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ABSTRACT 

There is huge potential for targeting pro-survival autophagy as a cancer therapeutic 

strategy, but this approach has not yet been fully realised due to the complex 

involvement of autophagy for cancer biology.  In early stages of transformation, 

autophagy acts as a tumour suppressor, whilst in a developed tumour, autophagy 

aids cancer cell survival contributing to resistance.  This thesis aimed to interrogate 

the role of autophagy for survival in metastatic breast cancer using the 4T1 mouse 

mammary carcinoma model.  Investigations utilised the autophagy-lysosomal 

inhibitor Chloroquine (CQ) since this compound is currently in clinical trials for a 

variety of blood and solid cancers, including breast cancer.  Here, the mechanisms 

of CQ and furthermore, the potential of combining this drug with metabolic targeting 

strategies were investigated.  

In doing this, an unexpected resistance mechanism linking glucose metabolism and 

CQ was uncovered.  In clonogenic assays, CQ induced cell death that cooperated 

with other therapeutic stressors such as ionising irradiation and PI3K-Akt inhibition.  

CQ and the metabolic stress of serum starvation produced cell death within 24hrs; 

however, unexpectedly, further glucose starvation or hexokinase inhibition fully 

rescued cell viability. The cytotoxic effects of CQ were found to be autophagy-

independent as knockdown of ATG proteins did not mimic CQ. As the form of cell 

death in our model did not resemble classical caspase-dependent apoptosis or 

necrosis, it was hypothesised the cytotoxic effects of CQ were potentially triggering 

lysosome membrane permeabilisation. Indeed, CQ treatment did lead to marked 

lysosomal stress and enlargement, suggestive of LMP. In contrast, while CQ was 

still able to enter and deacidify the lysosome in glucose starved cells, it failed to 

induce enlargement. 

Our data indicate that glucose metabolic rate has a profound influence on the 

efficacy of CQ to target lysosomes and to induce LMP-mediated death. These 

effects may be reducing clinical outcomes of CQ in cancer cells with reduced 

glucose metabolism. 
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1.1 CANCER 

Cancer is considered a group of diseases characterised by unregulated cell growth 

and the spread of rogue cells from the site of origin to invade distant sites in the 

body (Pecorino, 2008). Cancer and associated diseases are estimated to affect up 

to 2.5 million people in the UK, with this figure expected to rise to 4 million by 2030 

(Maddams et al., 2012). Strikingly, predictions are that by 2020, almost half of the 

population (47%) will be diagnosed with cancer during their lifetime 

(MacmillanCancerSupport, 2013).  

Despite the collective term of cancer encompassing over 200 different subtypes, 

more than half of cases are attributed to just 4 specific forms of cancer. The latest 

available statistics provided by Cancer Research UK show these to be breast (15%), 

prostate (13%), lung (13%), and bowel (12%) cancers. The high incidence rate of 

cancers, in particular the most common forms, is mirrored by the mortality rates. 

Indeed, cancer accounts for more than a quarter of deaths (2011, UK), and statistics 

show the majority of these deaths (46%) are attributed to breast, prostate, lung and 

bowel carcinomas. While treatment options for cancer and in turn the mortality rate 

have improved dramatically over the past few decades, there is still a clear clinical 

gap for more effective therapies. The basis for the development of these therapies is 

knowledge of the dis-regulated biology driving tumorigenesis and maintenance of 

oncogenic cells.  

 

1.1.i The biological hallmarks of cancer cells 

Cancer tumorigenesis is often regarded as a multi-step process, arising from genetic 

alterations (mutations), leading to a normal human cell transforming into a malignant 

cancer cell with uncontrolled replication (Pecorino, 2008). However, while the 

genetic changes between cancer phenotypes may differ, six common key biological 

features underpinning cancer development and progression were seminally outlined 

by Hanahan and Weinberg (Hanahan and Weinberg, 2000), and further explored in 

a more recent revision of this review (Hanahan and Weinberg, 2011) These have 

been defined as: (1) unregulated proliferation independent of growth signals; (2) 

insensitivity to anti-growth signals; (3) evasion of apoptosis; (4) unlimited replicative 

potential; (5) sustained angiogenesis; and (6) tissue invasion and metastasis. These 
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key hallmarks are outlined in Figure 1.1; highlighted are some of the key events, 

drivers, and signalling pathways discussed in each section. Since these 

fundamental biological pathways are modelled to drive disease in patients, many 

current cancer therapeutics strategies target one or more of these key pillars, as 

summarised below.  As this thesis is ultimately interested in identifying strategies to 

target cancer cells, the rationale for experiments presented were built on a 

foundation of cancer cell biology.  

 

Growth signal 
independent 

Insensitive to 
anti-growth 

signals 

Evasion of 
cell death 

Unlimited 
replicative 
potential 

Angiogenesis 

Metastasis 

p53 

PI3K MTOR 

Ras 

Apoptosis 
Necrosis 
LMP  

Telomerase & 
Shelterin complex 

VEGF  
Family 

EMT 

Fig 1.1. Critical 6 hallmarks of cancer proposed by Hanahan and 

Weinberg. The 6 essential hallmarks of cancer are outlined here. These 

include growth signal independence and insensitivity to anti-growth 

signals, which together lead to limitless proliferation capabilities. Further 

biological hallmarks proposed were evasion of cell death, unlimited 

replicative potential, angiogenesis, and metastasis. We have highlighted 

with arrows the key related events in each biological hallmark that 

contribute to the pathogenesis of cancers and which will be discussed in 

this section.  
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Limitless proliferation capabilities of cancer 

Normal cells require external growth factor signals to divide, whereas cancer cells 

can grow independently of these signals. It has been shown that cancer cells 

acquire the ability to short-circuit growth factor pathways via mutations. For 

instance, there may be a change in sensitivity to growth signals via receptor up-

regulation, allowing cells to proliferate in response to just basal levels of growth 

factor. Other mechanisms of growth signal autonomy include mutations within 

growth factor signal transducers or receptors leading to constitutive activation of 

proliferative pathways. In the alternate vein, cancer cells may also render 

themselves insensitive to anti-growth signals, thereby maintaining themselves in a 

proliferative state. Normal cells are not actively dividing and are maintained in this 

state via exit of the cell cycle. Thus, when mutations occur within essential 

checkpoint proteins of the cell cycle, cancer cells are able to evade the safety check 

and sustain their proliferate state.  

The diversity of mutations in different cancer phenotypes is vast. However, there are 

certain frequently mutated proteins which play a role in driving oncogenic 

proliferation across multiple cancer types. In a mutational analysis of 12 major 

cancers, the most frequently mutated gene across the pan-cancer cohort was TP53 

(42% of cancers). The respective protein encoded by this gene, p53, has a dual role 

in cell cycle regulation and apoptosis. Therefore, inactivating mutations of TP53 can 

drive unregulated proliferation. Similarly, many of the genes most frequently mutated 

across all cancers analysed were those with a role in activating proliferative 

signalling, for example PI3KCA (17.8%), PTEN (9.7%), KRAS (6.7%), and MTOR 

(3%) (Kandoth et al., 2013). The high incidence of mutations in these proteins 

makes them highly attractive drug targets in the development of new cancer 

therapeutics.  

Interestingly both PI3KCA and Phosphatase and tensin homolog (PTEN) are 

involved in the phosphoinositide 3-kinase (PI3K) signalling axis (Maehama and 

Dixon, 1998, Stambolic et al., 1998), suggesting dis-regulation of this pathway has a 

particularly strong role during oncogenesis. Positioned downstream of both receptor 

tyrosine kinases (RTK) and G-protein coupled receptors (GPCR), the PI3K lipid 

kinases act as major downstream effector pathway in regulating multiple cellular 

processes, including proliferation. While there are three classes of PI3K, it is Class I 
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enzymes that are the best characterised. The Class IA heterodimer consists of two 

components, the p110 catalytic subunit and a p85 regulatory subunit (Carpenter et 

al., 1990). Upon receptor activation, PI3K is recruited to the plasma membrane, 

where activated p110 is able to generate phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3). This membrane lipid acts to recruit and bind AKT at the plasma membrane, 

shifting AKT conformation and allowing subsequent activation (T308) by 

phosphoinositide dependent kinase 1 (PDK1) (Alessi et al., 1997, Andjelkovic et al., 

1997).   

Activating mutations in the p110α catalytic subunit (protein encoded for by PI3KCA 

gene) have been identified in a range of cancers from colorectal to lung (Samuels et 

al., 2004). These mutant proteins were shown to express increased kinase activity, 

and enhanced downstream activation of the PI3K target proteins such as AKT. 

Furthermore, colorectal cancer cells expressing these mutants could proliferate 

independently of growth factor signals (Samuels et al., 2005). PI3KCA mutant driven 

proliferation has been further confirmed in a variety of cancers including cervical (Ma 

et al., 2000), breast (Isakoff et al., 2005), and tongue (Chen et al., 2011b). While 

p110α is a catalytic driver of the PI3K pathway, PTEN acts as tumour suppressor, 

negatively regulating the PI3K proliferative pathway. PTEN is a lipid phosphatase, 

supressing the PI3K pathway by converting PIP3 to PIP2, and thus reducing the 

cellular levels of PIP3 present to continually activate downstream components of the 

pathway. Because of the nature of this growth-supressing role it is unsurprising that 

the majority of oncogenic mutations within this protein are loss-of-function (Li et al., 

1997, Steck et al., 1997). Again, this protein has been shown to be frequently 

mutated in a broad range of cancers. Despite the numerous mutations affecting the 

PI3K signalling axis, to date only one therapeutic compound (Idelalisib) targeting this 

pathway has been approved by the FDA, although many other drugs are being 

examined in Phase I/II clinical trials (Furman et al., 2014). However, many alternate 

strategies targeting cancer growth are aiming to target other oncogenes frequently 

mutated such as Ras (derived from Rat Sarcoma virus) and mTOR.  

The Ras pro-oncogenic GTPases are encoded by three distinct genes: HRAS, 

NRAS, and KRAS; and similar to PI3K, these sit downstream of RTKs.  Upon 

receptor activation, initial downstream signalling events at the plasma membrane 

are activated including the assembly of guanine nucleotide exchange complexes to 

transform inactive GDP-bound Ras to active GTP-bound Ras.  Activated Ras in turn 
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triggers as one main effector pathway the Raf-MEK-ERK (MAPK) cascade 

(Santarpia et al., 2012). One of the key responses of this pathway is the nuclear 

translocation of ERK to drive phosphorylation and mediate the degradation of 

transcription factors involved in tumour suppression and cell cycle regulation, such 

as those in the Forkhead Box O (FOXO) family. For example, ERK-mediated 

phosphorylation of the tumour suppressive FOXO3a transcription factor at several 

serine residues has been shown to enhance its degradation through interaction with 

MDM2, an E3 ubiquitin-protein ligase (Yang et al., 2008). Therefore, degradation of 

such transcription factors via aberrantly activated Ras-MAPK signalling can lead to 

unregulated cell proliferation in cancer cells. Indeed, transforming mutations in the 

Ras family (H-Ras, K-Ras, and N-Ras) were originally identified in human cancer 

more than 30 years ago (Chang et al., 1982, Parada et al., 1982, Santos et al., 

1982, Taparowsky et al., 1983). Although isoform specific mutations amongst 

certain cancers have been noted, a recent catalogue of somatic mutations in cancer 

(COSMIC) study showed that of the 3 Ras genes it was K-Ras that was mutated 

most frequently (Forbes et al., 2011). This could highlight K-Ras as an important 

therapeutic target for a variety of cancer phenotypes, especially with respect to 

inhibition of oncogenic proliferation.  

Similar to Ras proteins, there is also a high frequency of MTOR mutations across 

multiple cancer types (Sato et al., 2010, Murugan et al., 2013, Grabiner et al., 2014). 

Mechanistic target of rapamycin (mTOR) is the catalytic kinase subunit of two 

individual protein complexes, mTORC1 and mTORC2, although the first of these 

complexes is more well-defined in its biological roles. While multiple functions and 

interactions of mTORC1 have been identified, mTORC1 initially was best 

understood and appreciated for its role in protein synthesis, thus explaining why 

gain-of-function mutations in mTOR can drive unregulated proliferation. In this 

primary mechanism, active mTORC1 directly phosphorylates key translational 

regulatory factors, such as eukaryotic translation initiation factor 4E binding protein 

(4E-BP1) and S6 kinase 1 (S6K1) to drive mRNA transcription and translation (Ma 

and Blenis, 2009). It is important to note that MTORC1 closely interacts and cross-

talks with other essential proliferative signalling pathways.  The mTORC1 pathway 

can receive signals downstream of the PI3K-Akt and Ras-MAPK cascades, which 

indicates the potential for oncogenic mutations within these axes to also drive 

aberrant activation of the mTOR pathway (Manning et al., 2002, Inoki et al., 2002, 

Carriere et al., 2008). As such, mTOR inhibition has had been long-standing 
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strategy for cancer therapy; two compounds, everolimus and temsirolimus (which 

are derivatives of rapamycin), have already received FDA- and EMA-approval for a 

variety of cancers (Pazdur, 2013a, Pazdur, 2013b).  

