the 

more likely they are to identify a significant difference. 
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RESULTS 

SURVIVIN ASSOCIATES WITH LC3 THROUGH AN LC3-INTERACTING REGION 

Sequence analysis 

A significant number of LC3 binding partners contain an LC3-interacting-region 

(LIR)128. This region is a consensus sequence of amino acid residues following 

the pattern xxxWxxL/where x represents any amino acid – usually acidic, W 

represents a tryptophan or less commonly a tyrosine residue, and L represents 

a leucine or isoleucine residue. In addition, the preceding three N-terminal 

residues to W, and the two residues separating the W and L are frequently 

acidic and the residue immediately preceding the L is often hydrophobic135.A 

functional LIR motif needs to be exposed on the outer surface of a folded 

protein, specifically on an exposed flexible strand which could potentially form 

a beta sheet135, and is likely to be evolutionarily conserved.  

To investigate whether survivin has an LIR by which it interacts with LC3, the 

primary, secondary and tertiary structures of survivin were analysed. 

Sequence analysis of the survivin peptide identified five putative LIR motifs: 

WPFL25; FKEL64; FLSV89; FEEL96 and FLKL104, illustrated in figure 3.1.1. Only motif 

one has a hydrophobic residue immediately N-terminal from the L; a 

phenylalanine (phe, F). Motifs two and four have an acidic residue N-terminal 

to the L. Motif five alone has an acidic residue N-terminal to the W position; a 

glutamic acid (glu, E). By sequence alone, no single putative LIR stood out as 

more likely to be a true LIR. 

To identify whether these putative LIR motifs are conserved across vertebrates, 

the human survivin protein sequence was compared with that of cat, mouse, 

chicken and frog homologues identified using the protein sequence similarity 

search program FASTA161, provided by EMBL-EBI and aligned using the BLAST159 

tool provided by NCBI (table 3.1.1). Putative LIR motifs at sites 2, 3 and 5 are 

more conserved than the others, making them more likely to be true LIRs. 



Results 
 

 
47 

 
 

 

To extend this investigation to other kingdoms, a sequence logo was produced 

from alignments of survivin homologues CSC1_CAEEL (nematode); BIR1_YEAST; 

BIRC5_HUMAN; BIRC5_PONAB (orangutan); BIRC5_PIG; BIRC5_FELCA (cat); 

BIRC5_BOVIN (cow); BIRC5_CANFA (dog); BIRC5_MOUSE and BIRC5_RAT. A 

sequence logo is a graphical representation of an amino acid or nucleic acid 

multiple sequence alignment developed by Schneider and Stephens162. One 

stack on the logo represents a single position in the sequence. The height of the 

stack represents the sequence conservation, and the height of each symbol in 

the stack indicates the relative frequency of each amino acid at that position. 

The sequence logo was generated with the multiple alignment tool 

ClustalW2163 (10 iterations, EMBL-EBI) and WebLogo164 software as shown in 

figure 3.1.2. 

The results from analyses of primary sequence, secondary structure and 

sequence alignment suggested that site two, FKEL64, was the most likely 

candidate for a functional LIR in survivin since it alone is located at a flexible 

strand capable of forming a beta sheet and is well conserved in other mammals. 



 

 
 

 
 

 

Figure 3.1.1: Putative LIR motifs in survivin. (A) Amino acid sequence of survivin with putative LIRs underlined in red, above the its secondary structure (UniProt O15392). 

(B) Putative LIR sites with critical aromatic and hydrophobic residues highlighted. (C) Crystal structure of survivin with putative LIRs indicated in purple (UCSF Chimera from 

www.ebi.ac.uk Protein Data Bank id 1e31) 



 

 
 

 
 

 

Table 3.1.1: Conservation of LIR motifs in survivin. Alignment of the human survivin protein sequence with homologues in other species. Grey shading indicates putative 

LIR found in human survivin and matching sequences in other vertebrate species.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

human M G A P T L P P A W Q P F L K D H R I S T F K N W P F L E G C A C T P E R M A E

cat M G A S S L P P A W Q L Y L K D H R I S T F K N W P F L E G C A C T P E R M A E

mouse M G A P A L P Q I W Q L Y L K N Y R I A T F K N W P F L E D C A C T P E R M A E

wolf M G A S S L P P A W Q L Y L K D H R V S T F K N W P F L E G C A C T P D R M A E

chick A E M L P K E W L V Y L V S T R A A T F R N W P F T E G C A C T P E R M A A

frog P S M P D E W R L Y K L A S R L R T F S N W P F T E D C A C T P E R M A E

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80

human A G F I H C P T E N E P D L A Q C F F C F K E L E G W E P D D D P I E E H K K H

cat A G F I H C P T E N E P D L A Q C F F C F K E L E G W E P D D D P I E E H K K H

mouse A G F I H C P T E N E P D L A Q C F F C F K E L E G W E P D D N P I E E H R K H

wolf A G F I H C P T E N E P D L A Q C F F C F K E L E G W E P D D D P I E E H K K H

chick A G F V H C P S E N S P D V V Q C F F C L K E L E G W E P D D D P L E E H

frog A G F V H C P T D N S P D V V K C F F C L K E L E G W Q P E D D P M D E H

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116

human S S G C A F L S V K K Q F E E L T L G E F L K L D R E R A K N K I A K E

cat S S G C A F L S V K K Q F E E L T L S E F L K L D K E R A K N K I A K E

mouse S P G C A F L T V K K Q M E E L T V S E F L K L D R Q R A K N K I A K E

wolf S S G C A F L S V K K Q F E E L T L S E F L K L D K E R A K N K I A K E

chick K K H S A G C A F A A L Q K D P S N L T V Q E F L K L D K K R T K N V I K K A

frog K K H S P S C L F I A L K K K A E E L T L S E F L K L D L E H T K I K M Q K Q

117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142

human T N N K K K E F E E T V K K V R R A I E Q L A A M D

cat T N H K Q K E F E E T A K R V R C A I E Q L A A L E

mouse T N N K Q K E F E E T A K T T R Q S I E Q L A A

wolf T N N K Q K E F E E T A K K V R C A I E Q L A A A E

chick I S Q K E T D I E D V A K G V R H A I E N M G

frog M N L H I E R F Q A K A N E V R G H L E K L D A
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Figure 3.1.2: Sequence Logo for mammalian survivin homologue alignments. Putative LIRs 

are shown as black bars. Developed using WebLogo (http://weblogo.berkeley.edu). 

 

Generation of survivin mutants. 

To investigate the relevance of the five putative LIR sites of survivin in a 

biological context, plasmids were generated to express survivin with point 

mutations at these sites. 

Initially, mutations were made in all the LIR sites to eliminate any possibility of 

LC3 interaction. Position 1 in each LIR was replaced with an alanine (ala,A) 

which is a relatively small amino-acid lacking a reactive side chain. A mutant 

was generated in a pcDNA3.1 plasmid outside of this study and designated 

survivinpent to represent the five point-mutations L25A, L64A, V89A, L96A and 

L104A.  A GFP-tagged construct was also generated. For this study, restriction 

digestion techniques were used to generate two additional plasmids – pcDNA 

3.1-flag-survivinpent and pDsRed1-N1-survivinpent. 
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In addition, mutant constructs were generated in pcDNA where the ‘W’ and ‘L’ 

residues of the most likely LIR, FKEL64 were both mutated to alanines. These 

mutants were designated survivinF61A,L64A and constructs were made with GFP, 

RFP (dsRed1) and flag tags. 

The localization of survivinpent was assessed by transient transfection of U2OS 

cells with the RFP-tagged construct, alongside survivinwild-type. At interphase, 

survivinwild-type was predominantly cytoplasmic, but survivinpent adopted a 

diffuse localisation throughout the cytoplasm and nucleus, and lobular nuclei 

were commonly observed (figure 3.1.3A). After treatment with RAP/CQ for 2 

hours, survivinpent but not survivinwild-type showed a marked accumulation 

around the nucleus, potentially at the nuclear lamina (figure 3.1.3B). In mitotic 

cells, visualised after release from prometaphase arrest with the Eg5-inhibitor 

dimethynestron, survivinpent failed to localise to the centromeres of the 

chromosomes, yet survivinwild-type localised normally (figure 3.1.3C). 

To assess the level of survivinpent mutant expression, Hek 293T cells were 

transiently transfected with flag-survivinpent (figure 3.1.3D) and U2OS cells with 

survivinpent-GFP (figure 3.1.3E). Cell lysates were analysed by immunoblotting 

which suggested that both flag-survivinpent and survivinpent-GFP were expressed 

at much lower levels than flag-survivinwild-type. 

To investigate the localisation of survivinF61A,L64A, an RFP-tagged construct  was 

transiently transfected into U2OS cells alongside survivinwild-type-RFP. At 

interphase, survivinF61A,L64A was predominantly cytoplasmic, and did not display 

any unusual localisation after RAP/CQ treatment similar survivinwild-type (figure 

3.1.4A-B). However, like survivinpent, survivinF61A,L64A failed to localise to the 

centromeres during mitosis. 

 



Results 

52 
 

 

Figure 3.1.3: Survivinpent expression in mammalian cells. U2OS cells were transiently 

transfected with survivinwild-type-RFP or survivinpent-RFP (A), and either treated with RAP/CQ for 

two hours (B) or with dimethylnestron overnight (C) before imaging live. (D) Hek 293T cells 

expressing GFP-LC3 were transiently transfected with flag-survivinwild-type or flag-survivinpent 

before SDS-PAGE and immunoblotting with anti-survivin and anti-lc3. (E) U2OS cells were 

transiently transfected with survivinwild-type-GFP or survivinpent-GFP before SDS-PAGE and 

immunoblotting with anti-survivin and anti-tubulin. Figures are representative of three 

independent experiments. Scale bars 10 µm 
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Hek 293T cells transiently transfected with flag-survivinF61A,L64A expressed lower 

levels of the protein than cells transfected with flag-survivinwild-type (figure 

3.1.4D), though the mutant construct did show improved expression compared 

to flag-survivinpent.  

 
 

Figure 3.1.4: SurvivinF61A,L64A expression in mammalian cells. U2OS cells were transiently 

transfected with survivinwild-type-RFP or survivinF61A,L64A-RFP (A) and treated with RAP/CQ for 2h 

(B) before imaging live. (C) U2OS cells were transiently transfected with survivinwild-type-GFP or 

survivinF61A,L64A-GFP and imaged live. (D) Hek 293T cells expressing GFP-LC3 were transiently 

transfected with flag-survivinwild-type or flag-survivinF61A,L64A and expression analysed by 

immunoblotting with anti-LC3 and anti-survivin.  Scale bars 10 µm. Figures are representative 

of three independent experiments. 

 
The poor expression of survivinpent constructs, along with the unusual cellular 

localization at interphase and lack of centromeric association at mitosis led to 

the conclusion that this mutant was a poor choice for studying the LC3-survivin 

interaction in an autophagic context as it would be difficult to distinguish 

whether the effects of mutant expression were due to interference with other 
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functions of survivin. For this reason, the survivinF61A,L64A mutant was selected 

for further investigation. 

Co-Immunoprecipitation of survivin and lc3 

To investigate the importance of the FKEL64 LIR motif in the association of 

survivin with LC3, co-immunoprecipitation was performed with both wild-type 

survivin, and survivinF61A,L64A. 

Co-immunoprecipitation experiments were performed on Hek 293T cell 

lysates, using agarose beads coated with antibodies, to confirm published data 

on the interaction of survivin and LC3. As shown in figure 3.5A, GFP-LC3 

associates with flag-tagged survivin, but not flag alone, when co-

immunoprecipitated with anti-flag agarose beads. In the reciprocal experiment 

shown in figure 3.5B, survivin associates with GFP-LC3 but not GFP alone, when 

co-immunoprecipitated with anti-GFP agarose beads. These experiments were 

performed in triplicate and band intensity of immunoblots quantified using 

ImageJ software (figure 3.5C and D).  