Importantly, while the PI3K signalling axis, Ras GTPases, and mTOR complexes 

are strongly implicated in oncogenic proliferation, they are also tightly linked to 

autophagy regulation. This catabolic process is itself described to play a role in both 

cancer cell survival and tumorigenesis. Autophagy and its regulation by nutrient 

sensing and mTORC1 will be explored further in later sections of this chapter.  

Evasion of cell death  

Perhaps one of the most important hallmarks of cancers is their ability to evade cell 

death and apoptosis. Apoptosis programmed cell death is typically characterised by 

DNA fragmentation, chromatin condensation, and blebbing of the plasma 

membrane.  Through activation of apoptosis, a dying cell causes minimal damage to 

its surrounding environment. For example, when a normal human cell suffers DNA 

damage, it is typically programmed to die via apoptosis. However, many cancer cells 

have the ability to elude this process. This can be attributed to the apparent 

imbalance between pro-apoptotic and anti-apoptotic proteins and the corresponding 

signals in cancer cells. Many cancer cells have a clear down-regulation or mutation 

in the pro-apoptotic protein p53 (as in (Kandoth et al., 2013).  

As mentioned earlier, p53 plays a role in proliferation by controlling the transcription 

of cell cycle proteins.  However, p53 is also known to have a key role during the 

initiation of apoptosis. Activation of p53 can be triggered by numerous events, but a 

key driver in cancer cells is DNA damage, such as that which occurs in response to 

radiation or anti-cancer therapies. DNA damage typically triggers activation of cell 

cycle checkpoint proteins, such as ataxia telangiectasia mutated (ATM), which 

phosphorylate p53. This phosphorylation event has a dual role in preventing p53-

MDM2 (Mouse double minute 2 homolog) interaction, an interaction which normally 

leads to p53 ubiquitination and degradation (Cheng and Chen, 2010).  As such ATM 

leads to stabilisation of p53 and activation of downstream signalling. If the DNA 

damage is extensive and non-repairable, activated p53 goes on to trigger apoptosis.  

Indeed, a role for p53 in apoptosis induction was first noted in 1991 (Yonishrouach 

et al., 1991), where expression of wild-type p53 in myeloid leukaemia cells led to a 
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reduction in cell viability and clear biological hallmarks of apoptosis (e.g. fragmented 

nuclei and chromatin condensation). Further work has shown p53 primarily initiates 

apoptosis through transcriptional up-regulation of pro-apoptotic proteins such as 

BCL2-Associated X protein (Bax) (Miyashita and Reed, 1995) and p53 upregulated 

modulator of apoptosis (PUMA) (Nakano and Vousden, 2001), or down-regulation of 

anti-apoptotic proteins such as B-Cell CLL/Lymphoma 2 (Bcl-2) (Wu et al., 2001). In 

addition to this primary role, a small fraction of p53 can localise to mitochondria and 

directly interact with and antagonise anti-apoptotic protein Bcl-2 (Tomita et al., 

2006). Alternatively, it has also been reported that cytosolic p53 can activate Bax, 

via a transcription-independent mechanism, to trigger the apoptosis cascade 

(Chipuk et al., 2003, Chipuk et al., 2004).  

Activation of p53-driven apoptosis is important for the efficacy of many DNA 

damaging cancer therapies. When this pathway is compromised, through mutations 

and/or an imbalance in pro-apoptotic or anti-apoptotic signalling proteins, cancer 

cells are able to evade cell death. Multiple studies have shown a correlation 

between p53 mutation and chemotherapeutic resistance. For example, a study in 

ovarian cancer patients showed that p53 mutations were common (56% tumours), 

and more importantly that cisplatin or carboplatin resistance was frequent in patients 

with p53 alterations (Reles et al., 2001). Similarly, mutated or null p53 has been 

linked with chemotherapeutic resistance in non-small cell lung cancer (Rusch et al., 

1995), leukaemias (Wattel et al., 1994), and breast cancer (Aas et al., 1996).  

While evasion of apoptotic cell death is one of the key cancer hallmarks and is 

highly implicated in chemotherapy resistance, cancer cells are also susceptible to 

other forms of programmed cell death. Indeed, alternative p53-independent 

apoptosis has been identified, though the mechanisms defining these vary from 

caspase-2 mediated events (Sidi et al., 2008) to p73-mediated pathways (Gong et 

al., 1999, Irwin et al., 2000).  

As explored in my experiments of chapter 5, necroptosis and lysosomal membrane 

permeabilisation (LMP) cell death pathways are also increasingly being investigated 

for their role in cancer biology. Indeed, crosstalk between the apoptotic and LMP 

signalling pathways has been frequently observed (Fig. 1.2). LMP is defined as the 

leakage of the lysosomal contents, in particular degradative proteases, into the 

cytosol to trigger controlled cell death (Boya and Kroemer, 2008). The key mediators 

of LMP cell death are the lysosomal cathepsin proteases, in particular Cathepsins B, 



9 
 

D, and L (Boya and Kroemer, 2008, Oberle et al., 2010). The leakage of the 

cathepsin proteases has been shown to induce secondary apoptotic signalling, such 

as activation of the apoptotic machinery not limited to but including mitochondria and 

the caspases (Boya et al., 2003, Droga-Mazovec et al., 2008, Conus et al., 2008). In 

turn, many of the same stimuli can activate both apoptosis and LMP, including 

reactive oxygen species (ROS) and p53, as highlighted in Fig 1.1 (Erdal et al., 2005, 

Li et al., 2007, Huai et al., 2013). Alternatively, lysosomotropic detergents and 

compounds have been identified to be potent inducers of LMP, such as the 

autophagy-lysosomal inhibitor Chloroquine (one focus of this thesis) (Seitz et al., 

2013, Liang et al., 2015) and the lysosomal detergent, Leucyl-Leucyl-O-methyl ester 

(LLOME) (Aits et al., 2015b).  

Nevertheless, targeting cancer cells ability to evade cell death, whether that is via 

apoptosis, LMP or necrosis is one of the key challenges of current cancer 

therapeutics.  
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Fig. 1.2 The interplay between apoptosis and LMP. Various treatments have 

been identified to induce LMP including, ROS, p53, and more specific 

lysosomal stressors, such as lysosomotropic drugs. While LMP offers an 

alternative mode of cell death in cancer cells, numerous points of crosstalk 

between LMP and apoptosis have been defined. Cathepsins are key mediators 

of cleavage-dependent activation of pro-apoptotic proteins, such as caspase-8, 

Bax and Bak. Through apoptotic events downstream of mitochondrial 

cytochrome c release LMP can in turn induce secondary apoptotic events, as 

well as inducing cell death via LMP alone.  
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Unlimited replicative potential  

One of the remarkable features of cancer cells is their seemingly limitless replicative 

potential in comparison to normal human cells. This continuous replicative potential 

has long been linked to cancer cells ability to maintain telomere DNA, repeated 

TTAGGG sequences that are located at the ends of chromosomes. Non-

transformed cells display shortening of these chromosomal ends after each round of 

replication. This offers an inbuilt counting device which allows for a certain number 

of cell divisions (Hayflick limit) before a cell enters a state of senescence, where 

cells are still alive but stop growing. However, cancer cells are able to bypass 

senescence via upregulation of the enzyme telomerase, which stabilises or expands 

the length of the telomeres. Telomerase is a reverse transcriptase that is sufficient 

on its own to add new sections of DNA to the telomere ends.  Importantly, early 

studies on telomerase expression in cancer biopsy samples identified 90% of 

tumours showed evidence of telomerase activity, whereas all normal non-cancerous 

tissue samples contain undetectable levels (Kim et al., 1994). Furthermore, 

introduction of the catalytic subunit of telomerase (hTERT) in combination with 

oncogenes was able to induce the conversion of normal human epithelial cells into 

cells with clear tumorigenic properties, such as anchorage-independent growth and 

the ability to form tumours in nude mice (Hahn et al., 1999).   

In addition to telomerase, alternative mechanisms of telomere protection have been 

identified in cancer cells.  The shelterin complex formed of 6 individual telomere-

associated proteins, including telomere repeat factor-1 (TRF-2) and -2 (TRF-2) has 

been shown to protect the telomeres from degradation (Broccoli et al., 1997, 

Houghtaling et al., 2004, Ye et al., 2004). The basic mechanism of this shelterin 

complex involves the formation of t-loop structures in the DNA which prevents the 

DNA being targeted by DNA repair executioner proteins (Fouche et al., 2006, 

Amiard et al., 2007). Taken together, these mechanisms of telomere protection 

allow cancer cells to have unlimited replicative potential, promoting tumour growth.  

Angiogenesis 

As stated previously, the fifth hallmark of cancer is sustained angiogenesis. Whilst 

the other hallmarks of cancer described allow the formation of a malignant mass of 

tumour cells, angiogenesis occurs once a tumour has formed and is more a tumour-

physiology feature of cancer rather than a cellular feature. Tumours notably contain 
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areas of severe hypoxia and in order for the residing cancer cells to receive 

nutrients and oxygen they must initiate angiogenesis - the formation of new blood 

vessels triggered by the angiogenic switch (i.e. a balance between angiogenic 

inducers and inhibitors) (Pecorino, 2008).  

Angiogenesis is typically a multi-step process whereby pro-angiogenic factors 

secreted in the vicinity of the tumour site initiate a cascade of basement membrane 

degradation and extracellular matrix (ECM) remodelling.  Endothelial cells (EC) 

become activated, displaying proliferation and migration, and finally, tube formation 

and stabilisation of EC in the context of newly formed aberrant tumour blood 

vessels. While multiple pro-angiogenic factors have been identified (TNFα, bFGF, 

EGF), vascular endothelial growth factor (VEGF) has been investigated most 

extensively. VEGF(-A) is a member of a family of structurally related proteins, 

including VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PlGF).  These 

factors mediate angiogenic events via binding to the receptor tyrosine kinases, 

VEGFR1 and VEGFR2 (Carmeliet, 2005). Upon binding to its receptor, VEGF 

triggers signalling pathways including PI3K and Ras-MAPK cascades, to drive 

proliferation and migration of vascular endothelial cells.  

In addition to its roles in directly stimulating the proliferation of endothelial cells, 

VEGF has also been suggested to have a multi-faceted role in all stages of 

angiogenesis. VEGF has been shown to protect newly formed tumour vascular cells 

from apoptosis (Gerber et al., 1998, Nor et al., 1999) and mediate secretion of ECM 

degrading enzymes, for example matrix metalloproteinases (MMPs) (Unemori et al., 

1992, Wang and Keiser, 1998), to promote continued angiogenic development. The 

upregulation of VEGF is common in hypoxic areas of a tumour.  Indeed, hypoxia has 

been shown to regulate VEGF expression via HIF1α in multiple cancer settings 

(Forsythe et al., 1996, Horiuchi et al., 2002, Buchler et al., 2003). Furthermore, there 

is evidence suggesting that activation of oncogenes, for example K-Ras, can lead to 

increased expression of VEGF (Rak et al., 1995). Taking together the multiple 

drivers for VEGF transcription and activation in cancer, it is not surprising that serum 

and plasma levels of this angiogenic signal are elevated across a range of cancer 

phenotypes, including gastric cancer (Karayiannakis et al., 2002), and are often 

associated with a poor prognosis and metastatic disease (Gasparini, 2000, Ishigami 

et al., 1998).  
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Due to its potent role in initiating and sustaining angiogenesis, VEGF and its 

receptors have been implicated in neovascularisation of many solid tumours and as 

such the formation of metastases. The VEGF family has been an attractive target for 

anti-angiogenic therapies (Vasudev and Reynolds, 2014). The earliest of these to 

receive FDA approval was Bevacizumab (Avastin), a monoclonal antibody for 

VEGF-A that is licensed for use in a range of cancers from metastatic colorectal to 

non-small cell lung cancer. Since the approval of this anti-VEGF therapy in 2004, 

many more anti-angiogenic therapies have been developed and approved for use in 

patients. Sunitinib, used to treat patients with renal cell or gastrointestinal stromal 

tumours, is a small molecule RTK inhibitor that inhibits VEGFR1, 2 and 3, as well as 

a range of other RTKs such as PDGFR and c-kit. Alternatively, sorafenib, used for 

renal cell and hepatocellular carcinomas, is also a small molecule RTK inhibitor, 

affecting an overlapping profile of targets with sunitinib (Meadows and Hurwitz, 

2012). It is notable however, that with the exception of Bevacizumab in severe 

cases of glioblastoma, these anti-angiogenic therapies are rarely given as single 

therapy, and rather are administered as part of a combinatory treatment strategy. 

This may be in part due to angiogenesis being a secondary later event in cancer 

progression and tumour sustenance rather than the cause of tumorigenesis and 

malignant transformation. 

Metastasis  

All of the above hallmarks of cancer are important for initiation and maintenance of a 

malignant tumour. However it is the final hallmark, the process of invasion and 

metastasis that is the major series of events leading to death from cancer. Although, 

the incidence of metastases may differ between cancer types, the most common 

sites for metastases are the lung, liver, brain, and bone. For example, secondary 

tumours in the liver account for around 25% of all solid organ metastases (Ahuja, 

2007). Furthermore, the increased mortality rate upon metastases is reflected in the 

reduced median survival rates in patients with untreated brain metastases (Sawaya, 

2001). In addition to reducing the survival time of a patient, metastases are also 

implicated in severe morbidities, such as bone metastases resulting in bone pain 

and hypercalcemia.  