In contrast to wild-type survivin, figure 3.1.5A and B illustrates that 

survivinF61A,L64A does not associate with LC3 when co-immunoprecipitated with 

either flag-survivin or GFP-LC3.  
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Figure 3.1.5: F61A,L64A  mutation prevents survivin-LC3 co-immunoprecipitation: (A) Hek 

293T cells expressing GFP-LC3 were transiently transfected with either flag, flag-survivin wild-

type or flag-survivinF61A,L64A. Lysates were immunoprecipitated with anti-flag antibodies and 

analysed by immunoblotting for survivin and LC3. Blot shown is representative of 2 

experiments. (B) Hek 293T cells expressing GFP or GFP-LC3 were transiently transfected with 

survivinwild-type or survivinF61A,L64A. Lysates were immunoprecipitated with anti-GFP antibodies 

and analysed by immunoblotting for survivin and GFP. Blot shown is representative of 3 

experiments. (C) Quantitation of western blots illustrated in (A) using ImageJ. (D) Quantitation 

of western blots illustrated in (B) using ImageJ. All error bars indicate SEM. **P<0.005, 

**P<0.005. a=one-way ANOVA, d=Dunnett’s multiple comparisons test. 

 
The results from these experiments confirm the findings by Roca et al (2008)4 

that survivin associates with LC3 in human cells. Importantly, they also indicate 

that this association occurs through a canonical LIR motif at F61KEL, which 

suggests that this is a direct interaction. 
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Co-localisation of survivin and LC3 

Lipidated LC3 (LC3-II) is strongly associated with autophagosomes and is 

commonly used to label these cell compartments in fluorescence microscopy. 

To determine whether survivin interacts preferentially with autophagosome-

associated LC3, rather than LC3 freely in the cytoplasm, U2OS cells stably 

expressing RFP or RFP-survivin were transfected with plasmids for the 

expression of GFP-tagged LC3. ImageJ software was used to generate a ‘mask’ 

of RFP puncta, and a ‘mask’ of GFP puncta, and co-localised puncta were 

defined as areas where RFP and puncta significantly overlapped. To generate 

substantial numbers of autophagosomes, so that co-localisation could be easily 

visualized, cells were treated with both rapamycin and chloroquine (RAP/CQ). 

GFP-LC3 puncta were observed in all cell lines and RAP/CQ treatment 

significantly increased the number and size of these puncta (figure 3.1.6). 

Individual RFP puncta and survivin-RFP puncta were observed in some cells, 

with a small minority displaying a cluster of several puncta (figure 3.1.7A), 

where masked puncta results from ImageJ analysis are also shown. Analysis of 

GFP and RFP puncta indicated that it was rare for these puncta to co-localise, 

with less than one occurrence per cell on average, in treated and untreated 

cells. Statistically, differences between the mean number of co-localised puncta 

per cell for each cell line and treatment were not significant (figure 3.1.7B) 

Survivin-RFP did not form a significant number of puncta in most cells, and this 

is consistent with current literature that suggests it has a diffuse cytoplasmic 

localisation at interphase. The lack of co-localization found between survivin 

and LC3 puncta indicates that the autophagosome is unlikely to be the main 

site of survivin-LC3 interaction. This finding implies that survivin may 

preferentially associate with the LC3-I, since it is the lipidated form (LC3-II) that 

is enriched on the autophagosome membrane. 
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Figure 3.1.6. Localisation of RFP and GFP-LC3: (A) U2OS cells were transiently transfected 

with GFP-LC3 and RFP constructs and treated with 200 nM RAP and 120 µM CQ for 2 hours. At 

least 45 live cells were imaged per condition over 5 independent experiments. Puncta were 

identified using ImageJ software. (B) Mean number of LC3 puncta per cell from(A). (C) Mean 

size of LC3 puncta per cell from (A). Error bars show SEM. **P<0.05, ****P<0.0001. 
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Figure 3.1.7. Co-localisation of RFP and GFP-LC3: U2OS cells were transiently transfected 

with GFP-LC3 and RFP constructs and then treated with 200 nM RAP and 120 µM CQ for 2 h. 

At least 45 live cells were imaged per condition over 5 independent experiments. Puncta were 

identified using ImageJ software. (A) Examples of punctate RFP phenotypes and associated 

analysis of co-localisation with GFP-LC3. (B) Mean number of co-localised red and green 

puncta per cell from (A). Error bars show SEM. Differences between cell lines were not 

significant. Scale bar 15 µm. 

B 

C 

A 

B 
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SURVIVIN INHIBITS AUTOPHAGY VIA AN LC3-INDEPENDENT MECHANISM. 

Autophagic flux  

Autophagy is a process that occurs at a variable rate known as ‘autophagic flux’. 

Assessing the abundance of autophagic proteins at any single stage of this 

process is not sufficient to determine how rapidly cell components are being 

degraded by autophagy. The two main methods used to measure autophagic 

flux are 1, to compare the abundance of an autophagic target protein with and 

without autophagic inhibition, and 2, to monitor the abundance of an 

autophagic target protein over time in the presence of an autophagic inhibitor. 

LC3-II levels were assessed with and without autophagic inhibition to measure 

autophagic flux. U2OS cells stably expressing either GFP or survivinwild-type-GFP 

were treated with RAP to induce autophagy, CQ to inhibit degradation of 

autophagosomes, or a combination of these treatments for 2 h then analyzed 

by immunoblotting. 

Cells expressing survivin-GFP showed higher LC3-II levels in general (figure 

3.2.1A -B), with reduced autophagic flux under rapamycin-induced conditions 

compared to cells expressing GFP (figure 3.2.1C). Survivin levels changed very 

little following autophagic inhibition by CQ, and this was significantly different 

from the accumulation seen for LC3-II (P>0.005, figure 3.2.D). 

 A p62 degradation assay was also performed to monitor the accumulation of 

autophagic protein p62 over time in the presence of autophagic induction or 

inhibition. U2OS cells stably expressing GFP or survivinwild-typeGFP were treated 

with RAP or a low dose of CQ (50 µM) over a period of 8 hours, and p62 level 

assessed at regular intervals by immunoblotting.  
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Figure 3.2.1. LC3 expression: (A) U2OS cells were treated with 200nM RAP and or 120uM CQ 

for 2 h before SDS PAGE and immunoblotting. (B) Quantitation of LC3-II levels. (C) LC3-II levels 

in treated cells expressed as a percentage of LC3-II in untreated cells. (D) LC3-II and survivin 

levels in CQ-treated cells relative to untreated cells, 4 independent experiments, SE, *P<0.05, 

**P<0.005. 
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Cells treated with RAP maintained stable levels of p62 over the 8 h time period 

in both cell lines (figure 3.2.2A and B). This was comparable to the stability of 

p62 in untreated cells. 

In the presence of CQ, cells overexpressing survivin accumulated p62 more 

slowly than cells expressing GFP (figure 3.2.2-C and D) and this was confirmed 

by linear regression analysis which showed that the difference between the 

lines of best-fit for p62 accumulation in survivinwild-type-GFP and GFP cells could 

not be attributed to chance, with a probability of P<0.0001 (figure 3.2.2-E).  

Importantly, these experiments also demonstrate that survivin does not 

accumulate following autophagic inhibition, which excludes the possibility that 

survivin is either an adaptor protein like P62, or a degradation target. 

Cells overexpressing survivin showed higher LC3-II levels than control cells, yet 

when CQ was used to block autophagy, LC3-II levels did not increase to the 

same degree. This suggests that survivin is restricting autophagic flux via a 

mechanism that causes LC3-II (and therefore autophagosome) accumulation. 

P62 degradation experiments confirmed this finding by indicating that in 

conditions of autophagic inhibition, p62 accumulates more slowly in cells 

overexpressing survivin than in control cells.  Both cell lines maintained stable 

levels of p62 during autophagic induction with RAP, suggesting that an increase 

in autophagic flux and therefore p62 degradation, is accompanied by an 

increase in p62 expression to maintain homeostasis. 

Together these results suggest that survivin is associated with reduced 

autophagic flux. 
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Figure 3.2.2. P62 degradation. U2OS cells stably expressing survivin-GFP or GFP were treated 

with RAP (A and B) or CQ (C-E) for 8 hours and p62 levels assessed by immunoblotting at 2-

hour intervals. (B) Quantitation of p62 signals relative to tubulin and intensity at time 0 are 

shown in (B) and (D). (E) Linear regression of p62 accumulation in CQ treated cells. Solid lines 

indicate the line of best fit, dashed lines indicate the 95% confidence interval of each line. All 

error bars indicate SEM. 2 independent experiments per treatment. 
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Autophagosome / lysosome characteristics 

Autophagosome size and abundance 

A commonly used method to investigate autophagy is the analysis of 

autophagic bodies in cells using fluorescence microscopy. LC3 is routinely used 

to identify autophagosomes because LC3-II concentrates on autophagosome 

membranes. To monitor autophagosome size and abundance, U2OS cells 

transiently transfected with GFP-LC3 and either RFP, survivinwild-type-RFP or 

survivinF61AL64ARFP were treated with RAP and CQ for 2 h to accumulate 

autophagosomes, then imaged live. Cells expressing particularly high levels of 

LC3 were rejected so that the potential formation of non-autophagic LC3 

aggregates165 could be excluded. 

Both average size and abundance of GFP-LC3 puncta in cells expressing RFP 

(control) increased significantly after RAP/CQ treatment (figure 3.2.3 A and B), 

indicating that autophagosomes are maturing and accumulating; both signs of 

robust autophagic flux. 

The abundance of GFP-LC3 puncta in cells expressing RFP, survivinwild-type-RFP 

or survivinF61A,L64A-RFP was similar, as was the average size of puncta pre-

treatment. However, after RAP/CQ treatment the puncta in both survivinwild-

type-RFP and survivinF61A,L64A-RFP -expressing cells did not increase in size to the 

same extent as those in control cells (figure 3.2.3 A and B). This suggests that 

survivin impairs autophagosome maturation and that the LIR F61KEL is not 

required for this effect. 

A summary of the data collected from these experiments is shown in table 

3.2.1. 

Expressed  
construct 

Control RAP/CQ treated cells 

Size 
(µm2) 

Abundance 
(per cell) 

Size 
(µm2) 

Abundance 
(per cell) 

RFP 0.21 12 0.32 20 

Survivin-RFP 0.20 15 0.27 22 

survivinF61A,L64A-RFP 0.2 11 0.28 17 

Table 3.2.1: Mean size and abundance of LC3 puncta 
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Figure 3.2.3: Size and abundance of LC3 puncta: Data from figure 3.1.6 was further analysed: 

(A) U2OS cells transiently expressing RFP, survivinwild-type-RFP or survivinF61A,L64A-RFP, and GFP-

LC3 were treated with RAP/CQ for 2 h prior to live cell imaging to accumulate 

autophagosomes. (B) Mean GFP-LC3 puncta size was measured per condition, n>500 puncta 

over 4 independent experiments. (C) Mean number of GFP-LC3 puncta per cell was measured 

per condition, n>35 cells over 3 independent experiments. All error bars indicate SEM. 

*P<0.05 **P<0.005, ****P<0.0001. t=students’ t-test, a=one-way ANOVA, d=Dunnett’s 

multiple comparisons test. 
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Lysosome size and abundance 

The acidic environment of the lysosomal and autolysosomal lumina facilitates 

their identification using the cell-permeable lysosomotrophic dye LysoTracker. 

Both the abundance and size of lysosomes and autolysosomes provide us with 

a measure of the state of autophagy in a cell, allowing us to draw conclusions 

about the regulation of autophagy. 

To monitor autolysosome/lysosome abundance and size, U2OS cells stably 

expressing GFP, survivin-GFP or survivinF61AL64A-GFP were treated with CQ for 2 

h to inhibit late-stage autophagy, incubated with LysoTracker, and imaged live. 

The average size of acidic puncta in cells expressing GFP (control) increased 

significantly after CQ treatment (figure 3.2.4 A and B), suggesting that either 

lysosomes themselves are swelling, or that autolysosomes are accumulating. 

The abundance of acidic puncta reduced significantly post-treatment (figure 

3.2.4 A and C), and two possible explanations are that multiple lysosomes fuse 

with existing autolysosomes, or that lysosome generation through either 

nascent production or the ALR process is inhibited. 

The abundance of acidic puncta was similar between GFP, survivin-GFP, and 

survivinF61A,L64A-GFP -expressing cells, yet both wild-type and mutant survivin -

expressing cells contained significantly larger puncta, both before and after 

treatment, to controls (figure 3.2.4 A and B). This suggests that survivin either 

impairs autolysosome clearance, or causes lysosomal swelling, and that the LIR 

F61KEL is not required for this effect. A summary of the data collected from 

these experiments is shown in table 3.2.2. 

Expressed 
construct 

Control RAP/CQ treated cells 

Size (µm2) Abundance Size (µm2) Abundance 

GFP 0.28 66 0.45 47 

Survivinwild-type-GFP 0.34 67 0.65 40 

survivinF61A,L64A-GFP 0.35 62 0.64 39 

Table 3.2.2: Mean size and abundance of acidic puncta 
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Figure 3.2.4: Size and abundance of acidic puncta: (A) U2OS cells stably expressing GFP or 

survivin-GFP were incubated with Lysotracker Red to highlight acidic compartments, and CQ 

for 2 h prior to live cell imaging. (B) Mean acidic puncta size was measured per condition, 

n>1500 puncta across more than 30 cells over three independent experiments. (C) Mean 

number of acidic puncta per cell was measured per condition, n>30 cells over three 

independent experiments. All error bars indicate SEM. **P<0.005,***P<0.0005, 

****P<0.0001. t=students’ t-test, a=one-way ANOVA, d=Dunnett’s multiple comparisons test. 

In summary, U2OS cells contained many, small acidic puncta pre-treatment, 

which were similar in size to autophagosomes yet much more abundant, and 

treatment with CQ resulted in few, large acidic puncta. 
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Summary of autophagosome / lysosome characteristics 

A model for autophagic inhibition by survivin and CQ to explain these findings 

is shown in figure 3.2.5. It is reasonable to suppose that fusion of the immature 

autophagosome with endosomes to form amphisomes166 increases the size of 

the organelle, and that fusion of the amphisome with lysosomes increases the 

size further, due to the accumulation of membrane material.  

An interesting extension to these studies would be to design an experiment to 

allow the measurement of LC3 puncta and acidic puncta concurrently, perhaps 

with a dual-tagged LC3 construct where one tag does not fluoresce in the acidic 

lysosome environment. This would enable autophagosomes and lysosomes to 

be distinguished from autolysosomes, and more clearly indicate whether 

autophagosome/endosome/lysosome fusion is impaired. 

 

Figure 3.2.5: A model for autophagic inhibition by survivin and CQ. CQ raises the pH of 

lysosomes reducing the activity of the degradative enzymes they contain, thus preventing the 

breakdown of autolysosome content and consequently both dissolution of autolysosomes 

and the autolysosome reformation (ALR), leading to an accumulation of large acidic puncta. 

Survivin inhibits both the maturation of autophagosomes and the final phase of autophagy, 

leading to reduced autophagosome size, and an accumulation of large acidic puncta. 

Survival under autophagic stress 

To investigate whether the regulation of autophagy by survivin has an impact 

upon cell survival, both clonogenic and resazurin assays were performed. 

Clonogenic survival assays provide a means to determine how well cells 
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propagate after stress. The resazurin assay relies on mitochondrial respiration 

as a marker of cell viability over a period of days167.  

In these studies, clonogenic survival of GFP and survivin-GFP cells grown in 

starvation conditions (HBSS) was assessed. The average number of GFP-

expressing cells producing a colony during starvation was 39% of those 

producing a colony in normal growth conditions, indicating that starvation had 

a negative impact on cell growth (figure 3.2.6). Starvation appeared to have a 

reduced impact on cells expressing survivin-GFP (51%) However, the impact 

was highly variable between samples and this meant that this reduced impact 

was not statistically significant (figure 3.2.6). 

 

Figure 3.2.6: Clonogenic survival during starvation: U2OS cells stably expressing GFP or 

survivinwild-type-GFP were treated with RAP for 2 hours, then incubated for 2 weeks in 

complete media. Survival is expressed as colonies on treated plates as a percentage of 

colonies on untreated plates. The mid-line indicates the median, and the upper and lower 

extremes of the box indicate Q3 and Q2 respectively. Whiskers represent the upper and lower 

extreme values of the data. Three replicates in each of two independent experiments. 

Resazurin assays were performed to assess the impact of serum-free media; 

PBS (serum, amino-acid and glucose -free media); H2O2 media (to induce 

mitochondrial stress) and growth after 2 h of RAP treatment upon viability of 

U2OS cells expressing GFP, survivin-GFP or survivinF61A,L64A-GFP (figure 3.2.7).  

Results indicated that all cells had the highest viability in complete media, and 

the lowest in H2O2 and PBS medium, where very little mitochondrial respiration 

could be detected after 1 day (figure 3.2.7 A-C). All cell lines showed a 50% 

reduction in viability when grown in serum-free media compared to complete 

media (figure 3.2.7 A-C), yet the response to RAP treatment varied significantly 



Results 

69 
 

(figure 3.2.7 D-E). Survivin-GFP appeared to be particularly sensitive to RAP 

with a reduction in viability of around 60% while GFP and survivinF61A,L64A-GFP -

expressing cells only showed a 40% reduction (figure 3.2.7 D-E).  

 

Figure 3.2.7. Viability under autophagic stress: U2OS cells stably expressing GFP, survivinwild-

type-GFP or survivinF61A,L64A-GFP were treated with RAP for 2 h or grown in various media for 6 

days and assessed for viability, n=3. (A) Viability of cells expressing GFP and grown various 

media. (B) Viability of cells expressing survivinwild-type-GFP and grown various media. (C) 

Viability of cells expressing survivinF61A,L64A-GFP and grown various media.  (D) Viability of each 

cell line after in RAP treatment. (E) Non-linear best fit of data from (D). All error bars indicate 

SEM. 
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Both the clonogenic and resazurin experiments showed that starvation had a 

similar effect on the viability of cells expressing GFP, survivin-GFP, yet inhibition 

of mTOR and associated autophagy induction was more detrimental to cells 

expressing high levels of wild-type survivin. This suggests that the long-term 

effect of mTOR inhibition on cell viability in cells expressing high levels of 

survivin are partially due to the LIR F61KEL, since mutations at F61 and L64 

showed a viability similar to cells expressing GFP alone. 

At first it may seem surprising that RAP and starvation have different effects on 

cell viability, since both treatments induce autophagy. However, literature 

suggests that RAP and starvation do indeed have different effects on cellular 

processes168–170. For example, in murine macrophages infected with 

B.pseudomallai bacteria , the RAP response is beclin-1 independent whereas 

the starvation response is beclin-1 dependent168. Thus, the studies in this 

section indicate that wild-type survivin overexpression has a negative impact 

on cell growth when mTOR is inhibited, but not in starvation conditions. 

Importantly, aside from nutrient and growth factor levels, mTOR is regulated 

by DNA damage. Since survivin-expression is related to cell survival2, it is 

possible that mTOR inhibition by RAP may be suppressing cell division in cells 

with high levels of survivin. Following DNA damage, temporary suppression of 

cell division could have a positive impact on the long-term survival of the cell. 

Indeed, recent research suggests that quiescence is a major factor in cell 

survival following cancer therapy171. 
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RESIDUES F61 AND L64 ARE REQUIRED FOR MITOTIC LOCALISATION OF SURVIVIN 

Localisation of survivinF61A,L64A 

  
At interphase survivin assumes a diffuse, predominantly cytoplasmic 

localisation. As a member of the chromosomal passenger complex, survivin 

binds to phosphorylated histone H3 at the centromeres and guides the 

chromosomes during early mitosis. At anaphase, survivin decorates the 

midzone while chromosomes migrate towards opposing spindle-poles, and at 

telophase it localises to the midbody40. 

To investigate whether the LIR F61KEL is required for the localisation of survivin, 

U2OS cell lines stably expressing GFP, survivin-GFP or survivinF61A,L64A-GFP were 

imaged live by fluorescence microscopy. To obtain images at different stages of 

mitosis, cells were arrested at prometaphase using an Eg5 inhibitor overnight, 

then released prior to imaging (figure 3.3.1). To confirm the location of survivin 

relative to the mitotic spindle and chromosomes, cells were fixed and 

immunostained for tubulin and counterstained with DAPI (figure 3.3.2). 

As previously reported, wild-type survivin tagged with GFP adopted a diffuse, 

predominantly cytoplasmic distribution at interphase, localised with 

centromeres at prophase and metaphase, and at the midzone in anaphase and 

telophase. However, although survivinF61A,L64A-GFP localised as wild-type at 

interphase and telophase, it failed to localise normally at prophase, metaphase 

and anaphase where it adopted a diffuse distribution (figures 3.3.1 and 3.3.2). 
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Figure 3.3.1: Localisation of survivin during the cell cycle. U2OS cells stably expressing 

survivin-GFP or survivinF61A,L64A-GFP (green) were subjected to live fluorescence imaging. DNA 

stained by Hoechst (blue). Examples of cells at different mitotic stages are presented. Scale 

bar 10 µm. Images are representative of multiple cells visualised in a single experiment.
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Figure 3.3.2: Localisation of survivin relative to the mitotic spindle during the cell cycle. 

U2OS cells stably expressing GFP, survivinwild-type-GFP or survivinF61A,L64A-GFP (green) were 

stained with Hoechst (blue) to visualise DNA, then fixed with formaldehyde and 

permeabilised with Triton X100 before immunostaining for tubulin (red) to visualise the 

mitotic spindle. Examples of cells at different life cycle stages are presented. Scale bar 15 µm.  

Images are representative of multiple cells visualised in a single experiment 
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Results from these experiments indicate that SurvivinF61A,L64A-GFP not only fails 

to localise to centromeres during early mitosis but is unable to localise to the 

midzone in anaphase. 

Failure to localise to centromeres could be explained by location of the survivin 

mutations. As illustrated in figure 3.3.3, the F61KEL sequence lies within a 

pocket in the BIR domain that forms the interaction surface for histone H3 pT3. 

This interaction is critical for the centromeric localisation of the CPC at 

prophase and metaphase44. 

 

Figure 3.3.3: Location of the LC3-binding pocket. A: Crystal structure of borealin (green) and 

the n-terminus of INCENP (purple) bound to survivin (yellow) (PDB:2QFA) with the F61KEL 

sequence highlighted in red showing that this surface is exposed in the CPC complex. B: 

Crystal structure of survivin (yellow) bound to the tail of histone H3 (blue) (PDB:3UED). 

Images generated using UCSF Chimera29. 

 

However, interference with the histone-survivin interaction does not explain 

the failure of SurvivinF61A,L64A-GFP to localise to the midzone at anaphase, since 

at this point survivin has dissociated from the chromosomes. 

Dephosphorylation of histone H3 with subsequent dissociation from survivin is 

required for the CPC to dissociate from chromosomes at the metaphase-to-

anaphase transition44. This suggests that the failure to bind to LC3 could be the 

cause of this mislocalisation, perhaps through the interaction between LC3 and 

microtubules137. 
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Co-immunoprecipitation of survivin and histone H3 pT3   

As part of the CPC, survivin binds to the H3 tail of histone, phosphorylated at 

threonine 3 (histone H3 pT3) to regulate the congression of chromosomes at the 

spindle midzone during mitosis. To further investigate why survivinF61A,L64A fails 

to localise to the centromeres at prophase and metaphase, the association of 

this mutant with histone H3 was analysed by co-immunoprecipitation. 

Hek 293T cells expressing GFP-LC3 were transfected with flag-tagged survivin 

constructs and incubated for 24 h, then lysed and proteins immunoprecipitated 

with anti-flag M2 affinity gel. Immunoprecipitates were immunoblotted for 

histone H3 pT3 (figure 3.3.4). 

 

Figure 3.3.4: Histone H3 pT3 does not co-immunoprecipitate with survivinF61A,L64A. Hek 293T 

cells expressing GFP-LC3 were transfected with flag-tagged survivin constructs, lysed and 

immunoprecipitated with anti-flag M2 affinity gel, and immunoblotted for histone H3 pT3. 

Image taken from a single experiment. 

 

Flag-survivinwild-type and flag-survivinF61A,L64A proteins both precipitated with 

anti-flag matrix but histone H3 pT3 only co-immunoprecipitated with wild-type 

survivin which indicates that residues F61 and L64 of survivin are critical for this 

interaction. This aligns with findings in section 3.3 which demonstrate that 
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unlike wild-type survivin, survivinF61A,L64A fails to localise to the centromeres. In 

support of these findings, figure 3.3.3 illustrated that the crystal structure of 

survivin bound to the tail of histone H3 indicates that histone H3 and LC3 bind 

to the same pocket on the surface of the BIR domain of survivin. It seems 

reasonable to hypothesise that both proteins could not bind to survivin 

simultaneously and may therefore compete for this site, though further study 

such as saturation binding is required to confirm this. Mitotic arrest before co-

immunoprecipitation may also improve this experiment by increasing the 

availability of Histone H3 pT3. 
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DISCUSSION 

CONCLUSIONS 

As its name implies, survivin is a protein that promotes cell viability172. It is well 

established that survivin is essential for mitosis43,173 and inhibits apoptosis by 

reducing caspase activity172,174. Overexpression of survivin in cancer correlates 

with increased resistance to chemotherapy60 and irradiation17, and poor 

prognosis for the patient. This correlation is reproduced in cell culture17,35,175. 