The biological event of metastasis is a multistep process (depicted in Figure 1.3) by 

which tumour cells disseminate from their primary site and migrate to form tumours 
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at secondary sites (Pecorino, 2008). In the first instance, this process involves the 

escape of neoplastic cells from the primary tumour followed by subsequent loss of 

cellular adhesion and increased motility. These metastatic tumour cells undergo 

intravasation into the vasculature, and must acquire the ability to survive whilst in 

transit in the circulation. When these cells reach an organ microenvironment, they 

begin the process of extravasation from the bloodstream to the secondary site, and 

finally, colonisation of the secondary site to form micro-metastases (Gupta and 

Massague, 2006).  

Exactly how tumour cells choose secondary sites has been explored by the seed 

and soil theory.  Originally posed by Paget in 1889, this theory postulated that 

tumour cell seeds grow only in the specific microenvironment of particular organs, 

the soil (Paget, 1989). For example, late stage breast cancer patients are frequently 

found to develop bone metastases. It is suggested that multiple subpopulations of 

tumour cells with alternate genetic profiles reside within the primary tumour, and 

certain tumour cells overexpressing a subset of specialised genes will have a higher 

propensity to metastasise to specific organ sites. Breast cancer cells over-

expressing C-X-C chemokine receptor type 4 (CXCR4) are commonly found to 

metastasise to the bone (Kang et al., 2003); the ligand of this receptor, C-X-C Motif 

Chemokine Ligand 12 (CXCL12), is highly expressed by resident stromal cells in the 

bone niche (Muller et al., 2001). Alternatively, cell populations over-expressing 

genes such as the cell adhesion receptor, VCAM1, and the matrix 

metalloproteinase, MMP2, preferentially metastasised to the lungs (Minn et al., 

2005).  

Whilst the process of metastasis and sites of secondary tumours is now better 

understood, the mechanism of how they take the initial steps towards metastasis is 

comparatively unclear. It has been proposed that epithelial-mesenchymal transition 

(EMT) is intimately involved in driving metastasis. EMT is a programme by which 

epithelial cells lose cell-cell adhesion, and undergo a conversion from epithelial-like 

cells to cells with a mesenchymal morphology that possess enhanced migratory and 

invasive abilities (Heerboth et al., 2015). It is therefore suggested that EMT 

contributes to the dissociation of cancer cells from tumours originating from 

epithelial tissues (Hanahan and Weinberg, 2011). Initiation of the EMT process 

stems from the loss of expression of adhesion molecules regulating cell-cell 

attachment.  E-cadherin is one such molecule that is frequently down-regulated prior 



15 
 

1b. EMT:  

Secondary 
site for 

metastases 

Primary 
tumour  

 Snail 
 Twist 
 E-Cadherin 

4. Anoikis 
resistance 

2. Migration 

6. Colonisation 
5. Extravasation 

1a. Loss of 
adhesion 

3. Intravasation 

Fig 1.3. Epithelial mesenchymal transition (EMT) and the metastatic 

process. The metastatic process is key in the pathogenesis of aggressive 

cancer phenotype. It is typically described as a multistep process characterised 

by (1) Loss of adhesion within the primary tumour, as such a key driver for this 

event is EMT, (2) Increased motility and migration, (3) Intravasation into the 

local circulating blood supply, (4) Cell survival while in transit, (5) Extravasation 

to the secondary site (often termed a niche or ‘soil’), (6) Colonisation and 

formation of distant metastases.  

to EMT and reduction in E-cadherin is associated with increased invasiveness of 

tumour cells (Onder et al., 2008).  
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Similarly, transcription factors such as Snail and Twist have also been implicated in 

the progression of EMT. Snail has been shown to directly down-regulate E-cadherin 

expression (Batlle et al., 2000), as wells as repressing other key genes involved in 

cell adhesion such as claudins (Ikenouchi et al., 2003). Furthermore, it has been 

shown in multiple studies that snail increases the invasive capacity of cancer cells; 

prostate cancer cell lines with over-expression of Snail exhibited increased cell 

invasion.  Conversely, shRNA against Snail decreased the invasiveness of these 

cell lines (Osorio et al., 2016). Furthermore, Snail inhibition in breast cancer cells 

(MCF-7) reduced invasive capabilities in both 2D and 3D assays (Vistain et al., 

2015).  Thus, snail can be inextricably linked to an invasive metastatic cancer 

phenotype. The transcription factor, Twist, has also been shown to contribute to 

EMT and this has been linked with breast cancer metastasis. Suppression of Twist 

in highly metastatic breast cancer cells inhibited metastasis from the breast to the 

lung. Similarly, in human breast tissue samples, high expression of Twist correlated 

with a more invasive metastatic cancer phenotype (Yang et al., 2004a). Therefore a 

large body of work has shown there is a direct link between EMT and metastasis, 

and furthermore, this has been observed in multiple cancer phenotypes including 

breast cancer, the cancer type which is the focus of this thesis.  

 

1.1.ii Breast cancer 

Breast cancer is one of the four most common cancers in the UK; in fact it is the 

most common cancer accounting for 15% of new cancer diagnoses. Furthermore, it 

is estimated that 1 in 8 women will be diagnosed with breast cancer during their 

lifetime, although diagnosis is more common in women over 65 (46% of cases). 

Although breast cancer has the highest incidence in the UK, breast cancer therapy 

has vastly improved with 78% of patients now surviving for 10 or more years; 

improvements in treatment and the development of awareness campaigns have 

seen death rates due to breast cancer fall by 40% since the mid-80s (Statistics from 

(CancerResearchUK, 2013). However, while survival rates for women diagnosed at 

the early stages of breast cancer are favourable, late diagnosis is still a major 

clinical problem with only 15% of women expected to survive beyond 5 years when 

diagnosed with stage IV cancer. The lack of effective treatment at this stage is 
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largely due to the formation of metastases. In addition, there are also still major 

clinical barriers to overcome in relation to recurrent and resistant breast cancers.  

In this thesis, we are investigating the effects of a catabolic process, autophagy, in 

metastatic breast cancer. Indeed, autophagy has been shown to facilitate the 

development of chemotherapeutic-resistant breast cancer phenotypes. It has been 

implicated in resistance to the Human epidermal growth factor receptor-2 (HER-2) 

monoclonal antibody trastuzumab (Herceptin) (Vazquez-Martin et al., 2009), anti-

estrogen drugs such as Tamoxifen (Schoenlein et al., 2009), and anthracyclines 

such as epirubicin (Sun et al., 2011). Based on these outcomes, targeting 

autophagy is increasingly being investigated as a therapeutic option for many solid 

tumours, including those originating in breast tissue. The biology underlying this 

catabolic process and its implications in cancer are described further in section 1.2 

and 1.3. 
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1.2  AUTOPHAGY 

Autophagy is the conserved cellular process whereby damaged organelles and 

cellular proteins are sequestered in double membrane vesicles, known as 

autophagosomes, and targeted to the lysosomes for degradation. The term 

autophagy was coined in 1963 by de Duve when he used it to describe the presence 

of vesicles containing degraded cellular proteins and organelles (Yang and Klionsky, 

2010). Since this discovery, three main types of autophagy have been noted: micro-

autophagy, macro-autophagy and chaperone-mediated autophagy (CMA). In micro-

autophagy cellular components are sequestered in a specific or non-specific manner 

directly by the lysosomes. CMA only degrades soluble proteins and requires the 

unfolded proteins to be directly translocated across the lysosome membrane via 

chaperone proteins (heat shock protein 70 (hsc70)) and membrane receptors 

(Lysosome-associated membrane proteins (LAMP)). During macro-autophagy 

(referred to as autophagy for the remainder of the thesis), cellular components are 

sequestered in a double-membrane cytosolic vesicle, termed the autophagosome. 

The autophagosomes fuse with lysosomes or endosomes, after which the inner 

membrane and contents are broken down and released back into the cytosol 

through membrane permeases (Mizushima et al., 2008, Xie and Klionsky, 2007). 

 

1.2.i  The regulation of autophagy by autophagy-related proteins 

The activation and formation of the autophagosome is reliant on key Autophagy-

related signalling proteins (Atg proteins), which are differentially expressed over the 

3 stages of autophagosome formation -- initiation, nucleation, and elongation and 

closure -- as outlined in Fig 1.4. 

Autophagosomes originate from phagophores (or isolation membranes (IM)), which 

are currently understood to be membrane structure assembly sites derived from the 

endoplasmic reticulum (ER) or other membrane sources such as the mitochondria, 

the Golgi, the plasma membrane and recycling endosomes (Ravikumar et al., 2010, 

Longatti et al., 2012, Puri et al., 2013, Axe et al., 2008, Hailey et al., 2010). Despite 

the identification of multiple membrane sources, the general model of isolation 

membrane formation centres on the ER. Early studies noted an association between 

ER membranes and autophagosomes in starved hepatocytes (Dunn, 1990). Further 
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evolution of studies using fluorescent tagged autophagy constructs has led to 

mechanistic insights of isolation membrane formation being elucidated. A notable 

event is the recruitment of the omegasome marker double FYVE domain-containing 

protein1 (DFCP1) to phosphatidylinositol 3-phosphate (PI3P)-enriched phagophore 

(cradle) assemblies localised to the ER (Axe et al., 2008). The omegasome is a 

compartment within the cell specific to autophagosome biogenesis. However the 

function of DFCP1 is still unknown as inhibiting its expression does not inhibit 

autophagy (Axe et al., 2008). Further work has supported the hypothesis of specific 

IM formation sites; termed the ‘cradle model’, it has been observed that cup-shaped 

regions of the ER membrane provide structural support to forming IMs (Hayashi-

Nishino et al., 2009). In addition, ER linked DFCP1+ tubular membrane structures, 

IM-associated tubules (IMATs), have recently been identified to join the edges of the 

IM, providing further support to the forming autophagosome (Uemura et al., 2014). 

Indeed, IMAT formation was abrogated in MEFs with a ULK1 complex deficiency, 

but was still present in MEFs with defects in the autophagy conjugation pathways 

(described later). This data supports a model in which IM formation occurs proximal 

to cradle-shaped omegasome sites, and the ULK1 complex is necessary for 

membrane assembly.  

As adhered to above, in mammalian cells autophagosome initiation and autophagy 

induction relies on activation of the unc-51-like kinase 1 (ULK1) complex (Ganley et 

al., 2009, Hosokawa et al., 2009a, Chan et al., 2009). This consists of the 

serine/threonine protein kinase ULK1 (or related family member ULK2), ATG13, 

focal adhesion kinase family interacting protein of 200kDa (FIP200) (Hara et al., 

2008) and ATG101 (Hosokawa et al., 2009b, Mercer et al., 2009).  

The ULK1/2 complex integrates signals from the master nutrient sensors, 

mechanistic target of rapamycin complex (mTORC1) and 5’AMP-activated protein 

kinase (AMPK), and transmits information to the downstream autophagic machinery. 

In nutrient rich conditions, mTORC1 directly associates with the ULK1 complex via 

the raptor subunit (Hosokawa et al., 2009a).  In the current predominant model, 

associated mTORC1 mediates phosphorylation of ATG13 and ULK1 at the Ser757 

site leading to a potent inhibition of ULK1 kinase activity (Kim et al., 2011). In 

contrast, during amino acid starvation, mTORC1 dissociates from the ULK1/2 

leading to the auto-phosphorylation of ULK1/2 possibly at Thr180 in the ULK kinase 

activation loop (Bach et al., 2011). Following this activation ULK1 phosphorylates 



20 
 

ATG13 (Ser318) and FIP200 at sites not completely understood  (Joo et al., 2011, 

Jung et al., 2009) To this date over 30 phosphorylation sites have been identified on 

ULK1 indicative of an important role for the function of the protein. 

The ULK1 complex is poised as the primary initiating protein kinase of the 

autophagy cascade. An essential interaction is that of ULK1 and Beclin1; under 

amino acid starvation ULK1 has been shown to phosphorylate Beclin-1 on Ser14, 

and in turn enhances activity of the autophagic Beclin1 complex (Russell et al., 

2013). This is a key step in the initiation and nucleation of autophagosomes. 

Importantly, DFCP1 localisation to omegasome sites is driven by PI3P, the 

formation of which is dependent on activation of VPS34. This requires the functional 

interaction of Beclin 1 with ATG14L and p150 in an autophagosome formation-

specific PI3K complex to activate VPS34 at the membrane formation sites (Itakura 

et al., 2008, Russell et al., 2013). It is interesting to note, that multiple Beclin-1 

complexes have been identified with differential roles in autophagy activation. While 

ATG14L complexes were shown to drive autophagosome formation, complexes 

containing UV radiation resistance-associated gene protein (UVRAG), RUN domain 

protein as Beclin 1-interacting and cysteine-rich containing (Rubicon) and 

Autophagy And Beclin 1 Regulator 1 (Ambra1) were shown to regulate 

autophagosome trafficking (Zhong et al., 2009). This differential interaction places 

ATG14L as a key effector in IM initiation and nucleation. Indeed, under starvation 

conditions preventing ATG14L translocation to ER membranes abrogated 

omegasome formation (Matsunaga et al., 2010). Furthermore, ATG14L has been 

shown to contain a conserved region which binds to PI3P (Fan et al., 2011), thereby 

ATG14L also has an essential role in anchoring the Beclin-1 complex at the forming 

autophagosome.  

Anchoring of this complex at the autophagosome initiation site generates an 

abundance of PI3P, which not only aids in membrane initiation through recruitment 

of DFCP1 but also recruits other effector proteins that aid in expansion of the IM. 

These include members of the WD-repeat protein interacting with phosphoinositides 

(WIPI) family to the phagophore (Itakura and Mizushima, 2010). Indeed, WIPI2 has 

been identified to connect membrane initiation events with the autophagic 

conjugate, ATG5-ATG12-ATG16L, and consequently elongation and closure of the 

autophagosome. Here, a direct binding interaction was observed between WIPI2b 
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and ATG16L, which aided in recruiting the ATG16L conjugate to initiation 

membranes (Dooley et al., 2014).  

The importance of this step is recognised in the cross over between the two 

conjugation systems required for autophagosome elongation and closure. In making 

the ATG12-ATG5-ATG16L conjugate, first ATG12 is made in a C-terminal glycine 

exposed form, which is activated by the E1 enzyme (ATG7) and transferred to the 

E2 enzyme (ATG10) (Mizushima et al., 1998). This enables ATG12 to form a 

conjugate with ATG5, which further interacts with ATG16L1 to broaden the complex. 

The ATG12-ATG5 portion of this complex is necessary for the second conjugation 

system, which ultimately leads to the formation of light chain 3-II (LC3-II). ATG12-

ATG5 has been shown to directly bind LC3 (ATG8) and stimulate the E2 enzyme, 

ATG3, thus promoting its lipidation to LC3-II (or LC3-PE) (Fujita et al., 2008, Sakoh-

Nakatogawa et al., 2013).  

While formation of the autophagosome involves this step-wise series of initiation, 

nucleation and elongation events at ER membranes, further defined ER exit sites 

(ERES) have also been shown to play a role in elongation of the autophagosome 

(Zoppino et al., 2010). These ER specific sites are the centre for protein sorting into 

coat protein complex-II (COP-II) vesicles and Golgi trafficking (Brandizzi and 

Barlowe, 2013). However, recent studies of autophagy have now revealed a 

separate membrane structure receiving ERES vesicles, the ER-Golgi intermediate 

compartment (ERGIC), to be important in elongation and maturation of 

autophagosomes (Ge et al., 2013). Using cell-free studies, membranes isolated 

from ERGIC fractions displayed an abundance of LC3 lipidation activity, whilst those 

from mitochondria-associated membranes (MAMs) did not. In addition, the 

production of COP-II vesicles containing the LC3 lipidating machinery has been 

demonstrated to be intimately dependent to PI3P (Ge et al., 2014). Taken together, 

the current model proposes that Beclin1-ATG14L-VPS34 complexes associate with 

IM formation sites (forming PI3P), which consequently mature into membranes 

associated with ERES and ERGIC. However, it has alternatively been proposed that 

Beclin1-ATG14L-VPS34 localises with COP-II vesicles whilst being trafficked to 

ERGIC, and current data has failed to discriminate between either of these models. 

An important development in this field has now demonstrated ATG13 (part of the 

ULK1 complex) to directly associate with isolated components of ERGIC, suggesting 

further interplay between autophagy, ULK1 and ERGIC (Karanasios et al., 2016).  
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In addition to the autophagy specific proteins localising to forming autophagosomes, 

less specific cargo and adaptor proteins are also recruited, including p62. Through 

recognition of damaged or aggregated proteins marked with ubiquitin (Ub), a 76 

amino acid residue globular protein, p62 was the first protein shown to have an 

ubiquitin-mediated adaptor function in autophagy (Pankiv et al., 2007). P62 contains 

both a C-terminal ubiquitin-binding domain (UBA) (Ciani et al., 2003) and a LC3-

interacting region (LIR) (Pankiv et al., 2007, Ichimura et al., 2008). It has been 

reported that under proteasome inhibition ULK1 kinase can phosphorylate Ser407 in 

the p62 UBA. This was subsequently shown to destabilise the UBA dimer interface, 

allowing further phosphorylation of the UBA domain by kinases such as casein 

kinase 2 (CK2) or TANK-binding kinase 1 (TBK1) (Lim et al., 2015, Matsumoto et 

al., 2011, Pilli et al., 2012, Ro et al., 2014). This series of events acted to increase 

the affinity of p62 for ubiquitin, making it an efficient Ub-receptor and adaptor 

protein. Indeed, p62 knockout in both mice and Drosophila has shown p62 to play 

an essential role in ubiquitinylated protein aggregation and the autophagic clearance 

of these aggregates (Nezis et al., 2008, Bartlett et al., 2011). Separately, the 

interaction between p62 and LC3 via the LIR domain has been shown to be 

necessary for p62 autophagic degradation, but it was not required for p62 

translocation to autophagosome formation sites (Itakura and Mizushima, 2011). This 

could suggest that upstream factors such as ULK1, which has been identified to 

directly interact with p62, recruit p62 to the autophagosome formation site prior to 

membrane formation. Whether this is the case or not, p62 remains an important 

autophagic marker, as increased levels of p62 are routinely observed during 

autophagy inhibition.  

The mechanisms behind the formation of the autophagosome and thus activation of 

autophagy are important as they allow us to pinpoint key molecular targets for 

silencing or inhibiting autophagy, as well as detecting the activation of autophagy 

experimentally.  

 

 

  



23 
 

 

  

ATG101 

Fig 1.4. Key autophagy signalling events and formation of the 

autophagosome. Autophagosome membrane initiation is driven by the key 

initiator ULK1 complex, whose activity ultimately lies under the control of the 

master nutrient regulators, mTORC1 and AMPK. Upon activation ULK1 drives 

a series of signalling events, recruiting Beclin1 complex to the isolation 

membrane formation site (omegasome lined with DFCP1). Beclin1 produces 

PI3P, which recruits further proteins required for nucleation and elongation of 

the membrane, namely WIPI2, ATG12-ATG5-ATG16L conjugate, and LC3. The 

LC3 lipidation activity has recently been shown to be linked to other ER-

membrane compartments, such as ERGIC. Digestion of autophagosome 

contents occurs upon fusion with lysosomes and formation of the acidic 

autolysosome containing essential degradative proteases.  
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1.2.ii  Nutrient regulation of autophagy 

While autophagy can be activated in response to various stimuli, the canonical 

activation pathway linked to nutrient starvation is the best characterised (Codogno et 

al., 2012) and is one such focus of the research outlined in this thesis. This nutrient 

dependent canonical pathway is primarily driven by two kinases, mTORC1 and 

AMPK, both of which have phosphorylating activity upon ULK1, the essential initiator 

protein in autophagy activation. Autophagy regulation by both of these nutrient-

dependent kinases will be discussed further here. 

AMPK regulation of ULK1 

The positive regulation of autophagy by AMPK has been substantiated by the 

mechanism directly linking interactions between AMPK and ULK1. Seminal work 

identified two serine sites (S317, S777) within the ULK1 protein that were directly 

phosphorylated by AMPK under glucose starvation (Kim et al., 2011). Further 

evidence in this model was that phosphorylation of S317 and S777 was abrogated 

in AMPK DKO cells and by the AMPK inhibitor, compound C. Furthermore, the 

phosphorylation of these specific serine sites was shown to be essential for the 

induction of autophagy in response to glucose starvation -- the induction of 

autophagy under glucose withdrawal was significantly reduced in ULK1S317/S777A 

mutant cells compared to wild-type. This showed that inhibition of AMPK-mediated 

phosphorylation of ULK1 was sufficient to block nutrient starvation induced 

autophagy. In addition, these modified-ULK1 cells which were less able to utilise 

autophagy, were also less able to resist glucose starvation-induced apoptosis. This 

work supported a clear role for AMPK in the activation of ULK1 kinase and in turn 

autophagy.  

Interestingly, S317 and S777 are not the only AMPK-phosphorylation sites on ULK1 

that have been identified. Additional sites (S467, S555, T574, and S637) were 

identified with functional roles for survival following nutrient stress and mitophagy 

(Egan et al., 2011). Originally identified using bioinformatics, these sites were 

confirmed as targets for AMPK using mass spectrometry and phospho-specific 

antibodies.  For example, purified AMPK could induce S467 and S555 

phosphorylation using in vitro assays.  Treatment of cells with the AMP-mimetic, 

AICAR, led to p-S555 on endogenous ULK1. In assessing the biological outcome of 

these phosphorylation events, cells expressing an AMPK non-phosphorylatable 
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ULK1 mutant had severely accumulated p62 levels, defective mitophagy, and were 

unable to survive nutrient stress in culture.  

Indeed, the role for S555 phosphorylation has been further examined with respect to 

mitophagy in more recent studies. Following hypoxia stress, p-S555 was required 

for directing ULK1 translocation to the mitochondria (Tian et al., 2015). In this study, 

it was shown that p-S317 and p-S555 increased upon hypoxia.  Furthermore, a 

ULK1-S555A mutation significantly reduced the translocation of ULK1 to the 

mitochondria under hypoxic conditions. Importantly, ULK1 KO cells were unable to 

undergo mitophagy.  Reconstitution with a phosphomimetic S555D mutant rescued 

the formation of autophagosomes directed toward mitochondria, whereas 

expression of the S555A mutant could not restore efficient mitophagy. These data 

implicated p-S555 is a key event in hypoxia-driven mitophagy, as well as that driven 

by nutrient stress.  

Another suggested role for ULK1-S555 phosphorylation is to mediate the binding 

between 14-3-3 proteins and ULK1 kinase (Bach et al., 2011). A direct nutrient-

dependent interaction between GST-14-3-3 and ULK1 was observed, with the 

strength of this interaction increasing with glucose or amino acid starvation. A 

positive role for AMPK was implicated in this interaction based on data showing that 

an AMPK simulating drug, A769662, or AMPK-activating drug, phenformin, further 

increased interaction. Using immuno-precipitation, this regulation was shown to be 

through direct AMPK-ULK1 binding. Thus, taking these studies into consideration, 

the current consensus behind AMPK regulation of autophagy is that it positively 

regulates ULK1 activation via phosphorylation of multiple serine/threonine sites to 

drive autophagy in response to nutrient stress, as indicated in Fig 1.5.  

Intriguingly, while these studies depict a multi-faceted role for AMPK regulation of 

ULK1, AMPK has been shown to regulate other essential proteins involved in 

autophagy signalling. As described earlier, the class III PI3K (VPS34) promotes 

autophagosome formation and in turn autophagy induction. An intricate mechanism 

was also identified in which AMPK differentially regulated both non-autophagy 

VPS34 complexes (lacking autophagy adaptors ATG14L or UVRAG) and pro-

autophagy VPS34 complexes (containing ATG14L or UVRAG) (Kim et al., 2013a). 

Upon glucose starvation, non-autophagy VPS34 complexes displayed decreased 

activity as measured by a lipid kinase assay, whereas pro-autophagy complexes 
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displayed increased activity. These events were attributed to AMPK mediated 

phosphorylation of Beclin 1 (S91/S94) and VPS34 (T163/S165) specifically in 

response to glucose starvation.  Phosphorylation of Beclin1 was essential for the 

activation of the pro-autophagic complex containing ATG14L and in turn induction of 

autophagy. In contrast, VPS34 phosphorylation was required to inhibit non-

autophagy complexes. The switch between whether AMPK phosphorylation 

mediated inhibition or activation of the complex was determined by the presence of 

ATG14L. The binding of ATG14L was proposed to make Beclin1 a better substrate 

for AMPK, thus leading to activation of the pro-autophagic VPS34 complexes.  

The evidence together highlights how multiple mechanisms likely arise downstream 

of AMPK to mediate autophagy regulation.  There is thus a level of cross-talk that is 

still not fully understood for the cell to integrate signals to Beclin 1, VPS34 and 

ULK1, which signal together in their own dedicated mechanisms. It is important to 

note the studies primarily used glucose starvation to drive AMPK-mediated ULK1 

and VPS34 phosphorylation. However, alternative nutrient starvation conditions, i.e. 

amino acid withdrawal, have been shown to regulate autophagy through a second 

major kinase complex, mTORC1. The regulation of autophagy by mTORC1 is 

comparatively better understood than the AMPK mechanisms. The mTORC1 

regulatory complex and potential crosstalk with AMPK will be discussed next. 

Nevertheless, the multiple regulatory pathways so far described demonstrate wider 

potential for different nutrient stressors to stimulate autophagy induction via distinct 

but overlapping mechanisms.  
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Fig 1.5. AMPK and mTORC1 phosphorylation sites with ULK1. Multiple 

phosphorylation sites for AMPK and mTORC1 have been identified to date 

within the Ser/Thr-rich domain of ULK1. Direct activating interactions 

between AMPK and ULK1 at S317, S777, S467, S555, T754, and S637 

have been identified. While some overlap between the AMPK and 

mTORC1 sites exists (S637), phosphorylation of S757 by mTORC1 is the 

best characterised inhibitory modification on ULK1.  
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MTORC1 regulation of ULK1 

MTORC1 has been inextricably linked to ULK1 regulation and thus control of 

autophagy activation. The core components of this complex have been identified as 

mTOR, Raptor (regulator-associated protein of mTOR), and mLST8 (mammalian 

lethal with SEC13 protein 8) (Yip et al., 2010, Aylett et al., 2016). In addition, these 

core components can be further regulated via sub-units such as PRAS40 (proline-

rich Akt substrate, 40kDa). In this respect PRAS40 typically binds to mTORC1 to 

inhibit its activity. However phosphorylation of PRAS40 protein by AKT, downstream 

of growth factor signalling, can lead to detachment and increase mTORC1 activity 

(Vander Haar et al., 2007). This provides one mechanism linking growth factors as 

well as amino acids in the regulation of mTORC1 function.  