Interestingly, it was recently discovered that in addition to inducing DNA 

damage, irradiation stimulates autophagy176. It has also been reported that 

survivin co-immunoprecipiates with the autophagic proteins, LC34, beclin126, 

LAMTOR5/HBXIP14 and Atg5177 and that survivin expression is linked to 

autophagy and cell death. This thesis aimed to discover whether survivin 

expression could regulate autophagy to prevent autophagic cell death. 

The data presented herein establishes the following: 

Survivin regulates autophagic flux, autophagosome and acidic puncta size 

independent of its association with LC3. 

Survivin does not co-localise with autophagic puncta. 

Survivin contains an LIR at residues 61-64 which is essential to the association 

with LC3.  

Survivin increases sensitivity to rapamycin treatment in a manner that is partly 

dependent upon residues F61 and L64. 

In addition to these main findings, this study revealed an unusual localisation 

of the survivinpent mutant, which localised to the periphery of highly lobular 

nuclei after combined RAP and CQ treatment, in a pattern suggestive of the 

nuclear lamina. Further study is required to identify which of the five point 

mutations in survivinpent are responsible for this aberrant localisation, and 

whether there is a connection to the autophagy of the nuclear lamina178 or 

progeria syndrome; a condition caused by a mutant form of lamin A which 
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changes the structure of the nuclear lamina and affects the localisation of 

ran179; a GTPase known to interact with survivin24. 

 

Survivin regulates autophagic flux, autophagosome and acidic puncta size 

independent of its association with LC3. 

Data presented in this thesis indicate that both LC3-II and P62 accumulate more 

gradually after CQ treatment in survivin-overexpressing cells, which implies 

that autophagic flux is reduced in cells overexpressing survivin. This finding is 

in line with a studies using the survivin inhibitor YM155 which showed that 

survivin suppression induced autophagy-dependent cell death in both prostate 

cancer cells180 and adenoid cystic carcinoma cells181
. Impairment in autophagic 

flux has been associated with neurodegenerative diseases such as Alzheimer's 

disease; muscular and cardiovascular diseases; immune-mediated diseases, in 

which autophagy mediates pathogen clearance or inflammation; and cancer, 

where autophagy can be associated with tumour suppression but also 

chemoresistance182. Dysregulation of autophagy by survivin may constitute 

part of the mechanism by which tumourigenesis occurs. 

Survivin overexpression was also associated with reduced autophagosome size. 

The apparent contradiction with a recent research paper which reported that 

survivin-depleted murine erythroblasts harboured smaller cytoplasmic 

vacuoles compared to control cells, may be explained by the use of different 

model organisms151. In this study, we found that autophagosomes were smaller 

in cells overexpressing survivin than in control cells, yet their size still increased 

with CQ treatment. This suggests that survivin restricts autophagosome size but 

does not prevent cells from reaching late-stage autophagy, where CQ causes 

the accumulation of mature autophagosomes and autolysosomes.  

The acidic lumina of lysosomes and autolysosomes were visualised with a cell-

permeable lysotrophic dye. These experiments showed that survivin 

overexpression was associated with increased average acidic puncta size. 

Canonical lysosomes are by nature the smaller of these two vesicles 
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(lysosomes: 50-500 nm in diameter183; autophagosomes 500-1500 nm184), and 

therefore larger acidic puncta are more likely to be autolysosomes created by 

the fusion of autophagosomes with lysosomes. CQ treatment also resulted in 

increased average puncta size, caused by the accumulation of late-stage 

autophagosomes/autolysosomes and indicating that these vesicles are unable 

to complete the degradation stage of autophagy. It seems possible therefore, 

that survivin is having a similar effect on autophagy, and inhibiting final-stage 

autophagy. 

Surprisingly, the mutation of the LIR site in the primary sequence of survivin 

from F61KEL to A61KEA had no impact of the regulation of autophagosome or 

acidic puncta size or number. This finding suggests that the association of 

survivin with LC3 is not responsible for autophagic regulation, and that an 

alternative mechanism must be involved (further discussed in section 4.2). 

Survivin does not co-localise with autophagic puncta.  

The association of survivin with LC3 initially suggests they may co-localise at 

autophagosomes, yet no evidence of co-localisation was found. This implies 

that rather than associating with LC3 on autophagosomes, survivin interacts 

with LC3 elsewhere in the cell in an autophagosome-independent manner 

(further discussed in section 4.3) 

Survivin contains an LIR at residues 61-64 which is essential to the association with 

LC3. 

The iLIR integrated bioinformatics service185 identifies five putative LC3 

interaction regions (LIRs) in the survivin primary sequence. Only one region, 

F61KEL, is well conserved and located on a flexible strand, making it more likely 

to interact with the beta-sheet of LC3135. Using site-directed mutation and co-

immunoprecipitation techniques this research has shown that this LIR is 

essential to the association of survivin with LC3. 
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Survivin increases sensitivity to RAP treatment in a manner that is dependent 

upon residues F61 and L64. 

Cells overexpressing survivin are particularly sensitive to RAP treatment. 

Decreased cell viability could indicate a higher incidence of cell death, or 

reduced cell division. Cells maintained in a non-proliferating quiescent state for 

long time intervals is a frequent clinical phenomenon in cancer biology186. The 

quiescent state protects these cells from anti-proliferating agents and is 

therefore an important factor of resistance to chemotherapy186. It is possible 

that mTOR inhibition triggers quiescence in cells with high levels of survivin, 

and this may promote the survival of these cells in the long-term. Concurrent 

with this possibility, survivin has recently been identified as a marker for 

quiescent  breast cancer stem cells, where it favours metastasis187. The 

mutation of the LIR site F61KEL reduced sensitivity to RAP treatment, implying 

that the long-term effect of mTOR inhibition on cells expressing high levels of 

survivin are partially due to the LIR F61KEL or interaction with LC3. 
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UNDERSTANDING THE MECHANISM AND PURPOSE OF AUTOPHAGIC INHIBITION BY 

SURVIVIN. 

One possible mechanism is the regulation of immature autophagosome fusion 

with endosomes to form amphisomes26, a process that increases the size of the 

resulting vesicle. Survivin could regulate fusion via the interaction with 

LAMTOR5/HBXIP on the lysosome surface. Another possibility is that building 

blocks required for autophagosome expansion, such as Atg5 and beclin1, both 

of which interact with survivin, are less readily available in cells expressing high 

levels of survivin. In support of this theory, recent research in the Wheatley lab 

has found that mitochondrial survivin regulates the activity of 

phosphatidylserine decarboxylase, the enzyme responsible for conversion of 

phosphatidylserine to PE (unpublished data), and PE is conjugated to LC3 to 

form the LC3II on the autophagosome surface (unpublished data). 

Since survivin-LC3 interaction has been excluded as the mechanism by which 

survivin regulates autophagy, the question of how survivin achieves this 

regulation remains to be determined. Survivin has been shown to interact with 

three other proteins involved in autophagosome formation; beclin126, Atg5150, 

and LAMTOR5/HBXIP14. Beclin1 is important for the localization of autophagic 

proteins to the phagophore and is also involved in membrane trafficking91 and 

Atg5 is involved in the extension of the phagophore and LC3 lipidation and 

associates with survivin in the nucleus following DNA damage150. Thus, survivin 

may inhibit phagophore formation and extension via these proteins. LAMTOR5 

forms part of the ragulator complex responsible for locating mTORC1 at the 

lysosome surface when amino acids are abundant, thus enabling its activation 

and subsequent autophagic inhibition. In addition, Survivin has been shown to 

interact with clathrin in enucleating murine erythroblasts151. Clathrin is 

required for the formation of coated vesicles, including those used to transport 

acid hydrolases to the lysosome, and also plays a role in ALR regulation and 

therefore autophagosome homeostasis155. One or more of these interactions 

could be involved in the regulation of autophagy by survivin. A summary of 



 

82 
 

potential mechanisms for the inhibition of autophagy by survivin is illustrated 

in figure 4.2. 

 

Figure 4.2: Potential mechanisms for the inhibition of autophagy by survivin: Survivin has 

been shown to interact with beclin1, Atg-5, clathrin, LAMTOR/HBXIP and PSD, all proteins which 

have a role in autophagy. 

 

Interestingly, recent research has found that mTOR can upregulate 

survivin151,152. This suggests that autophagic suppression by survivin would be 

favoured in healthy cells with active mTOR, but not in cells under stress. In 

confirmation of a link between the mTOR pathway and tumourigenesis, a paper 

published earlier this year found that hyperactivation of mTOR activity caused 

by the loss of tumour-suppressor RNF168 is associated with the accumulation 

of unrepaired DNA and genome instability188. Together these papers suggest 

that overexpression of survivin can promote tumourigenesis via genome 

instability, perhaps through reduced degradation of damaged DNA by 

autophagy. 
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One model to explain the purpose of autophagic inhibition by survivin is that 

survivin expression, restricted to mitosis in normal cells, suppresses autophagy 

to protect vulnerable chromatin from autophagic degradation in the absence 

of nuclear compartmentalisation, and to protect mitochondria from mitophagy 

while they are fragmented in preparation for their segregation into daughter 

cells. Elevated levels of survivin during interphase could lead to increased cell 

survival after DNA damage, leading to genome instability, and increased 

survival in extreme conditions where excessive autophagy might normally lead 

to cell death, such as the hypoxic environment of a tumour, or metastatic 

migration through the blood or lymph system.  
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UNDERSTANDING AND PURPOSE OF THE ASSOCIATION BETWEEN SURVIVIN AND LC3. 

This study has found that association between survivin and LC3 is not required 

for the regulation of autophagic vesicle size. Since LC3 can bind directly to 

microtubules124 and the protein FYCO1 to mediate vesicle transport105, it may 

be that LC3 has roles in intracellular trafficking beyond those of autophagy and 

that interaction with survivin is required for these roles. Intriguingly, in addition 

to abrogating LC3 interaction, the survivinF61A,L64A mutant failed to localize to 

the centromeres at prophase and metaphase, and the midzone at anaphase, 

which corroborates the finding that survivin interacts with both histone H3 pT3 

and LC3 through the same site. One intriguing possibility for the LC3-survivin 

association is that the migration of survivin as part of the CPC from 

chromosomal centromeres to the spindle midzone at the metaphase-anaphase 

transition involves the dissociation of survivin from histone H3 pT3 and the 

association of survivin with LC3 using the same binding site (figure 6.2). The 

involvement of LC3 during mitosis is supported by the recent finding that LC3-I 

levels are raised during mitosis189. This hypothesis could explain a novel aspect 

of mitosis regulation and is worthy of further investigation.  
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Figure 6.2: Proposed model for the relocation of the CPC at the metaphase-

anaphase transition. The binding of survivin to phosphorylated histone H3 pT3 

at metaphase could be replaced by an interaction with LC3 in early anaphase. 

LC3 has been shown to bind to kinesins for intracellular transport and could 

potentially be involved in localisation of the CPC to the spindle midzone at 

anaphase in preparation for cytokinesis. 
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OUTLOOK.  

The data presented in this thesis, combined with recent research, suggest that 

survivin restricts autophagic flux by regulating autophagosome maturation. 

Further studies are needed to determine which stages of autophagy are 

regulated by survivin and the mechanism through which this occurs. Studies 

which downregulate survivin would also be helpful to confirm the role of 

survivin in autophagy. The possibility that overexpression of survivin may 

induce quiescence following mTOR inhibition is also worthy of further 

investigation. 

In addition, these data show that survivin associates with LC3, through a site 

also required for Histone H3 pT3 interaction, in a manner requiring residues 

F61 and L64. Since data also indicate that this association is not required for 

autophagic regulation, an intriguing possibility has arisen that this association 

may be involved in the relocation of survivin from the centromere to the 

spindle midzone at metaphase-anaphase transition. Further research to 

investigate this hypothesis should include the use of LC3 mutants which are 

unable to bind to LIR sites, and the localisation of LC3 throughout mitosis. 

Control of cellular life and death is tightly regulated and involves complex 

signalling pathways.  Elucidating the exact roles of survivin in the cell will 

increase our understanding of its role in not only cancer, but in other 

pathologies associated with survivin dysregulation, including lung, heart and 

autoimmune disease.  
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APPENDIX 

CLONING PRIMERS 

Desired construct Primer nucleotide sequence 

survivinF61A,L64A Forward: CTTCTGCGCCAAGGAGGCGCAAGGCTGGG 

Reverse: CCCAGCCTTCCGCCTCCTTGGCGCAGAAG 

survivinF61A,L64AGFP Forward: TTTCTTCTGCGCCAAGGAGGCGG 

Reverse: CACTGGGCCAAGTCTGGC 

survivinF61A,L64ARFP 

 

Forward: TTTCTTCTGCGCCAAGGAGGCGG 

Reverse: CACTGGGCCAAGTCTGGC 

flag-survivinF61A,L64A 

 

Forward: TTTCTTCTGCGCCAAGGAGGCGG 

Reverse: CACTGGGCCAAGTCTGGC 

 

BUFFERS AND SOLUTIONS. 

Reagent Components 

Fixation solution  4% formaldehyde in PBS 

Triton X-100 solution  0.15% Triton X-100 in PBS. 

Blocking solution  1% BSA in PBS 

Laemmli running 

buffer  

25 mM Trizma, 192 mM Glycine, 0.1% SDS 

Towbin transfer 

buffer 

24 mM Trizma, 195 mM Glycine, 0.5% SDS, 10% 

methanol 

RIPA lysis buffer  

 

200 nM tris-HCl pH 8.0, 137 mM NaCl, 0.5 mM EDTA, 

10% Glycerol, 1% CA-630 (NP-40), 0.1% SDS, 1% 

Sodium deoxycholate, 1 µg/ml CLAP (chymostatin, 

leupeptin, antipain and pepstatin A), 2 mM β-

glycerophosphate, 100 µM AEBSF 
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Anti-Flag M2 lysis 

buffer  

 

50 mM tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 

1% Triton x-100, 1 µg/ml CLAP (chymostatin, 

leupeptin, antipain and pepstatin A), 100 µM AEBSF 

GFP-Trap lysis buffer 10 mM tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 

0.5% CA-630 (NP-40), 1 µg/ml CLAP (chymostatin, 

leupeptin, antipain and pepstatin A), 1mM PMSF 

Methylene blue dye  1% methylene blue (w/v) in ethanol. 

Tris-Buffered Saline 

(TBS) 

50 mM tris-HCl pH 7.4, 150 mM NaCl 

SDS sample buffer  

 

250 mM tris pH 6.8, 10% SDS, 50% glycerol, 0.5% 

bromophenol blue, 500mM β-mercaptoethanol 

Anti-flag M2 sample 

buffer. 

125 mM tris-HCl pH 6.8, 4% SDS, 20% glycerol, 

0.004% bromophenol blue. 

GFP Trap sample 

buffer  

120 mM tris-HCl pH 6.8, 20% glycerol, 4% SDS, 

0.04% bromophenol blue, 10% β-mercaptoethanol 

GFP Trap dilution 

buffer  

10 mM tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA 

Agarose gel 

 

0.8% (w/v) agarose in TAE buffer, 1:10,000 SYBR 

Safe DNA stain. 

TAE  buffer 40 mM tris-acetate, 1 mM EDTA 

 

ANTIBIOTIC CONCENTRATIONS 

Antibiotic Working concentration 

Geneticin (G418) 500 µg/ml 

Ampicillin 100 µg/ml 

Kanamycin 30 µg/ml 
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METHODOLOGIES 

DNA purification.  

The Qiagen QIAPrep Miniprep kit used to purify plasmid DNA from bacteria 

during this research relied on the principle that denatured proteins and 

genomic dna will precipitate in acidic potassium acetate, and that plasmid DNA 

will precipitate in ethanol. 

Buffer P1 is used to resuspend the bacterial cell pellet and supplies RNase. 

Buffer P2 contains SDS detergent to solubilise the bacterial cell membrane 

leading to lysis, and sodium hydroxide to temporarily denature proteins and 

DNA. During this step, RNase A digests cellular RNA. Buffer N3 contains acidic 

potassium acetate and causes the cell debris to become trapped in salt-

detergent complexes and precipitate. Plasmid DNA is smaller and will renature 

in these conditions, remaining in solution. After removing the precipitate by 

centrifugation, the cell lysate supernatant is applied to the Qiagen QIAfilter; 

designed to bind plasmid DNA, while allowing cell debris to flow through. The 

filter is then washed with PE buffer which contains ethanol to precipitate the 

plasmid DNA, ensuring that it is retained on the filter during this wash step. 

Sterile distilled water can then be used to resuspend the plasmid DNA, allowing 

it to pass through the filter. 

Polymerase Chain Reaction (PCR) 

This technique uses the principle that polymerase will bind to single stranded 

DNA in the presence of a primer and free nucleotides and generate the 

complementary strand of DNA. Repeated cycles of heating and cooling allow 

the exponential amplification of a specific region of DNA by a thermostable 

polymerase. PCR primers are single stranded fragments of DNA complementary 

to the termini of a DNA region of interest. They can be designed with 5’ 

overhangs to allow the introduction of new nucleotides, for example to enable 

subsequent restriction digestion of the amplified DNA sequence.  
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Site-directed mutagenesis 

For mutagenesis of plasmid DNA, primers are designed to be complementary 

to a sequence of DNA spanning the target site, with mismatch nucleotides to 

modify the codon for a single amino acid residue.  Primers can be designed to 

be overlapping; forward and reverse primers are designed to ensure that both 

sense and anti-sense DNA strands are amplified to include the mutation. 

Another approach is to design primers to sit ‘back-to-back’; the forward primer 

includes the required mutation and the reverse primer is designed to sit ‘back-

to-back’ with it on the antisense DNA strand. This means the resulting PCR 

reaction performs exponential amplification, rather than linear amplification as 

performed by overlapping primers. However, kinase is required in this second 

approach to anneal the ends of the double-stranded DNA product and re-create 

a circular plasmid prior to transformation. 

Generation of stable cell lines 

A cell line stably expressing a protein of interest can be generated by 

maintaining selection pressure on a transiently transfected cell. Stable cell lines 

have the advantage of consisting almost entirely of cells expressing the protein 

where transient plasmid transfection more commonly results in 30-50% of cells 

expressing the protein. In addition, stable cell lines expressing fluorescent 

proteins can be sorted by the fluorescence of each individual cell using a 

specialised cell sorter, resulting in sub-lines with high, medium or low levels of 

fluorescence. Finally, transient transfection can induce a level of stress in the 

cell resulting from the introduction of foreign material from which the stable 

cell line has recovered. 

Bradford protein assay  

Total protein concentration of cell lysate can be assessed using the Bradford 

protein assay invented by Marion Bradford in 1976. The principle of the assay 

takes advantage of a change in Coomassie Brilliant Blue G-250 dye from red to 

blue when it binds to protein in acidic conditions. The increase in absorbance 
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of the dye at 595 nm is proportional to the amount of bound dye and therefore 

to the concentration of protein in the sample. 

SDS Polyacrylamide gel electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is an 

experimental technique used to separate proteins by size. The principle of this 

technique is that proteins are unfolded and given a negative charge 

proportional to their size allowing them to be drawn through a gel at a rate 

dependent on their molecular weight.  

Cell lysates are prepared by boiling in sample buffer containing the detergent 

SDS which denatures the proteins, reducing them to their linear peptide 

sequences. Sample buffer may also contain a reducing agent such as β-

mercaptoethanol to remove di-sulphide bonds. The SDS in the buffer will also 

coat the proteins with a uniform negative charge, masking the charge of 

individual amino acid residues. This results in a charge which is approximately 

proportional to the molecular weight of the protein. When protein samples 

buffered in this way are drawn through a polyacrylamide gel matrix by an 

applied electric field, the friction with the gel combined with the charge on each 

protein effects the rate with which the protein migrates towards the anode. 

When the samples reach the end of the gel and the electric field removed, 

proteins will remain static at the point they reached within the gel. When a 

control sample with proteins of known sizes (a protein ‘ladder’) is run alongside 

experimental protein samples, it is possible to estimate the size of proteins 

identified in the gel. 

Immunoblotting 

To identify specific proteins following SDS PAGE, proteins held within the gel 

are transferred to a membrane such as polyvinylidene fluoride (PVDF) using an 

electric field applied across the gel. The hydrophobicity of this membrane and 

its small pore size means the proteins attach firmly. This membrane can then 

be probed with primary antibodies which recognise the protein of interest, and 

subsequently with secondary antibodies raised to recognise the Fc domain of 
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the primary antibody. These secondary antibodies are commonly conjugated to 

the enzyme horseradish peroxidase (HRP), enabling their detection using a 

chemiluminescent substrate such as luminol and photographic film. The 

primary antibody can also be directly conjugated to HRP, removing the need 

for a secondary antibody step, or the secondary antibody can be conjugated to 

an infrared dye enabling recognition with a suitable detector. 

P62 degradation assay for autophagic flux 

P62 is a long-lived adaptor protein which binds to ubiquitinated material in the 

cytoplasm and to LC3 on the membrane of autophagosomes. In this way it 

targets ubiquitinated material to the autophagosome for degradation by 

autophagy. P62 is degraded itself in the process of autophagy, and this 

phenomenon can be exploited to assess the rate of autophagy, or ‘autophagic 

flux’. When autophagy is stimulated in cell culture, P62 levels should fall in a 

time-dependant manner. When autophagy is inhibited P62 levels should rise. 

By studying P62 levels over time during autophagic stimulation or inhibition, 

we can determine the rate of P62 degradation, and infer the relative rate of 

autophagic flux between cell lines or growth conditions. 

Co-immunoprecipitation.  

Co-immunoprecipitation can be used to identify proteins which associate 

together within a cell. The principle of immunoprecipitation is to isolate a 

protein from cell lysate by binding it to a specific antibody fused to a substrate, 

commonly a magnetic or agarose bead. Un-bound cell components can then be 

removed by gentle washing. In co-immunoprecipitation, the isolated protein 

acts as ‘bait’ and other proteins which remain in association with it after 

washing are described as ‘prey’. These ‘prey’ proteins can then be identified by 

western blotting or protein sequencing, giving us information about proteins 

which associate with the ‘prey’ either directly or as part of a complex, within 

the cell. It is important to remember that cell lysis by nature will extinguish 

compartmentalization within the cell, which may allow the association of 

proteins which would not normally encounter each-other. 
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Overexpression of tagged ‘bait’ proteins is a useful technique both to simplify 

the isolation of the protein onto a substrate pre-coated with antibodies against 

the tag and to increase the likelihood of detecting protein association. 

However, excessive overexpression could potentially cause aggregation of a 

protein, which may lead to false positives if centrifugation is used to isolate the 

immunoprecipitation substrate and for this reason it is important to include 

negative controls. 

Clonogenic Survival Assay 

Clonogenic survival assays provide a means to determine how well cells deal 

with stress, using the principle that a single cell from an immortal cell line will 

divide exponentially to produce a colony over a period of several weeks, 

provided it survives the initial insult. 

Standard Error of the Mean 

Indicates how far a sample mean deviates from the population mean. A large 

SEM relative to the value of the sample mean indicates that the sample mean 

is not closely representative of the mean of the whole population 

Students’ t-test 

This statistical test tells us the probability of any difference between the means 

of two data sets being due to chance, i.e. the likelihood of the sample data 

being an inaccurate representation of the population. A low probability such as 

P < 0.05 (less than 5% chance) or less tells us that we can be confident that the 

difference between the means of two sample data sets is true of the 

population. Where the test returns a P value of P > 0.05 (more than 5% chance) 

we should assume that any apparent difference between the compared sample 

means is due to chance and is therefore not significant.   
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MACROS 

Batch Processing images to measure red puncta, green puncta and co-localised 

puncta. 