In contrast to the AMPK-mediated phosphorylation of activating sites within ULK1, 

mTORC1 phosphorylates ULK1 at proposed inhibitory sites. The most widely 

reported of these mTORC1-mediated modifications is at serine 757, which was 

shown to inhibit ULK1 function (Kim et al., 2011). Autophagy activation generally 

correlated with a reduction in p-S757 levels, confirming loss of mTORC1 

phosphorylating activity coincides with autophagy induction. This was confirmed by 

Kang et al., 2013; here mutation of the mTORC1 phosphorylation site strongly 

reduced mTORC1-mediated phosphorylation of ULK1, and led to an increased 

sensitivity to rapamycin or amino acid starvation induced autophagy (Kang et al., 

2013). Interestingly, it was noted that phosphorylation or functional mutations in 

ULK1-S757 could decrease the binding between ULK1 and AMPK, suggesting 

crosstalk between these two nutrient sensing modules to drive autophagy activation 

(Kim et al., 2011).  In this interplay model, mTORC1 was proposed to negatively 

regulate the ability of AMPK to bind and activate ULK1.  

As with AMPK, mTORC1 can phosphorylate multiple sites within ULK1. In addition 

to ULK1-S757, an alternative mTORC1-regulated site has been noted at ULK1-

S637 (Shang et al., 2011, Wong et al., 2015). Interestingly, experiments comparing 

mTORC1 inhibition via amino acid starvation or rapamycin has shown differential 

dynamics in autophagy activation despite similarly blocking mTORC1 activity.  In 

this way, amino acid starvation produced a much more rapid induction of autophagy. 

This difference was attributed to a secondary mechanism occurring in nutrient 

starved cells involving the protein phosphatase 2A (PP2A) (Wong et al., 2015). Only 



29 
 

starvation triggered dissociation of PP2A from its negative regulator Alpha4, 

allowing this phosphatase to de-phosphorylate ULK1 specifically on the S637 site 

leading to subsequent autophagy induction. Functional coordination between the 

S637 and S757 sites, the full set of cellular phosphatases, and interaction with 

AMPK signalling remain finer details that require further study.  Nonetheless, the 

studies summarised here illustrate the importance of mTORC1 phosphorylation at 

specific sites in negatively regulating autophagy both with respect to ULK1 activation 

and its interactions with other proteins.  

MTORC1 sensing of amino acids at the lysosome 

Autophagy is commonly viewed to be activated following starvation of nutrients, the 

most potent of which are amino acids.  Alternatively, we can also consider how 

evolution has linked positive amino acid sensing signals via mTORC1 to suppress 

catabolic autophagy.   Understanding how amino acids activate mTORC1 ultimately 

improves our understanding of autophagy regulation.  A long series of studies in 

recent years have shed substantial light on the detailed upstream signalling events 

of mTORC1.  Interestingly, these studies outline how nutrient sensitivity is intimately 

linked with lysosomal cell biology, highlighting how downstream structures and 

organelles are interconnected with early cell signalling. These emerging models thus 

provide a link between early and late stage autophagy flux.  

It is now well established that the lysosome plays a role as a signalling scaffold 

sensing acute amino acid levels leading to mTORC1 activation, as well as being the 

primary organelle involved in the later degradative stages of autophagy. A key 

observation was that mTORC1 translocates to the lysosome and that this is 

necessary for its activation by amino acids (Sancak et al., 2008, Kim et al., 2008, 

Sancak et al., 2010) (summarised in Fig 1.6). Based on the current model, 

mTORC1 activation is typically associated with direct interactions between mTORC1 

subunits and the Ras-related GTPases (Rags) at the surface of the lysosomes. Rag 

GTPases (A-D) are key components of the Ragulator-mTORC1 complex at the 

lysosome. In the active state GTP-bound Rag A (or Rag B) is associated with GDP-

bound Rag C (or Rag D), and this in turn binds the Raptor subunit of mTORC1 to 

facilitate the association with lysosomal membranes and mediate amino acid 

signalling (Sancak et al., 2008, Sancak et al., 2010). Indeed, mTORC1 inhibition 
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was impaired in MEFs expressing constitutively active RagA, and thus these cells 

displayed an autophagy-deficient phenotype (Efeyan et al., 2013).  

Amino acids sensing by the mTORC1-Rag complex has been a fundamentally 

important question.  How are RagA/B activated by amino acid availability?  One 

critical feature of the Rag GTPases is their positioning at the lysosomal membrane. 

This localisation is mediated through their interaction with the lysosomal resident 

scaffold, the Ragulator complex (composed of p18 (LAMTOR1/C11orf59); p14 

(LAMTOR2/ROBLD3); MP1 (LAMTOR3/MAPKSP1); LAMTOR4 (C7orf59); and 

LAMTOR5 (HBXIP)). In addition to the Rag-Ragulator complexes, the vacuolar-

ATPase (v-ATPase) also co-operates in the amino acid sensing and translocation of 

mTORC1 to the lysosome. The combination of the Rag-Ragulator complex and v-

ATPase at the lysosome creates an efficient docking site which acts to anchor 

mTORC1 to the lysosome (Zoncu et al., 2011). Indeed, binding between the 

Ragulator and the v-ATPase V1 domain was weakened by amino acid stimulation. 

Although speculative, it has been proposed that this amino acid sensitive interaction 

may free the Ragulator from the v-ATPase to regulate the Rag GTPases. 

Supporting this proposed model, it has been shown that Ragulator acts as a 

guanine nucleotide exchange factor (GEF) for the Rag GTPases, and this activity is 

dependent on amino acid availability and v-ATPase interactions (Bar-Peled et al., 

2012). The v-ATPase was shown to strongly bind to Ragulator upon both glucose 

and amino acid starvation suggesting a crossover of nutrient dependent signalling at 

the lysosome (Efeyan et al., 2013). Importantly, v-ATPase is also an essential 

proton pump driving the acidification of the lysosome, a process intricately linked 

with autophagy activation, in particular the later degradative stages. This is one such 

example of how the early signalling mechanisms of autophagy are linked with the 

final execution stages of the process. 

Other work from two independent groups has highlighted the complexity of amino 

acid sensing by specific cellular receptors. These studies identified the solute carrier 

family 38 (SLC38A9) to function upstream of the v-ATPase-Ragulator-Rag complex. 

Using tandem affinity purification coupled with LC-MS/MS, SLC38A9 was found to 

interact with all 5 members of the Ragulator/ mTORC1 complex, as well as the four 

Rag GTPases (Rebsamen et al., 2015). The SLC38A9.1 was found to be the 

preferential isoform that bound Ragulator, Rag A, Rag C, and endogenous 

components of the v-ATPase proton pump (Wang S., 2015). Importantly, 
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knockdown of SLC38A9 supressed the activation of mTORC1 by amino acids, and 

conversely overexpression of SLC38A9 led to mTORC1 insensitivity towards to 

amino acid starvation and resulted in an autophagy-deficient cell phenotype. 

Interestingly, SLC938A9.1 was shown to be a preferential Arginine (Arg) sensor in 

stimulating mTORC1 activity; genetic deletion of SLC38A9.1 was only shown to 

block Arg-induced mTORC1 activation, while that induced by Leucine remained 

intact (Wang S., 2015). Further work showed that amino acid stimulation was able to 

weaken the interaction between SLC38A9 and the ragulator. This further supports 

the proposed model of amino acid stimulation leading to free Ragulator to impart its 

GEF activity upon RagA/B. Although in this case, while v-ATPase inhibition 

abrogated mTORC1 signalling in control cells, it did not induce full blockade of 

mTORC1 signalling in cells overexpressing SLC38A9.1, suggesting that v-ATPase 

and SLC38A9 may represent independent mechanisms of Ragulator-Rag control. 

While mTORC1 activity is intricately linked to GTP-loading of the Rag GTPases, 

mTORC1 is conversely inactivated when RagA/B return to their GDP-bound state.  

Another key mechanism that has emerged in recent years links the stress inducible 

proteins termed Sestrins (sesn1-3) to mTORC1 signalling and amino acid sensing. 

Sestrin function for mTORC1 intimately involves the GTPase-activating protein 

(GAP) activity toward Rags (GATOR) complexes. The GATOR1 complex (consisting 

of subunits DEPDC5, Nprl2 and Nprl3) acts as a GAP for Rags A and B, therefore 

inhibiting activation of the mTORC1 complex at the lysosome (Bar-Peled et al., 

2013). The GATOR2 complex (consisting of Mios, WDR24, WDR59, Seh1L and 

Sec13) is the endogenous negative regulator of GATOR1 (Bar-Peled et al., 2013).  

GATOR2 allows mTORC1 to be activated by blocking the inhibitory activity of 

GATOR1.  

Previous data has suggested that Sestrins regulate mTORC1 via AMPK (Budanov 

and Karin, 2008).  However, expression of Sestrins led to a strong inhibition of 

p70S6K phosphorylation, an indication of inhibition of MTORC1 signalling, even in 

AMPKα-/- MEFs suggesting that Sestrins can also work through a mechanism 

independently of AMPK (Parmigiani et al., 2014). More recent studies have 

suggested an alternate model whereby Sestrins inhibit the activity of GATOR2 

through direct binding, leading to mTORC1 inhibition via GATOR1 activation. For 

example, Sestrins were shown to bind GATOR2, but not GATOR1 complexes 

(Parmigiani et al., 2014, Chantranupong et al., 2014), and this interaction was 
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promoted by amino acid starvation. Further studies have pinpointed this amino acid 

sensing GATOR2 mediated control of mTORC1 activity to be altered by Leucine. 

Here leucine was shown to bind to Sestrin 2 and subsequently disrupt Sestrin2-

GATOR2 interactions, leading to activation of the mTORC1 pathway (Wolfson et al., 

2016, Saxton et al., 2016b). Based on this observation we could speculate that 

Sestrins play a role in amino acid-dependent inactivation of mTORC1, and in turn 

initiation of autophagy.  

In alternative mechanism of GATOR 2 modulation, an arginine sensing CASTOR1-

CASTOR2 complex has recently been identified. CASTOR1 (Cellular Arginine 

Sensor for mTORC1) was shown to directly interact with GATOR2 upon arginine 

deprivation, and in turn inhibit mTORC1 activity. Conversely, in the presence of 

arginine the interaction between CASTOR1 and GATOR2 was disrupted and 

mTORC1 was active (Chantranupong et al., 2016, Saxton et al., 2016a). It 

interesting to note, that SLC38A9 was also identified as a preferential arginine 

sensing component of the mTORC1 regulatory machinery (Wang S., 2015), 

therefore this work highlighted an alternative mechanism of how arginine controls 

mTORC1 activity.  

The summary above highlights mechanisms that drive mTORC1 translocation to the 

lysosome for activation of downstream signalling or alternatively mechanisms that 

negatively regulated MTORC1 activity.  It is now well accepted that mTORC1, once 

at the lysosome, becomes fully activated via further stimulatory signals driven by the 

Rheb (Ras homolog enriched in brain) GTPase (Long et al., 2005). Rheb GTP levels 

(and hence activation) is under the control of the tuberous sclerosis heterodimer 

(TSC) complex, made up of TSC1, TSC2, & TBC1D7 (tre2-bub2-cdc16-1 domain 

family member 7). TSC2 acts a GAP for Rheb (Tee et al., 2003, Inoki et al., 2003), 

and TSC1 is a scaffold for TSC2 and TBC1D7, stabilising the protein complex 

(Dibble et al., 2012).  

The TSC complex essentially acts as an inhibitor of MTORC1 signalling. The 

generally accepted view recognises the TSC2 pathway as the main driver for growth 

factor activation of mTORC1. Insulin has been shown to initiate PI3K/AKT mediated 

phosphorylation of TSC2 (Inoki et al., 2002, Cai et al., 2006), and subsequentl 

TSC1/2 dissociation from the lysosome (Menon et al., 2014). This presents a model 

whereby growth factors promote MTORC1 activity via protection of Rheb 

inactivation.   
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However, recent studies have indicated further levels of crosstalk and signal 

integration.  Demetriades et al., 2014, recently outlined a model whereby the Rag 

complex and amino acids also contribute to Rheb regulation.  Amino acid removal 

promoted Rag GTPases in their inactive confirmations (RagA-GDP and RagC-GTP) 

to recruit TSC2 to the lysosome where it can inactivate Rheb and co-operate to 

induce mTORC1 release from the lysosome.  In their experimental systems, 

MTORC1 could only be fully released from the lysosome when both Rag GTPases 

& Rheb were inactivated. This requires TSC2 to be present at the lysosome, and it 

is therefore an essential component needed in the amino acid sensing pathways. In 

support of this, mTORC1 remained localised at the lysosome, even under amino 

acid starvation condition in TSC2 null MEFs. In addition, while control MEFS 

activated autophagy on aa-starvation, shown by LC3A accumulation of the lipidated 

form and p62 degradation, TSC2 null MEFs were autophagy impaired (Demetriades 

et al., 2014).  In addition to amino acid starvation mediation of MTORC1 activity, 

using a lysosomal tethered-TSC2, another group were able to show TSC 

dissociation from the lysosome was needed to activate MTORC1 via growth 

factor/insulin stimulation (Menon et al., 2014). However, in contrast to the data 

above, they also showed TSC2 lysosomal localisation was not altered by amino acid 

starvation, therefore there still remains conflicting evidence in this area of autophagy 

and MTORC1 control. 
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Fig 1.6. Nutrient sensing of mTORC1 at the lysosome8 The mTORC1 complex is

localised and activated at the lysosome by an intricate network of protein complexes8 The

interaction between the v3ATPaseL Ragulator complex and the Rag GTPases is essential

in anchoring mTORC1 at the lysosome8 When localised to the lysosomeL mTORC1 can

be activated by the additional GTPase RhebL whose activation lies under the control of

the TSC29TSC1 complex8 Negative regulators of mTORC1 include the SestrinsL GATOR

and CASTOR complexesL which can be further regulated by specific amino acidsL such

as Leucine and Arginine8 One amino acid sensing component of mTORC1 activation has

recently been identified as SLC38A9L however further amino acid sensors remain to be

identified8
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1.3. The role of autophagy in cancer 

1.3.i  Autophagy as a tumour suppressor 

The role of autophagy in cancer is complex due to dual roles for both tumour cell 

survival and tumour suppression as summarised in Figure 1.7. Early evidence for 

the role of autophagy in cancer did point towards a tumour suppressive role. A key 

effector protein involved in autophagy regulation, Beclin1, was identified as a tumour 

suppressor by Liang et al, 1999. Beclin1 was found to be mono-allelically absent in 

45-75% of human breast and ovarian cancer cases. Furthermore, over-expression 

of Beclin1 in MCF-7 cells led to upregulation of autophagy and this correlated with 

reductions in cell proliferation, clonigenicity in soft agar studies, and in vivo 

tumorigenesis (Liang et al., 1999).  

The tumour suppressive function of Beclin1 and autophagy was confirmed by 

multiple studies showing loss of autophagy regulatory genes promoted spontaneous 

tumour development in mouse models. Beclin1 heterozygous mice more frequently 

developed lymphomas, lung or liver tumours compared to wild type mice, and 

concurrent with previous studies these mice had decreased capacity to initiate 

autophagy, as measured in starved muscle tissue (Yue et al., 2003). In addition to 

Beclin1, alternative autophagy genes when knocked out, could also give rise to 

spontaneous tumour development. Mice with mosaic deletion of ATG5 were noted 

to develop liver tumours specifically; moreover, liver-specific deletion of ATG7 

resulted in formation of benign liver adenomas (Takamura et al., 2011). ATG4C 

deletion, one of the essential mediators involved in priming LC3 for lipidation, 

increased susceptibility to formation of MCA carcinogen-induced fibrosarcomas 

(Marino et al., 2007). In support of data generated from knockout mouse models, 

autophagy regulators ATG4, ATG5, and ATG12 have all been shown to be deleted 

and/or mutated in human cancers, including gastric and colorectal carcinomas 

(Kang et al., 2009).  

As a model for the tumour suppressive function of autophagy, Beclin+/- or ATG5-/- 

iBMK autophagy-deficient cells display accumulation of p62, ubiquitin-containing 

protein aggregates, reactive oxygen species, and damaged organelles 

(mitochondria) (Mathew, 2009). Furthermore, failure to regulate these pathways, in 

particular p62 levels, arising from autophagy deficiency led to activation of the DNA 

damage response, and in turn promoted tumorigenesis. p62-EGFP expression in 
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autophagy-deficient cells led to increased γ-H2AX positive nuclear staining (marker 

of DNA damage) and importantly increased tumour volumes as compared to their 

autophagy competent counterparts. This p62 driven mechanism of tumorigenesis 

was also identified by Takamura et al., 2011 (Takamura et al., 2011); here tumours 

originating from ATG7-deleted mice showed evidence of p62 accumulation and 

genome damage. Furthermore, concurrent deletion of p62 significantly reduced the 

volume of ATG7-/- driven tumours. Taken together, this evidence would suggest that 

autophagy inhibits accumulation of critical key signalling proteins such as p62, 

thereby suppressing cell and genomic damage, thus reducing initiation of cancer. 

 

1.3.ii  Autophagy promotes survival of established tumour cells 

Conversely, autophagy is also well recognised to promote survival and resistance in 

cancer cells, and indeed this is the fundamental rationale for autophagy inhibition as 

anti-cancer therapy. The premise is that cellular stress will activate autophagy and 

lead to the cancer cells gaining reliance on autophagy for survival (Mathew, 2007). 

For example, it is estimated that a large proportion of tumours contain regions which 

are subject to hypoxic conditions. Hypoxia has been shown to be a major stressor 

leading to autophagy activation, especially in the context of cancer cells, and this 

stress-response pathway aids survival under hypoxic conditions. Hypoxia was 

shown to upregulate autophagy in BE human colorectal carcinoma cells as 

measured by GFP-LC3 puncta expression. siRNA-mediated ATG5 knockdown 

abrogated this biochemical response and moreover reduced cell viability of 

colorectal cancer cells subjected to hypoxic conditions (Wilkinson et al., 2009). 

These data clearly support a beneficial role for autophagy in hypoxia. In agreement 

with these findings, hypoxia correlated with an induction of autophagy in both human 

glioblastoma cell lines and primary cells, as shown by altered p62 and LC3-II 

expression (Hu et al., 2012). Inhibition of autophagy via 3-methylamine (3-MA) or 

Bafilomycin was able to reduce the levels of hypoxia-induced autophagy and in 

conjunction, increased cell death in response to hypoxic stress, primarily through 

promoting apoptosis.  

In addition to hypoxia, another frequent cellular stress tumour cells encounter is 

nutrient starvation. Of course, this is a key driver of autophagy activation through the 

canonical autophagy pathway, downstream of mTORC1 and AMPK (as described in 
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section 1.2).  Thus, it is unsurprising cancer cells exposed to a nutrient-deficient 

environment utilise autophagy for survival. Following extreme nutrient starvation, 

defined as combined glucose, amino acid and serum withdrawal, pancreatic 

carcinoma cells (PANC-1) displayed rapid upregulation of autophagy as shown by 

multiple methods of LC3 readouts (Kim et al., 2015). Autophagy inhibition, with CQ 

or ATG5 knockdown, promoted nutrient starvation induced cell death. In agreement, 

autophagy provided protection against less extensive nutrient starvation in multiple 

other studies. Amino acid-starvation induced autophagy contributed to the survival 

of colorectal cancer cells both in vitro and in vivo (Sato et al., 2007). Intriguingly, a 

more recent study showed that deprivation of just one of the essential amino acids, 

Arginine, led to activation of pro-survival autophagy in ovarian cancer cells 

(Shuvayeva et al., 2014). Here, the cell viability and proliferative capacity of Arg-

depleted SKOV3 cells was significantly decreased when autophagy was inhibited 

(CQ or siRNA Beclin1) compared to control cells. These studies discussed here 

depict a clear role for pro-survival autophagy in multiple cancer phenotypes 

subjected to cellular or metabolic stress.  

In an alternative cancer-promoting effect, autophagy has been shown to be required 

to support metabolism and mitochondria functionality within cancer cells. Expression 

of Ras isoforms with activating mutations, H-rasV12 and K-rasV12, increased levels of 

basal autophagy in iBMK cells (Guo et al., 2011). However, interestingly Ras-driven 

cell lines, while having increased basal autophagy, were not then susceptible to 

induction of starvation induced autophagy, while control cells were. In further 

exploration of these effects, human cancer cell lines carrying Ras mutations also 

had high basal autophagy, and this was subsequently shown to facilitate the growth 

and survival of these cell lines (H1299, PC-3, PANC-1). Interestingly, the 

mechanism identified to be supporting autophagy-driven cell survival and growth in 

Ras expressing cancers was maintenance of mitochondrial function. Here genetic 

knockout of ATG5, ATG7, Beclin1, and p62, all led to abnormal mitochondrial 

morphology, loss of mitochondria membrane potential and signs of defective 

mitophagy. This data together suggested that autophagy was required to maintain a 

pool of healthy mitochondria to support cancer cell survival and growth. Similarly, 

autophagy has also been shown to support mitochondrial metabolism in BRAFV600E 

lung tumours, here ATG7 deletion resulted in accumulation of mitochondria, in which 

a smaller fraction of these were determined functional compared to wild-type 

counterparts (Strohecker et al., 2013). Interestingly, the addition of glutamine was 
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sufficient to rescue loss of cell survival in ATG7 deficient cell lines in response to 

starvation. Subsequent studies showed autophagy deficient cells to be reliant on 

glutamine for survival, utilising glutamine in the tricarboxylic acid (TCA) cycle. 

Separately, this work was repeated in K-RasG12D non-small cell lung cancer, with 

comparable findings. Again ATG7 deficient tumours had defective mitochondria, 

which correlated with reduced tumour burden, and arrested proliferation (Guo et al., 

2013). Taken together these studies support a role for autophagy in maintaining 

functional mitochondria for cancer cell metabolism, and ultimately cell survival.  

Autophagy has also been shown to be cytoprotective, allowing cancer cells to 

survive chemo- or radio-therapy, and ultimately aid their recovery to form treatment-

resistant tumours (O'Donovan, 2011). The tyrosine kinase inhibitors (TKI), Gefitinib 

and Erlotinib, have been shown to upregulate autophagy in vitro, and abolishing this 

response enhanced their cytotoxic actions (Han et al., 2011). Furthermore, the 

PI3K/mTOR inhibitor, NVP-BEZ235, has been shown to induce autophagy (Liu et 

al., 2009), and combination with autophagy inhibitors improves NVP-BEZ235 

efficacy in multiple cancer cell lines including breast (Ji et al., 2015), and 

neuroblastoma (Seitz et al., 2013).  

As well as chemotherapy, autophagy can also promote radio-resistant cancer 

phenotypes. The induction of autophagy by γ-irradiation has been shown to 

contribute to resistance to radiation in glioma cells in vitro (Lomonaco et al., 2009). 

A dose-dependent relationship between radiation and autophagy induction could be 

shown in malignant glioma cells (Jo et al., 2015). Indeed many breast cancer cells 

have been shown to be more sensitive to radiation-induced cell death in the 

presence of an autophagy inhibitor. Cytoprotective autophagy was induced upon 

irradiation in ER+ ZR-75-1 breast cancer, and both pharmacological inhibition of 

autophagy (chloroquine) or shRNA genetic suppression (ATG5 or 7) increased the 

radio-sensitivity of these cells (Wilson et al., 2011). This effect was confirmed by the 

same research group in MCF-7 breast carcinoma (Bristol et al., 2012). Interestingly, 

differences have been observed between radio-resistant and radio-sensitive breast 

cancer cell lines with respect to autophagy upregulation. MDA-MB-231 cells, noted 

to be radio-resistant, exhibited significant increases in autophagy markers such as 

LC3-II upon irradiation, whereas HBL-100 cells, considered to be radio-sensitive, did 

not activate autophagy (Chaachouay et al., 2011).  The autophagy response was 

shown to be cytoprotective as pre-treatment with an autophagy inhibitor reduced the 
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clonogenic capacity of irradiated radio-resistant cells. These studies are just a 

snapshot of a vast array supporting a pro-survival role for autophagy with respect to 

cellular stress, radio-, and chemo-therapy. Furthermore, they promote a clear 

rationale for the inhibition of autophagy as a potential anti-cancer therapy. 

 

Tumour suppressor Tumour promotor 

 Survival in hypoxic or 

nutrient depleted tumour 

environments. 
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Fig 1.7.  The double edged sword of autophagy. Autophagy has been 

shown to have opposing role in cancer pathology, acting both as a tumour 

suppressor during early cancer initiation, and later as a cancer promotor 

within established tumours. Here we summarise a selection of evidence 

supporting each of these roles.   
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1.3.iii  Autophagy as an anti-metastatic factor 

The rationale for targeting autophagy to reduce cancer cell survival has been 

extended for treatment of metastatic cancer. Similar to the dual roles of autophagy 

in autonomous cancer cell survival, the findings on autophagy for metastasis 

similarly highlight conflicting data (or duality) describing both pro-metastatic and 

anti-metastatic roles. However, as with autophagy in basic cancer cell biology, the 

majority of papers do point towards a pro-metastatic role of autophagy.  Both sides 

of evidence are outlined below.  

During metastasis, cells undergo stress as they adapt to new microenvironments. 

Thus, it is likely that autophagy is activated during metastasis. A model proposed 

nearly 10 years ago suggested that autophagy could serve as tumour suppressor by 

limiting metastasis (Degenhardt, 2006, Mathew, 2007).  Autophagy would be up-

regulated during the initial primary events of metastasis, including hypoxia, 

metabolic stress, and the loss of extracellular matrix (ECM) contacts. During these 

hypoxia and metabolic stresses, many tumour cells would undergo necrotic cell 

death, inducing an inflammatory niche at the primary tumour sites, and creating a 

favourable microenvironment for metastasis to progress. However, autophagy could 

promote cell health and survival under such conditions.  Thus, induction of 

autophagy within the primary tumour may limit the level of cell death and necrosis, 

thereby inhibiting inflammation and suppressing metastasis (Degenhardt, 2006, 

Bingle, 2002).  