//This is a batch file designed for analyzing colocalised red and green 

autophagosome-sized puncta in widefield fluorescence microscopy at 1024x1024, 

bin 1x1 

//Author: Nicola Humphry, University of Nottingham, 27.12.2017. Modified from 

an original macro by Dan Shiwarski, Duvvuri Lab 2010 

//NB - size is gated by um assuming SET_SCALE has been set to an appropriate 

raw data file (eg dv image) and size (diameter) is recorded as um based on the 

set scale in imagej 

//on a dv image taken at x100 1024x1024 bin 1x1 15.5497 pixels/um - 10-1000 

gates at 0.6-64um. Need 4.5-30 to get 0.3-2um 

//on a dv image taken at x60 1024x1024 bin 1x1 9.3985 pixels/um - 10-1000 gates 

at 1-106um. Need 3-20 or similar to get 0.3-2um 

// (refs say 0.5-1.5um for autophagosomes) 

// (refs say 0.1-1.2um for lysosomes) 

 

macro "RedAndGreenPunctaBatch_v5 [F5]" { 

wait(100);  

dir = getDirectory("Choose Source Directory "); 

list = getFileList(dir); 

run("Bio-Formats Macro Extensions"); 

setBatchMode(true); 

 

for (i=0; i<list.length; i++)  

{ 

     showProgress(i+1, list.length); 

 

 if (endsWith(toLowerCase(list[i]), ".tif")) 

 { 

      open(dir+list[i]); 

  origname=getTitle; 

  print(" directory is "+dir); 

  print(" file is "+origname); 

 

  print(" split channels"); 

  run("Split Channels"); 

 

  run("Window/Level..."); 

  print(" enhance contrast"); 

  run("Enhance Contrast", "saturated=0.35"); 

  setMinAndMax(25, 96); 

  saveAs("Tiff", "C:\\coloc\\Blue.tif"); 

  close(); 

 

  run("Window/Level..."); 

  run("Enhance Contrast", "saturated=0.35"); 

  setMinAndMax(25, 96); 

  saveAs("Tiff", "C:\\coloc\\Green.tif"); 

  close(); 

 

  run("Enhance Contrast", "saturated=0.35"); 

  setMinAndMax(25, 96); 

  saveAs("Tiff", "C:\\coloc\\Red.tif"); 

  close(); 

 

  open("C:\\coloc\\Red.tif"); 

  open("C:\\coloc\\Green.tif"); 

 

  selectWindow("Red.tif"); 

  run("Subtract Background...", "rolling=14"); 

  selectWindow("Green.tif"); 

  run("Subtract Background...", "rolling=14"); 

  selectWindow("Red.tif"); 

 

  print(" autothreshold"); 

  setAutoThreshold("RenyiEntropy"); 

  setAutoThreshold("RenyiEntropy dark"); 

  run("Convert to Mask"); 

  selectWindow("Green.tif"); 
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  setAutoThreshold("RenyiEntropy"); 

  setAutoThreshold("RenyiEntropy dark"); 

  print(" convert to mask"); 

  run("Convert to Mask"); 

 

run("Merge Channels...", "red=Red.tif green=Green.tif blue=*None* gray=*None* 

create"); 

  run("Stack to RGB"); 

  run("Split Channels"); 

  

print("counting particles 0.1-2um diameter puncta. NB you must have SET_SCALE 

to the appropriate dv file first!! lysosomes and autolysosomes are 0.1-1.5um 

wide."); 

     

  selectWindow("Composite (RGB) (green)"); 

  run("Make Binary"); 

run("Analyze Particles...", "size=0.1-2 circularity=0.60-1.00  show=Masks 

display summarize"); 

   

  selectWindow("Composite (RGB) (red)"); 

  run("Make Binary"); 

run("Analyze Particles...", "size=0.1-2 circularity=0.60-1.00  holes show=Masks 

display summarize");  

 

  print("analysing colocalisation");    

 run("Colocalization ", "channel_1=[Mask of Composite (RGB) (red)] 

channel_2=[Mask of Composite (RGB) (green)] ratio=30 threshold_channel_1=15 

threshold_channel_2=15 display=255  colocalizated"); 

   

  selectWindow("Colocalizated points (8-bit) "); 

  run("Make Binary"); 

run("Analyze Particles...", "size=0.1-2 circularity=0.30-1.00 holes show=Masks 

display summarize"); 

   

  //save data 

  selectWindow("Mask of Composite (RGB) (green)"); 

  name=origname+"_green_points_mask_v5"; 

  path = dir+name; 

  print("saving "+name); 

  saveAs("jpg", path);  

     

  selectWindow("Results"); 

  results_name=origname+"_red-green-results_v5"; 

  path = dir+results_name; 

  print("saving "+results_name); 

  saveAs("text", path);  

   

  selectWindow("Summary"); 

  summary_name=origname+"_summary_v5"; 

  path = dir+summary_name; 

  print("saving "+summary_name); 

  saveAs("text", path);  

   

  print("closing windows"); 

  selectWindow(summary_name+".txt"); 

  run("Close"); 

  selectWindow("Results"); 

  run("Close"); 

  while (nImages>0)  { 

  selectImage(nImages); close();  

 }  

}  

  

} 

print("Batch processing completed!."); 
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Batch processing to measure red lysosome puncta.  

//This is a batch file designed for analyzing red lysosome-sized puncta in 

widefield fluorescence microscopy at 1024x1024, bin 1x1 

//Author: Nicola Humphry, University of Nottingham, 09.01.2018 

 

//NB - size is gated by um assuming SET_SCALE has been set to an appropriate 

raw data file (eg dv image) and size (diameter) is recorded as um based on the 

set scale in imagej 

//on a dv image taken at x100 1024x1024 bin 1x1 15.5497pixels/um - 10-1000 

gates at 0.6-64um. Need 4.5-30 to get 0.3-2um, 1.55-30 to get 0.1 to 2um 

//on a dv image taken at x60 1024x1024 bin 1x1 9.3985pixels/um - 10-1000 gates 

at 1-106um. Need 1-20 or similar to get 0.1-2.1um   

 

// (refs say 0.5-1.5um for autophagosomes) 

// (refs say 0.1-1.2um for lysosomes) 

 

macro "RedLysosomesPunctaBatch_v1 [F5]" { 

wait(100);  

 

dir = getDirectory("Choose Source Directory "); 

list = getFileList(dir); 

run("Bio-Formats Macro Extensions"); 

setBatchMode(true); 

 

for (i=0; i<list.length; i++) { 

     showProgress(i+1, list.length); 

 

 if (endsWith(toLowerCase(list[i]), ".tif")) 

 { 

      open(dir+list[i]); 

  origname=getTitle; 

  print(" directory is "+dir); 

  print(" file is "+origname); 

 

  print(" split channels"); 

  run("Split Channels"); 

   

  close(); 

  close(); 

 

  run("Enhance Contrast", "saturated=0.35"); 

  setMinAndMax(25, 96); 

  saveAs("Tiff", "C:\\\coloc\\red.tif"); 

  close(); 

  open("C:\\\coloc\\red.tif"); 

 

  run("Subtract Background...", "rolling=14"); 

  setAutoThreshold("RenyiEntropy"); 

  setAutoThreshold("RenyiEntropy dark"); 

  run("Convert to Mask"); 

 

  

print("counting particles 0.1-2um diameter puncta. NB you must have SET_SCALE 

to the appropriate dv file first!! lysosomes and autolysosomes are 0.1-1.5um 

wide."); 

run("Make Binary"); 

run("Analyze Particles...", "size=0.1-2 circularity=0.30-1.00  holes show=Masks 

display summarize");  

 

 //save data 

 selectWindow("Results"); 

 name=origname+"_RedLysoPunctaResults"; 

 path = dir+name; 

 print("saving "+name); 

 saveAs("text", path);  

 

}  

} 

selectWindow("Summary"); 

path = dir+"_RedLysoPunctaSummary"; 

print("saving RedLysoPunctaSummary"); 

saveAs("text", path);  

print("Batch processing completed!"); 

} 
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ABBREVIATIONS 

Abbreviation Full name 

AIF Apoptosis Inducing Factor 

AIM Atg-8 interaction motif. The yeast equivalent of the LIR 

AKT Protein kinase B 

AMP Adenosine monophosphate Adenosine monophosphate 

AMPK 5' AMP-activated protein kinase 

Apaf-1 Apoptotic protease activating factor 1 

Atg8 Yeast homologue of LC3 

BubR1 budding uninhibited by benzimidazole-related 1 

CDK-1 Cyclin-dependent kinase 1 

CQ Chloroquine, a lysosomotrophic drug used to inhibit 

autophagy 

DMEM  

 

Dulbecco’s Modified Eagle’s Medium – a growth medium 

for cell culture. 

DMSO Dimethyl Sulphoxide, a solvent. 

Epg5 Ectopic P-Granules Autophagy Protein 5 Homolog 

Erk Extracellular-signal regulated kinase 

Erm1 Ezrin-radixin-moesin family protein 1 

Fas Fas ligand (CD95L) expressed on T-lymphocytes binds to Fas 

receptor (CD95) on target cells to induce apoptosis. 

FASTA  A protein and dna sequence alignment software package 

using the FASTA Format. 

FASTA Format A standardized format used to represent an amino acid or 

nucleotide sequence in bioinformatics. 

FCS Foetal calf serum, a mixture of proteins from calf blood 

used in cell culture to provide growth factors. 

GAS2L3 Growth arrest-specific protein –like 3 

GTPase Enzyme capable of binding to and hydrolyzing guanosine 

triphosphate 
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HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-

Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid). A 

buffer with adequate CO2-buffering capacity for 

mammalian cell culture. 

HOPS Hsp70-Hsp90 Organizing Protein 

INCENP Inner centromere protein. 

LC3 Microtubule associated protein light chain 3. Protein 

lipidated for encorporation into autophagosome 

membranes.g 

LIR LC3 interacting region. 

Mad2 Mitotic Arrest Deficient Protein 2 

MAP Microtubule associated protein. 

MAPK Mitogen-activated protein kinase. 

MTOR Mechanistic target of rapamycin 

PAGE polyacrylamide gel electrophoresis, a technique in 

combination with SDS to separate proteins by molecular 

weight. 

PAS Phagophore assembly site 

PBS Phosphate-buffered saline. 

PI Phosphatidylinositol 

PI3P 

(PtdIns3K) 

Phosphatidylinositol 3-phosphate 

Ran Ras-related nuclear protein 

RAP/CQ Combined rapamycin and chloroquine treatment. 

SDS Sodium dodecyl sulphate, a detergent 

SEM Standard Error of the Mean 

SMAC/DIABLO Second mitochondria-derived activator of caspases, also 

called Direct IAP-binding protein with low PI. 

SNAP29 Synaptosome Associated Protein 29 

STX17 Syntaxin 17 

TAE Tris-acetate EDTA buffer 
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TNF  tumour necrosis factor 

TRAIL TNF-related apoptosis-inducing ligand 

ULK-1 Unc-51 like autophagy activating kinase 

VAMP8 Vesicle-associated membrane protein 8 

VPS34 Vacuolar protein sorting 23. A phosphatidylinositol 3-kinase 
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RESEARCH ARTICLE 

Survivin inhibits excessive autophagy in cancer cells but does so independently 

of its interaction with LC3 

Nicola J. Humphry and Sally P. Wheatley* 

ABSTRACT 

 

Survivin expression is pivotal to life and death at the cellular level. For the 

past decade its pro-survival activity has been attributed to its essential role 

in cell proliferation and its ability to inhibit apoptosis. However, a growing 

body of evidence suggests that it may also contribute to cell viability 

through an as yet undefined role in autophagy. We report that survivin 

overexpression in osteosarcoma (U2OS) cells is associated with increased 

LC3-II expression, smaller autophagosomes, enlarged lysosomes and 

reduced autophagic flux. We also demonstrate that survivin binds LC3 

directly through a canonical LC3-interacting region (LIR) in its 

baculovirus inhibitors of apoptosis protein (IAP) repeat BIR domain, 

mutation of which inhibits the interaction, but does not abrogate its 

influence on autophagy. Collectively these data suggest that survivin 

expression restricts autophagic flux, thereby inhibiting late-stage 

autophagy and preventing cell death, but does so independently of LC3. 