An alternate example of this anti-inflammatory role for autophagy in preventing 

metastasis is the autophagy-regulated release of an essential immune modulator by 

cells programmed to die. High-mobility group B1 (HMGB1) activates an anti-tumour 

response and restricts metastasis through TLR-4 signalling mechanisms (Yang et 

al., 2010). Using the epithelial growth factor diphtheria toxin (DT-EGF) which 

selectively kills cells expressing EGFR, it was found that only dying cells (gliomas) 

which had high levels of autophagy released HMGB1, and this correlated with a 

non-apoptotic mode of cell death. Alternatively, in cells with low autophagy 

(epithelial type tumour cells), HMBG1 was not released and these cells died via 

apoptosis (Thorburn et al., 2009a, Thorburn et al., 2009b). Therefore these data 

suggested that autophagy was required for HMGB1 release and subsequent anti-

tumour immune responses.  
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With respect to alternative mechanisms, the autophagy inducer, rapamycin, has 

frequently been shown to prevent metastasis in in vivo models. Rapamycin reduced 

tumour growth and formation of distant metastases in a mouse model of non-small 

cell lung cancer (NSCLC) (Boffa et al., 2004). In agreement, rapamycin also 

reduced the incidence of pulmonary metastases in a renal cell carcinoma SCID 

mouse model (Luan et al., 2003). However, as evident below, the beneficial effects 

of rapamycin in reducing metastasis may be dependent on the cancer type and 

mouse model used.  

 

1.3.iv  Autophagy as a pro-metastatic factor 

More recent studies have shown opposing effects for rapamycin, in which 

autophagy promoted metastasis. In a 4T1 mammary carcinoma model, using 

immune-competent mice, after tumour resection surgery administration of rapamycin 

(thereby activation of autophagy) greatly increased the metastatic potential of the 

remaining population of aggressive breast cancer cells (Lin et al., 2015). 

Furthermore, in the 4T1 mouse model, rapamycin in combination with sunitinib (TKI 

anti-angiogenic therapy) was identified to promote lung metastasis despite reducing 

primary tumour growth (Yin et al., 2014).  

How could autophagy promote the metastasis cascade? For one mechanism, we 

can recall that for metastasis, the tumour cell must have the ability to resist anoikis, 

a form of programmed cell death (as reviewed in (Paoli et al., 2013). Anoikis is 

induced by anchorage-dependent cells losing their cell-ECM attachments. A 

metastasising cell must lose ECM contact in order to move away from the primary 

tumour and towards the circulation and so anoikis would be expected to be activated 

during some stage of metastasis. It has been shown autophagy protects detached 

cells from anoikis-linked death. In a 3D mammary epithelial culture, inhibition of 

autophagy via knockdown of ATG12 protein enhanced anoikis death (Fung, 2008). 

Therefore, autophagy may compensate for the loss of extrinsic signals which usually 

promote metabolism, allowing the cells to survive detachment from the ECM.  

In a later study using shRNA targeting of ATG12 (key component of the ATG8/LC3 

conjugation system), it was shown that inhibition of autophagy inhibited the invasion 

of glioma cells in a 3D organotypic model (Macintosh, 2012). Based on this, the 
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authors concluded that autophagy plays a key role in the initiation of metastasis, i.e. 

the primary stage of metastasis, invasion. This correlation between autophagy and 

metastasis has further been supported by observations in clinical human tumour 

samples. An analysis of almost 1400 tumours, including breast carcinomas and 

melanomas, indicated an association between LC3B puncta, a marker of activated 

autophagosomes, and tumour cell invasion. Patients who showed signs of activated 

autophagy within the tumours typically had a poorer prognosis (Lazova, 2012).  

In addition, a recent paper by Li et al., 2016, highlighted essential metastatic 

properties within MDA-MB-231 cells that may contribute to their high levels of 

invasive behaviour (Li et al., 2016). It was shown that this metastatic cell line could 

continue to proliferate even under nutrient starvation conditions, and this correlated 

with induction of autophagy. Furthermore, subpopulations of these cells, selected 

through being exposed to 5 rounds of culture in amino acid free media, had 

heightened sensitivity to rapamycin-induced autophagy activation compared to the 

parental population and upon rapamycin treatment displayed an increasingly 

invasive phenotype. Thus, these data confirmed that autophagy can confer the 

ability to survive under nutrient stress (an essential feature of metastatic cells) and 

can increase their invasiveness.  

Using an alternate approach, it has been identified that inhibition of autophagy can 

decrease migratory and invasive capabilities of a metastatic breast cancer cell line 

(Sharifi et al., 2016).  Interestingly, knockdown of autophagy (via ATG5 or ATG7 

shRNA) in 4T1 murine mammary carcinoma cells did not alter cell growth or viability 

characteristics even under metabolic stress. However, it had a profound influence 

on the in vitro motility of these tumour cells in collagen transwell assays as well as 

the in vivo metastatic potential – i.e. autophagy ablation resulted in reduced 

numbers of macro-metastases present in the lungs and livers compared to parental 

cells. Importantly, the authors proposed a potential mechanism as to how autophagy 

can promote metastasis.  Focal adhesion complexes, essential molecules involved 

in maintaining cell-ECM attachment, undergo disassembly when metastasis is 

occurring; however, this disassembly process is reduced in autophagy-deficient 

cells. This was attributed to autophagy-deficient 4T1 cells having elevated levels of 

the focal adhesion kinase substrate, paxillin. The authors suggest paxillin is typically 

degraded by autophagy.  Thus, abrogation of the pathway leads to stabilisation of 

the paxillin and inhibition of metastasis. Thus, there is a growing body of diverse 
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evidence for autophagy as a pro-metastatic factor.  Therefore, developing therapies 

which inhibit autophagy may decrease the likelihood of metastases forming.  

As autophagy has dynamic and opposing roles in cancer, it is critical to understand 

the relationship between cancer development stages and autophagy function in 

order to be in a better position to rationally utilise autophagy modulation as a 

therapeutic target. Inhibiting autophagy may prove effective in increasing sensitivity 

to chemotherapy and decrease the potential for patients to relapse. However, 

increasing autophagy prior to tumorigenesis may help prevent tumour initiation. 

Taking this into consideration, the experiments of this thesis explored the potential 

of utilising an autophagy inhibitor to modulate cell survival in a metastatic breast 

cancer cell line.  
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1.3.iv  Can autophagy inhibition be a successful anti-cancer therapy?  

Chloroquine (CQ) is a lysosomotropic agent that prevents acidification of the 

lysosome/endosome. CQ accumulates and upon protonation becomes trapped in 

the lysosome; due to its weak basic activity this leads to an increase in lysosomal 

pH and subsequently inhibition of lysosome-resident degradative enzymes (such as 

cysteine proteases) which require an acidic pH for optimal activity. This disruption 

prevents further fusion of lysosomes with autophagosomes or endosomes, thus 

preventing overall protein degradation within the lysosome (Pasquier, 2016). CQ 

has been used as an anti-malarial drug since its development in the 1940s (Slater, 

1993) and was very effective. It acts against the plasmodium parasite by 

accumulating, via a weak-base mechanism in the acidic food vacuole of 

intraerythrocytic trophozoites. Once in the food vacuole, the equivalent of the 

lysosome in the malaria parasite, there are two main theories of how CQ leads to 

death of the malarial parasite. CQ has been demonstrated to reduce the activity of 

heme polymerase enzyme, the enzyme responsible for converting toxic free heme 

to hemozoin pigment, through a potential pH-dependent mechanism although this 

has not been directly shown (Slater, 1993). In an alternative mechanism, CQ has 

been proposed and indeed demonstrated to form a complex with free heme, thereby 

preventing its conversion into hemozoin (Sullivan et al., 1998). However, clinical 

resistance to CQ is now quite prevalent, and newer drugs are replacing this once 

well-used prophylactic and therapeutic treatment (Reddy, 2012).  

Due to the development of resistance in malaria, CQ has more recently been 

investigated for its use in cancer (Solomon and Lee, 2009). Multiple studies in 

mouse models of cancer have shown autophagy-lysosomal inhibition with CQ and 

its derivatives can enhance the effectiveness of a variety of anti-cancer treatments. 

Further to this, a range of clinical trials have been launched investigating the 

effectiveness of combination treatments of cancer therapies and CQ.  

 

Chloroquine: pre-clinical evaluation 

As summarised above, it is still a matter of debate as to the specific contexts that 

determine whether autophagy contributes towards tumour suppression or tumour 

cell survival.  However, there is substantial rationale to inhibit autophagy in 
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combination with anti-cancer treatments.  Initial primary studies have shown 

autophagy inhibition to be an effective anti-cancer therapeutic strategy.  

In an in vivo model of myc-induced lymphoma, CQ treatment in cells with inactive 

p53 impaired tumour growth but did not led to regression of the cancer (Amaravadi 

et al., 2007). However, combination of CQ with tamoxifen-inducible p53 activation 

led to a delay in tumour recurrence.  In this study, complete clinical regression of the 

tumours was detected in 81% of mice treated with tamoxifen/CQ as compared to 

only 8% in mice receiving tamoxifen/PBS. Non-apoptotic tumour cells derived from 

tamoxifen/PBS mice showed evidence of autophagy after 24 and 48hrs. In contrast, 

by 48hrs of Tamoxifen/CQ treatment tumours consisted largely of remains of 

apoptotic cells, suggesting tumour cells with activated p53 were using autophagy to 

resist apoptosis. To confirm that in vivo effects of CQ were due to an autophagy 

blockade, ATG5 shRNA was used as a genetic comparison; ATG5 knockdown 

reduced viability of tumour cells also. However, combination with CQ did not further 

decrease this (i.e. the effect of CQ was lost in autophagy-deficient cells). Overall, 

this suggests that autophagy does indeed aid in tumour cell survival, and that 

blocking autophagy with CQ enhances p53-dependent apoptosis. Similarly, Maclean 

et al. (Maclean et al., 2008), presented evidence that blockade of the end-stage of 

autophagy by CQ, induced p53-dependent cell death; here they noted p53-null cells 

were resistant to the effects of CQ. These two key papers provided insight into the 

potential role for autophagy in cancer cell survival, as highlighted here one important 

mechanism of autophagy in cancer cells was in resisting apoptosis, in particular 

p53-driven apoptotic signals. Therefore, using CQ to block autophagy was identified 

to be an effective strategy to boost apoptotic events in tumours.  

Complementing these studies, blockade of autophagy via CQ has been shown to 

potentiate a number of anti-cancer therapies including TKI. Imatinib mesylate (IM) is 

the standard first-line therapy for treatment of chronic myeloid leukaemia (CML). 

Development of resistance has led to progression of second generation TKI 

including dasatinib and nilotinib. Bellodi et al. showed that CQ can sensitise CML 

blast crisis cells to co-treatment with TKI (Bellodi et al., 2009). The authors 

demonstrated IM treatment caused cell stress and autophagy activation in blast 

crisis cell lines and primary patient CML cells, suggesting that autophagy could be 

aiding the resistance of cells upon IM treatment. Supporting this idea, combination 

of IM with CQ potentiated cell death in the CML blast crisis cells, and this was 
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mimicked by ATG5 or ATG7 knockdown. Additionally, other data showed CQ-

mediated blockade of autophagy in combination with second generation TKIs, 

dasatinib and nilotinib, led to near complete eradication of CML stem cells. Thus, in 

CML, CQ seemed to be an effective sensitiser for combination therapies supporting 

progression in clinical trials (as discussed in later section). 

More widely, other studies have shown similar sensitising effects of CQ in different 

contexts, including CQ sensitising colon cancer to anti-angiogenic (Bevacizumab) 

and cytotoxic (oxaliplatin) therapies (Selvakumaran, 2013). Studies examining the 

effects of CQ in breast cancer have also demonstrated a strong beneficial potential. 

Comparison of trastuzumab-refractory vs. -sensitive breast cancer cells showed 

increased autophagic flux was present in refractory cells, thus linking autophagy to 

resistance towards therapy. Indeed, CQ treatment of refractory cells pushed them 

towards a trastuzumab-sensitive phenotype, with both evidence from reductions in 

cell viability in vitro and decreased xenograft growth in mice (Cufi et al., 2013).  

This beneficial effect has been confirmed in multiple breast cancer categories 

including triple negative breast cancers (TNBC). One such study examined the 

potential combination of autophagy inhibition with recombinant human arginase, a 

therapy which depletes L-arginine levels, and has been shown to be an effective 

cancer therapeutic strategy in leukaemia cells (Hernandez et al., 2010, Morrow et 

al., 2013). Here, the cytotoxicity of recombinant human arginase was increased 

following blockade of autophagy either through siRNA-Beclin1, or importantly, 

through CQ treatment (Wang et al., 2014). Indeed, a more recent study has further 

supported this model, showing that CQ specifically targets stem cell populations 

within the TNBC subtype (Liang et al., 2016). These experiments showed that CQ 

and autophagy inhibition effectively eliminated the cancer stem cell population in 

TNBC via impairment of DNA repair. In agreement with the emerging trend, 

combination treatment of carboplatin with CQ resulted in a reduction in growth of 

platinum-resistant TNBC xenografts. Thus, this set of pre-clinical in vitro and in vivo 

data supports the rationale for use of CQ as an effective adjuvant therapy for a 

number of different cancer types. 