KEY WORDS: Survivin, Birc5, Autophagy, Lysosome, LC3 

 

INTRODUCTION 

Implicit in its name survivin is a protein that promotes cell survival. It 

is overexpressed in cancer (Ambrosini et al., 1997) where its presence 

correlates with increased resistance to chemotherapy (Paik et al., 2004) 

and irradiation (Colnaghi et al., 2006), treatments aimed at killing 

cancer cells. Thus its expression is a biomarker of poor patient 

prognosis and survivin itself is a promising target for cancer therapy. 
Survivin is both essential for mitosis and can suppress cell death 

(Altieri, 2008; Wheatley and McNeish, 2005). It has a baculovirus 

inhibitors of apoptosis protein (IAP) repeat (BIR) domain that assigns 

it membership to the IAP family. Although expression of survivin is 

cytoprotective (Ambrosini et al., 1997), and its depletion increases 

apoptosis (Li et al., 1999; Ambrosini et al., 1998), the exact mechanism 

by which it inhibits cell death remains uncertain. In terms of apoptotic 

inhibition, several models have been suggested, including inhibition of 

the mitochondrial apoptosis promoting factor Smac/DIABLO 

(Pavlyukov et al., 2011; Song et al., 2003); stabilization of X-linked 

inhibitor of pro-apoptotic protein (XIAP) (Dohi et al., 2004); and 

induction of the mitochondrial-nuclear translocation of apoptosis 

inducing factor (Ambrosini et al., 1997). 

Recently, several lines of evidence have suggested that survivin 

may aid the evasion of cell death in ways distinct from apoptosis, one 

of which is manipulation of autophagy, a catabolic process in which 

intracellular components are broken down and re-used. Briefly, 

autophagy targets specific intracellular components for degradation by 

encasing them in a double-membraned vesicle, called an 

‘autophagosome’ that is rich in the human Atg8 homologue, 

microtubule-associated protein light chain 3 (MAP-LC3 or LC3) 

bound to phosphatidylethanolamine (PE), LC3-II (Kabeya et al., 

2000). Autophagosomes can fuse with endosomes to form amphisomes 

before fusing either transiently, or completely, with a lysosome to form 

an autolysosome (Jahreiss et al., 2008). The autophagosome contents 

are degraded by hydrolytic enzymes that favour an acidic environment 

before the sub-components are released back into the cytoplasm. 

Nascent lysosomes can reform from the autolysosome by a process of 

budding termed ‘autophagic lysosome reformation’ (ALR) (Yu et al., 

2010). Basal levels of autophagy are required for cellular homeostasis 

but, under stress, including radiation 

treatment, autophagy is induced to promote cell survival. However, 

intracellular re-cycling cannot continue ad infinitum and excessive 

autophagy ultimately results in cell death (Maiuri et al., 2007). 

Emerging data point to several aspects of autophagy that may involve 

survivin. Firstly, it co-immunoprecipitates with the key autophagic 

protein, LC3B (Roca et al., 2008); secondly, its expression is 

upregulated by the autophagic suppressor, mTOR, within the PI3K/Akt 

pathway (Roca et al., 2008; Zhao et al., 2010); and finally, it interacts 

with the autophagic regulators Beclin 1 (Niu et al., 2010) and Atg5 

(Maskeyet al., 2013). Using live fluorescence imaging, 

immunoblotting and immunoprecipitation assays, here we report that 

overexpression of survivin increases LC3-II levels, reduces 

autophagosome size, enlarges lysosomes, and causes an overall 

reduction in autophagic flux. We also show that expressing a mutant 

version, survivinF61AL64A, that cannot bind to LC3, yields similar 

outcomes. Thus, in addition to its roles in mitosis and apoptosis, we 

show that survivin can also act in a pro-survival manner by preventing 

excessive autophagy, but it does so independently of its interaction 

with LC3. 

RESULTS AND DISCUSSION 

When survivin is overexpressed in cancer it is hugely detrimental to 

human health: its abundance correlates with tumour resistance to 

radiation, and this is recapitulated in cell culture (Colnaghi et al., 2006; 

Connell et al., 2008; Chakravarti et al., 2004). X-irradiation kills cells 

by inducing DNA damage and apoptosis, but it also promotes 

autophagy (Jin et al., 2015; Chen et al., 2015). Therefore we 

hypothesised that survivin may also protect cells against death by 

limiting excessive autophagy. 

Survivin reduces autophagic flux 

To understand how survivin affects autophagy, we first measured the 

level of LC3-II in U2OS cells overexpressing survivin with and 

without chloroquine (CQ). CQ is commonly used to assess autophagic 

flux (Klionsky et al., 2016): it inhibits late stage autophagy causing 
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accumulation of autophagosomes. High LC3-II levels suggest either 

increased autophagic flux or inhibition of latestage autophagy. CQ can 

help discriminate between these two alternatives as it freely diffuses 

into lysosomes, but gets trapped there where it inhibits degradative 

enzymes (Solomon and Lee, 2009; Kunze et al., 1982). If flux is 

increased CQ will further increase LC3-II levels, however, if late-stage 

autophagy has been inhibited, no difference will be seen (Klionsky et 

al., 2016). The use of rapamycin (RAP) in combination with CQ allows 

us to study autophagic flux above basal levels. 

To investigate any potential effects that survivin has on autophagy we 

chose to use U2OS cells stably expressing survivinWTGFP (green 

fluorescent protein) or GFP (control). These were treated 

 

Fig. 1. Survivin regulates autophagic flux. (A) U2OS cells stably expressing survivinWTGFP or GFP alone were treated with RAP (200 nM) and CQ (120 µM) for 2 h, then 

lysed and immunoblotted with anti-LC3, anti-survivin and anti-tubulin antibodies. Immunoblot shown is representative of four independent experiments. (B) ImageJ 

quantitation of LC3II signals in (A), normalised against tubulin control and expressed as band intensity relative to untreated GFP cells. (C) Data from (B) expressed as a 

percentage increase in LC3II between CQ treated and untreated cells to indicate autophagic flux. (D) The above cell lines were treated with CQ (50 µM) for 8 h and p62 

levels assessed by immunoblotting at 2 h intervals. Blot shown is representative of three independent experiments. (E) ImageJ quantitation of p62 signals in (D) 

normalised against tubulin and expressed as band intensity relative to untreated GFP cells. Error bars indicate s.e.m., N=3. *P<0.05. 
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simultaneously with RAP and/or CQ for 2 h, and LC3II abundance 

quantified by immunoblotting of whole cell lysates (Fig. 1A). Basal 

levels of LC3-II in survivinWTGFP cells were significantly higher than 

in control cells (Fig. 1B). LC3II levels also appeared higher in 

survivinWTGFP cells after treatment with CQ, RAP or RAP/CQ, 

however, this did not achieve statistical significance in a Student’s t-

test. To determine whether this was due to induction or inhibition of 

autophagic flux, we plotted the increase in LC3II signal (Fig. 1C) and 

found that the increase was similar in both GFP and survivinWTGFP 

cells, thus we concluded that survivin inhibits flux, possibly in the 

same manner as CQ. 

To confirm this finding, we assayed p62 levels in these cells. p62 is an 

adaptor protein that facilitates autophagic degradation by binding to 

ubiquitinated targets in the cytosol, and to LC3-II on the 

autophagosome. As a result, p62 itself is degraded by autophagy and 

this phenomenon can be used to monitor autophagic flux (Klionsky et 

al., 2016). U2OS cells stably expressing survivinWTGFP or GFP were 

treated with CQ and p62 expression was assessed at regular intervals 

from 0-8 h by immunoblotting. In this experiment p62 accumulated 

significantly more slowly in cells expressing survivin than in control 

cells, supported by linear regression analysis of treated cell lines 

(P<0.0001; Fig. 1D,E), further substantiating the hypothesis that 

survivin reduces autophagic flux. 

Survivin decreases the size of LC3-positive puncta 

To investigate whether survivin alters the number or size of 

autophagosomes, we measured these parameters in LC3-positive 

puncta within the cell before and after RAP/CQ treatment. U2OS cells 

transiently expressing GFP-LC3 and either red fluorescent protein 

(RFP) or survivin-RFP were imaged live. RAP/CQ treatment caused 

an increase in the size of LC3-puncta in both RFP and survivin-RFP 

expressing cells, but those in cells expressing survivin-RFP were 

significantly smaller (Fig. 2A,B). The number of autophagosomes was 

similar in both conditions and increased approximately twofold after 

RAP/CQ treatment (Fig. S1A). These results suggest that survivin 

regulates autophagosome maturation, potentially by inhibiting fusion 

with endosomes (Huotari and Helenius, 2011; Eskelinen, 2005). 

Survivin increases the size of acidic puncta Fusion of the 

autophagosome with lysosomes creates an autolysosome with an acidic 

lumen, allowing lysosomal proteases to digest autophagosomal cell 

debris. To investigate whether survivin has an impact on lysosomes 

and autolysosomes, we measured the size and number of acidic puncta 

within the cell using the cell permeable fluorescent dye, LysoTracker 

Red, which accumulates in acidic compartments and thus highlights 

lysosomes and autolysosomes. 

To observe the difference in acidic compartments before and after CQ 

inhibition, U2OS cells stably expressing survivinWTGFP or GFP 

(control) were treated with CQ for 2 h and imaged live using 

fluorescent microscopy. In both cell sub-lines, CQ treatment increased 

the average size of acidic puncta, suggesting an accumulation of 

autolysosomes and a concurrent reduction in nascent lysosomes 

formation (Fig. 2C,D). Cells expressing survivinWTGFP had 

significantly larger acidic puncta both preand post-treatment compared 

to cells expressing GFP (Fig. 2C,D). No significant difference in the 

numberof acidic puncta between the sub-lines was observed (Fig. 

S1B), suggesting that like CQ, survivin causes an accumulation of 

autolysosomes and a concurrent reduction in nascent lysosomes 

formation. However, since effects were cumulative when survivin 

overexpression and CQ treatment were combined, this suggests that 

survivin operates in a different pathway from CQ. 

One potential mechanism by which survivin could work is by 

inhibiting autophagosome-lysosome fusion, as this causes an increase 

in lysosome (acidic puncta) size (Chen, 2011). Alternatively it may 

regulate ALR, a process that is triggered by the reactivation of mTOR 

at the end of the autophagic pathway, which involves the budding of 

proto-lysosomes from the autolysosome, which then acquire lysosomal 

hydrolases and mature into lysosomes (Yu et al., 2010). Inhibition of 

ALR would decrease the number of small, nascent autolysosomes 

resulting in an increase in mean lysosome size, similar to our 

observations in survivin-expressing cells. 

SurvivininteractsdirectlywithLC3viaaconservedLIRinthe BIR domain 

Having established that survivin suppresses autophagic flux, restricts 

the size of LC3 puncta and increases the size of acidic puncta, we next 

asked whether this inhibition was due to association with LC3, with 

which it is known to co-immunoprecipitate (Roca et al., 2008). 

The binding of proteins to LC3 usually occurs via canonical LC3 

interaction regions (LIR), which are defined as tetrapeptides with 

an aromatic residue at position one, and a hydrophobic residue at 

position four: W/F/Y×X L/I/V (where X is any residue) (Noda et 

al., 2008). Sequence analysis using iLIR  

(http://repeat.biol.ucy.ac.cy/ iLIR/) revealed that survivin has five 

putative LIR motifs, which are highlighted in the primary sequence 

and the crystal structure (Fig. 3A,B). The first three of these 

sequences are located within the BIR domain; the fourth in the 

central linker between residues 90 and 98; and the fifth at the start 

of the C-terminal alpha helix. Regression analysis of FASTA 

alignments (CLUSTAL W2, 10 iterations) of survivin homologues 

from several mammals (EMBL-EBI: www. ebi.ac.uk), was used to 

generate a sequence logo using (http:// weblogo.berkeley.edu) 

which showed that all five sites are highly conserved (Fig. 3A). 

However, since functional LIRs are more frequently associated 

with exposed beta strands (Noda et al., 2010), we next looked at 

the position of these five sites in relation to beta strands using 

UniProt (https://www.uniprot.org/). This stratagem revealed that 

only F61KEL within the BIR domain conforms to this rule, which 

is highlighted in the blue ribbon (Fig. 3B). Thus we hypothesized 

that F61KEL was a bona fide LIR. 
To test this hypothesis, we generated a mutant in which residues at 

positions one and four of the putative LIR, F61KEL, were mutated 

to an alanine, survivinF61A,L64A, tagged with either GFP, RFP or flag, 

and the immunoprecipitation and fluorescence experiments were 

repeated. Unlike survivinWT, survivinF61A,L64A does not associate 

with LC3 in either an immunoprecipitation of flagsurvivin or an 

immunoprecipitation of GFP-LC3, clearly  

demonstrating that this is a functional and unique LIR in survivin 

(Fig. 3A,B). However, expression of survivinF61A,L64A had the same 

effect as the wild-type protein on LC3 puncta and acidic puncta size 

suggesting that interaction with LC3 is not required for these 

phenomena (Fig. 3E,F; see representative images in Fig. S1-C). 
Consistent with this we also noted that there was no significant co-

localisation of survivin at LC3-positive puncta suggesting that 

survivin does not accumulate on the membranes or in the lumen of 

autophagosomes (data not shown).  

Collectively these data demonstrate that survivin inhibits 

autophagic flux through a mechanism that restricts autophagosome 

size but it does so independently of its interaction with LC3 and in 

a manner distinct from CQ. In addition to LC3, survivin interacts 

with two other proteins involved in autophagosome formation; 

http://bio.biologists.org/lookup/doi/10.1242/bio.037374.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.037374.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.037374.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.037374.supplemental
http://repeat.biol.ucy.ac.cy/iLIR/
http://repeat.biol.ucy.ac.cy/iLIR/
http://www.ebi.ac.uk/
http://www.ebi.ac.uk/
http://weblogo.berkeley.edu/
http://weblogo.berkeley.edu/
https://www.uniprot.org/
http://bio.biologists.org/lookup/doi/10.1242/bio.037374.supplemental
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Beclin 1 (Niu et al., 2010), which is involved in membrane 

trafficking and localizing autophagic proteins to the phagophore 

(Kang et al., 2011); and atg5 (Maskey et al., 2013) which extends 

the phagophore and facilitates LC3 lipidation. Consistent with this, 

it has been reported that depletion of survivin from erythroblasts 

causes defects in endosome/lysosomal trafficking, which 

ultimately manifests as an increase in autophagosomes and can be 

rescued by expression of vacuolin-1, a protein that promotes 

endosome-lysosome fusion (Keerthivasan et al., 2012). Survivin 

has also been shown to bind to HBXIP/ LAMTOR5 (Marusawa et 

al., 2003), a component of the ragulator complex that activates  

mTOR on the lysosome surface (Bar-Peled et al., 2012), and with  

clathrin (Keerthivasan et al., 2012) which is included in the 

membrane of many intracellular vesicles (Royle, 2006) and is also 

known to regulate ALR (Rong et al., 2012). 

We have shown that the inhibitory influence that survivin has on 

autophagy is independent of its interaction with LC3, which proves 

that not all LIR motifs and LC3 interactions are autophagy- 

 

relevant. So, is there a non-canonical function to the survivin-LC3 

interaction? LC3 was initially identified as a protein that interacts 

with a microtubule-binding protein, and its interaction between a 

neuronal Ca2+-sensor called ‘caldendrin’ appears to be related to 

microtubule association (Seidenbecher et al., 2004; Mann and 

Hammarback, 1994). It also binds to FYVE and coiled-coil (CC) 

domain-containing protein 1 (FYCO1) to mediate microtubule 

plusend directed vesicle transport (Pankiv et al., 2010), so one 

possibility may be that its liaison with LC3 relates to its influence 

on microtubule dynamics (Rosa et al., 2006). We are currently 

investigating this possibility. 
 

Conclusions 

In summary, the data herein presented show that survivin can 

restrict excessive autophagy by reducing autophagic flux and 

restricting autophagosome maturation. We also identify F61KEL as 

a function LIR in the BIR domain of survivin, and show that its 

inhibition of excessive autophagy is independent of its interaction 

with LC3. 

 

Fig. 2. Survivin regulates autophagosome and lysosome size. (A) Representative images of U2OS cells transiently expressing survivin-RFP and LC3GFP treated with RAP 
(200 nM) and CQ (120 µM) for 2 h then imaged live. (B) Mean GFP-LC3 puncta size was measured using ImageJ, N>500 puncta, >35 cells over four independent 
experiments. (C) Live U2OS cells stably expressing GFP or survivin-GFP were stained with LysoTracker Red to highlight acidic compartments. (D) Mean acidic puncta size 
was measured using ImageJ, N>1500 puncta for>30 cells for each condition in three independent experiments All error bars indicate s.e.m. ****P<0.0001. 
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Fig. 3. Survivin F61KEL is a canonical LIR but is not required for autophagy 

inhibition. (A) The primary sequence of survivin contains five putative LIR motifs, 

underscored in black within this sequence logo (Schneider and Stephens, 1990) 

generated from several mammalian homologues of survivin using WebLogo 

(http://weblogo.berkeley.edu). One stack represents a single position in the 

sequence, stack height indicates the sequence conservation, and the height of 

each symbol in the stack indicates the relative frequency of each amino acid at 

that position. (B) Location of the five putative LIR sites (blue) within the tertiary 

structure of survivin [PDB 1E31, graphic produced using UCSF Chimera, San 

Francisco (Pettersen et al., 2004)]. Only F61KEL overlaps a beta strand (blue 

ribbon). (C) HEK293T cells expressing GFP-LC3 were transiently transfected with 

either Flag, FlagsurvivinWT or Flag-survivinF61A,L64A. Lysates were 

immunoprecipitated with anti-Flag antibodies and analysed by immunoblotting for 

survivin and LC3, N=2. (D) HEK293T cells expressing GFP or GFP-LC3 were 

transiently transfected with survivinWT or survivinF61A,L64A. Lysates were 

immunoprecipitated with anti-GFP antibodies and analysed by immunoblotting for 

survivin and GFP. (E) U2OS cells transiently expressing RFP, survivinWTRFP or 

survivinF61A,L64A-RFP and LC3-GFP were treated with RAP (200 nM) and CQ (120 

µM) for 2 h prior to live cell imaging. Average GFP-LC3 puncta size was measured 

using ImageJ for each condition N>500 puncta over three independent 

experiments. (F) Living U2OS cells expressing GFP, survivinGFP or survivinF61A,L64A-

GFP were stained with LysoTracker Red to highlight acidic compartments and CQ 

(120 µM) for 2 h, then imaged live. Average size of acidic puncta was measured 

using ImageJ for each condition, n>1400 puncta. All experiments representative of 

N=3. Error bars indicate s.e.m. ****P<0.0001. 

MATERIALS AND METHODS 

Unless otherwise stated all reagents were obtained from Sigma-Aldrich. 

Cell culture 
Human osteosarcoma cells and human embryonic kidney (HEK 293T) 

cells were cultured at 37°C, with 5% CO2 in Dulbecco’s Modified Eagle’s 

Medium (DMEM D6429) supplemented with 10% FCS (Hyclone; PAA 

Labs). U2OS cells stably expressing GFP or survivin-GFP cells were 

generated as described in (Jin et al., 2015) and medium supplemented with 

50 µg/ml G418 (Geneticin) to maintain expression. Transient transfections 

were performed using Torpedo transfection reagent (Ibidi) using DNA 

diluted in PBS as per manufacturer’s instructions. 

Plasmid constructs 
RFP (pDsRed1), survivin-RFP (pDsRed1, survivin insert), 

survivinF61AL64A-RFP (pDsRed1, survivinF61AL64A insert), flag 

(pcDNA3.1, flag insert), flag-survivin (pcDNA3.1, flag-survivin insert), 

flag-survivinF61AL64A (pcDNA3.1, flag-survivinF61AL64A insert), 

GFP (pcDNA3.1, GFP insert), survivin-GFP (pcDNA3.1, survivin-GFP 

insert), survivinF61AL64A-GFP (pcDNA3.1 survivinF61AL64A-GFP), 

GFP-LC3 (pEGFP-N1, LC3 insert). 

Drug treatments 
To induce autophagy cells were treated for 2 h at 37°C with 200 nM RAP 

(PHZ1235; Thermo Fisher Scientific). Working stocks of 200 µM 

lyophilized RAP dissolved in DMSO were stored in aliquots at −20°C. 
To inhibit autophagic flux, cells were treated with 120 µM CQ (C6628; 

Sigma-Aldrich) for 2 h at 37°C or 50 µM CQ for >2 h incubation. Working 

stocks of 100 mM CQ diphosphate salt dissolved in water were stored in 

aliquots at −20°C. 

Immunoblotting 
Standard procedures were used for SDS-PAGE and transfer to PVDF 

(Amersham Hybond 0.2 µm; GE Healthcare) membrane. Membranes were 

blocked in 5% (w/v) milk in PBS with 0.1% (w/v) Tween-20. The 

following primary antibodies were diluted in blocking solution and used to 

immunoprobe membranes: anti-LC3, which recognises LC3A and LC3B 

(1:2000; Sigma-Aldrich, L8918), anti-tubulin (1:2000; Sigma-Aldrich, 

T5168), anti-GFP (1:2000; Sigma-Aldrich, G1546), anti-survivin (1:1000; 

Novus, NB500-201), anti-histone H3 pT3 (1:2000; 159 Novus, 

NBP261546), anti-p62 (1:1000; Enzo Life Sciences, BML-PW9860). 

Horseradish peroxidise-conjugated secondary antibodies (1:2000; Dako) 

were diluted in either PBS with 0.1% tween (anti-survivin) or blocking 

medium (all others) and signals detected using enhanced 

chemiluminescence (Amersham ECL; GE Healthcare) and X-ray film 

(Amersham Hyperfilm; GE Healthcare). ImageJ (Schneider et al., 2012) 

was used for quantification. 

Fluorescence imaging 
Cells were seeded onto 8-well IbiTreat chambered MicroSlides (Ibidi), 

incubated overnight, then transfected with relevant DNA constructs, and 

incubated for 24 h. Medium was replaced with HEPES buffered phenol red 

free DMEM with 10% FCS supplemented with 200 nM RAP, 120 µm CQ 

or 0.04 nM LysoTracker Red (L7528; Thermo Fisher Scientific) where 

applicable. Cells were imaged on an inverted fluorescence microscope 

(Olympus Delta Vision Elite) using oil immersion objectives: 60× (NA 

1.42), or 100× (NA 1.40). Z-stacks were taken at 0.3 µm intervals, 

deconvolved and z-projected for maximum intensity using SoftWorx 

software (Applied Precision). Bespoke macros were used with ImageJ 

(Schneider et al., 2012) software to count and measure puncta. 

Immunoprecipitations 
HEK293T cells were used for all co-immunoprecipitation experiments. For 

immunoprecipitation of survivin, cells were seeded onto a 6-well plate and 

once approximately 70% confluent, transfected with plasmid constructs for 

GFP-LC3 and either Flag (control), Flag-Survivin or Flag-

survivinF61A,L64A. After 24 h, cells were washed with cold PBS and 

harvested by scraping into ice-cold lysis buffer (50 mM TrisHCl pH 7.5, 

150 mM NaCl, 1 mM EDTA, 1% Triton x-100, 1 µg/ml CLAP containing 

chymostatin, leupeptin, antipain, pepstatin A and 100 µM AEBSF) and 

lysed on ice (30 min) with gentle pipetting. Lysates were clarified by 

centrifugation at 17,000 g to eliminate cell debris and DNA (10 min at 4°C) 

and the supernatant retained. A sample of the lysate (20 µl) was removed 

as an input sample and boiled in 20 µl sample buffer (125 mM TrisHCl, 

pH 6.8, 4% SDS, 20% glycerol, 0.004% bromophenol blue) in a heat block 

at 90°C for 3 min. To the remainder, Anti-flag M2 Affinity Gel (A2220; 

Sigma-Aldrich) was added to precipitate flag-tagged proteins as per the 

recommended protocol. 
For immunoprecipitation of LC3, cells were seeded on a six-well plate and 

grown to 70% confluence, then transfected with plasmid constructs for 

survivin or survivinF61AL64A, and either GFP (control) or GFP-LC3. After 

24 h, cells were harvested and re-plated into 10 cm2 tissue culture dishes. 

Once 70% confluent, cells were scraped into 1 ml cold PBS and washed 

twice by centrifugation at 500× g. Each cell pellet was then resuspended in 

200 µl lysis buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 

0.5% NP-40, 1 µg/ml CLAP containing chymostatin, leupeptin, antipain 

and pepstatin A, 100 µM AEBSF) and lysed on ice for 30 min with gentle 

pipetting. DNA and cell debris were pelleted as above and supernatant 

retained. GFP-Trap-A beads (gta20; ChromoTek) were used to precipitate 

GFP and GFP-tagged proteins as per the manufacturer’s protocol. 

Statistical methods 
Data from fluorescence images were analysed using GraphPad Prism 

where paired immunoblots or unpaired two-tailed t-tests were performed 

to compare the data between conditions, and Welch’s correction where 

sample variance was considered significant by an f-test. A P<0.05 for the 

t-test or f-test was considered significant. Outliers were removed from all 

fluorescence imaging measurements using the GraphPad ROUT method. 
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