The majority of studies on CQ in cancer focussed on its sensitising effects to 

chemo- or radio-therapy, as CQ has limited efficacy as a single agent. However, one 

strategy has been the development of modified more active CQ derivatives with 

increased potency in blocking autophagy as well as decreasing tumour growth as a 
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single agent (McAfee et al., 2012). The lead compound in this study was Lys-01, 

which was a compound with 2 aminoquinoline rings, a triamine linker, and C-7 

chlorine added onto the original structure of CQ. The authors found that Lys01 was 

10-fold more potent than CQ or hydroxychloroquine (HCQ) at inhibiting autophagy. 

In addition, Lys01 induced near complete cell death in melanoma (1205Lu) and CQ-

resistant (HCC827) cell lines. Lys05, a more soluble analogue of Lys01, enabled 

further in vivo studies. In this way, Lys05 was shown to potently reduce tumour 

volume and weight, with an induction of greater numbers of autophagic vesicles in 

tumour cells than HCQ.  Furthermore, lower doses of Lys05 could produce anti-

tumour activity without dose-limiting toxicity. These data suggest that new CQ 

derivatives would be more effective drugs to enter into clinical trials than the original 

compounds. In any case, a sufficient body of evidence had already accumulated 

from in vitro and pre-clinical studies demonstrating CQ to potentiate cytotoxic effects 

for a range of chemotherapeutics, including TKI and hormonal-based therapies, 

such as tamoxifen. Based on these positive outcomes in pre-clinical studies, CQ 

and HCQ (structures shown in Fig 1.8) were already taken forward into a number of 

clinical trials for a broad range of cancers in combination with a number of cancer 

therapies. 

 

OH 

Chloroquine (CQ) Hydroxychloroquine (HCQ) 

Fig 1.8. The chemical structures of CQ and HCQ.  The CQ derivative 

HCQ differs only by the addition of a hydroxyl group (highlighted in bold) on 

the side chain. 
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Chloroquine clinical trials 

CQ is being tested in multiple clinical trials against a variety of cancers, both as a 

single therapy or, more commonly, an adjuvant to other established therapies. The 

majority of CQ or HCQ clinical trials are in or have just completed Phase I/II studies, 

investigating maximum tolerated dose (MTD) safety, and are now moving forward 

into Phase II. Currently a search for HCQ clinical trials in cancer yields over 50 

clinical trials worldwide. Five key published clinical trials assessing CQ in Phase I 

(MTD) and Phase II (efficacy) are described below, and are summarised alongside 

other ongoing clinical trials in Table 1.1. Notably, these studies use CQ or HCQ; 

HCQ differs only from CQ by the addition of a hydroxyl group on the side chain 

(highlighted in Figure 1.8), and it is proposed this alteration makes the molecule 

more lipophilic thus less efficient in crossing plasma membranes, although it is 

preferred in clinical trials due to greater solubility (Browning, 2014).   

The first of these example studies examined the combination of HCQ with 

temozolomide (TMZ) in advanced solid tumours (patient examples included breast, 

colon, and head and neck) and melanoma (Rangwala, 2014b). This study noted that 

MTD was never reached for HCQ in this cohort of patients (from 200 – 

1200mg/day), although the conclusion was finally 600mg twice a day to use for 

phase II trials. Autophagy inhibition was confirmed using electron micrographs of 

peripheral blood mononuclear cells, which showed significant accumulation of 

autophagic vehicles in comparison to pre-treatment samples. In a beneficial 

outcome, 10% of the 29 patients remaining at the end of the trial showed a partial 

response (defined as minimum 30% reduction in the sum of diameters of target 

lesions) to HCQ and TMZ treatment and a further 27% had stable disease (no 

shrinkage, but no progression either). It is of note, that as this was a dose-escalation 

study no control patients receiving TMZ alone were available to compare the 

effectiveness of combination therapy with. Despite this, the temozolomide 

combination study showed HCQ to be safe and tolerable, and to have potential anti-

tumour activity in melanoma and advanced solid cancers (Rangwala, 2014b).  

In a further example of the potential clinical benefits of HCQ, it has been tested in 

combination with the histone deacetylase (HDAC) inhibitor, Vorinostat (Zolinza, 

Merck), in patients with advanced solid tumours (Mahalingam, 2014). HDAC 

enzymes contribute to epigenetic regulation of gene expression, and thus can 
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contribute to the reprogramming of cancer biology to further drive progression of 

disease (Falkenberg and Johnstone, 2014). These authors had previously shown 

that Vorinostat induces protective autophagy, leading to resistance against the drug 

and that combination with CQ overcame this in a colon cancer cell model and in vivo 

colon cancer xenograft model (Carew et al., 2010). In the Phase I arm, the MTD 

concluded was 600mg/day HCQ in combination with 400mg Vorinostat. In the phase 

II arm of the trial, 11 out of the final 24 patients available for evaluation had a partial 

response or stabilised disease as a result of HCQ and HDAC inhibitor combination. 

Promisingly, one patient with renal cell carcinoma who had previously failed 7 lines 

of prior cancer therapies had a partial response to therapy, showing inhibition of 

autophagy in this case benefited resistant cancer phenotypes.  

As a further example of where HCQ may benefit resistant or relapsed cancer 

phenotypes, the effects of HCQ were examined in patients with relapsed/refractory 

myeloma in combination with bortezomib (Velcade, Millennium Pharmaceuticals), a 

proteasome inhibitor. This was reported as an effective anti-cancer combination in a 

Phase I/II trial (Vogl, 2014). Here no dose-limiting toxicities were noted, although as 

with other studies described a similar dosing regimen of 600mg (twice a day here) 

was recommended. In all patients autophagic vacuole accumulation was observed 

in bone marrow plasma cells, indicative of effective autophagy blockade with HCQ. 

Out of the 22 patients available for assessment at the end of the study, 45% of 

these patients had a period of stable disease, 14% had minor responses, and 14% 

had partial responses to combination therapy. However, again as this was primarily 

a dosing study there was no group for comparison between bortezomib alone and 

combination with HCQ. Of interest, patients shown to be previously refractory to 

bortezomib treatment achieved stable disease when this was combined with HCQ in 

this trial.  This again supported the potential for HCQ in maximising the response to 

therapeutics which patients may have previously shown resistance to. 

In a similar clinical trial to that investigating HCQ in advanced solid tumours and 

melanoma, and alternative study examined the use of HCQ in combination with 

radiation and TMZ (Temodal, Merck) co-treatment in 92 patients with newly 

diagnosed Glioblastoma multiforme ( Rosenfeld, 2014). They confirmed HCQ could 

achieve autophagy inhibition, as seen by autophagic vacuole accumulation and 

increases in the LC3II/I ratio, in patients receiving over 800mg/day but also in those 

treated with lower non-toxic dose levels. However, during the Phase I arm of the 
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study to establish the MTD, the dosage was limited to 600mg/day due to toxicity; 

with side effects including maculopapular rashes, anaemia and low counts for: white 

blood cells, lymphocytes, neutrophils, and platelets (at doses above 600mg/day). 

While autophagy could be achieved in some patients at safe doses of HCQ, this 

could not be consistently achieved for all patients. Furthermore, in continued phase 

II analysis no significant improvements in the median overall survival rates were 

made by the addition of HCQ in comparison to radiation and temozolomide co-

treatment without HCQ. Thus, this phase I/II Glioblastoma HCQ trial suggests 

details need to be further optimised in the clinic to produce the desired effects 

observed in basic studies; for example a major limiting factor of this study was the 

inability to consistently achieve autophagy inhibition in patients. It is also important 

to note, this was the only trial comparing combination with and without HCQ. While 

the others studies described here showed some clinical benefits of HCQ, they do 

not make the same comparisons as this study, thus it cannot be determined with 

HCQ combination strategies have an advantage over single therapies at this stage.  

In a further example of autophagy inhibition being difficult to achieve with HCQ in a 

clinical trial setting, HCQ has also been tested in combination with temsirolimus 

(Torisel, Pfizer), an MTOR inhibitor, in advanced solid tumours and melanoma 

(Rangwala, 2014a) in Phase I/II trials. While unlike the study with TMZ in 

glioblastoma, no MTD was reached in combination strategies with Torisel, although 

a recommended dose of 600mg twice a day was set. However, proper autophagy 

inhibition was only observed (via tumour biopsy) in patients treated with this 

maximum set dose of 1200mg/day HCQ. It is also interesting to note that in patients 

who experienced clinical benefits, positron emission tomography showed that 

addition of HCQ to temsirolimus induced a metabolic stress on the cancer cells. 

Thus, HCQ was producing autophagy/lysosomal related metabolic stress in some 

responding patients as expected. Unfortunately, stable disease was the best 

outcome of these clinical trials, meaning no clinical regression of disease was seen 

with HCQ treatment. Despite this, stable disease was observed in 74% of melanoma 

patients taken into the phase II stage of the trial.  However, as other studies have 

demonstrated a regression of disease with HCQ combination therapies, this clinical 

trial was not as successful in comparison.  

The conflicting results between clinical trials suggest the efficacy and safety of HCQ 

is dependent on the drug combination, disease phenotype, and treatment schedule. 
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Nevertheless, these studies demonstrate HCQ may be useful as a future adjuvant to 

existing cancer chemotherapies, and even be effective at treating resistant cancer 

phenotypes. 

 

 

Cancer Phenotype Drug Combination  NCT identifier/status Phase 

Glioblastoma 
multiforme 

HCQ,Temozolomide, 
Radiation 

NCT00486603      
(results available) 

I/II  

Advanced solid 
tumours and 
melanoma 

HCQ,Temozolomide NCT n/a  
(results available) 

I/II  

Advanced solid 
tumours and 
melanoma 

HCQ, Temsirolimus  NCT n/a  
(results available) 

I/II  

Advanced solid 
tumours 

HCQ, Vorinostat NCT n/a                
(results available) 

I/II  

Relapsed/refractory 
myeloma 

HCQ, Bortezomib NCT00568880       
(results available) 

I/II  

Chronic Myeloid 
Leukemia 

HCQ, Imatinib NCT01227135        
(active, no results yet) 

II 

Non-small cell lung 
cancer 

HCQ, Erlotinib NCT01026844       
(results available) 

II 

Metastatic 
pancreatic cancer 

HCQ NCT01273805       
(results available) 

II 

Metastatic ER+ 
Breast cancer  

HCQ NCT02414776    
(currently recruiting) 

I 

 

Table 1.1. CQ/HCQ clinical trials. Small sub-selection of 59 clinical trials using HCQ in cancer 

as listed on clinicaltrials.gov.  
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1.4  Hypothesis and Aims  

There is extensive direct evidence that autophagy can play a pro-survival role in 

established tumours, including both breast cancer phenotypes and aggressive 

metastatic cancer. Moreover, there is a rationale provided by literature evidence for 

targeting autophagy to improve current cancer therapeutic regimes, i.e. irradiation 

and chemotherapy. As such the main hypothesis being investigated in this thesis is 

that autophagy is a beneficial metabolic process that contributes to the survival of a 

metastatic breast cancer cell line under multiple cellular stressors. The initial 

strategy for in vitro investigations utilised CQ as a pharmacological method of 

inhibiting autophagy. Here we hypothesise that CQ sensitises 4T1 breast cancer 

cells to a range of cellular stressor (outlined below) via interfering with the 

autophagy cascade, and will promote cell death.  

The aims of this PhD study are to: 

(1) Use the 4T1 murine mammary carcinoma cell line to determine whether multiple 

cellular stressors; irradiation, growth factor deprivation, and candidate 

chemotherapeutic compounds, can be potentiated by CQ treatment in metastatic 

breast cancer phenotypes.  

(2) Use genetic ablation of autophagy signalling proteins to determine if any 

sensitising effects of CQ are due to inhibition of autophagy, or due to lysosomal 

targeting.  

(3) Compare alternate metabolic stressors, i.e. serum, glucose, and/or amino acid 

starvations, to assess if these differentially affect autophagy activation and/or cell 

survival responses. 

(4) Investigate the mechanism for any potential differences observed between 

alternate nutrient starvations and whether any cell survival or biochemical responses 

we see in 4T1 cells are conserved in other cell types. 

(5) Identify the potential mechanism of cell death with respect to CQ. 

 

 

 



53 
 

 

 

 

Chapter 2 

 

 

 

Materials and Methods 

 

 

  



54 
 

2.0. Materials and methods 

2.1  Cell culture 

4T1 cells (Miller et al., 1983, Aslakson and Miller, 1992) were purchased from the 

American Type Culture Collection (ATCC) (ATCC CRL-2539) and cultured in 

Dulbecco’s modified eagle medium (DMEM) with 4.5g/L glucose (Lonza #BE12-

614F) supplemented with 10% fetal bovine serum (Labtech #FCS-SA), 4mM L-

Glutamine (Lonza #BE17-605E), and 100U/mL Penicillin/Streptomycin (Lonza 

#DE17-602E) in a humidified incubator with 5% CO2 at 37oC. Both mouse 

embryonic fibroblasts (MEF) and UVW glioma cells (obtained from Marie Boyd, 

(Boyd et al., 2001)) were cultured using the same method. Wildtype and KO MEF 

were derived from ATG5-/- or ULK1/2 DKO embryos (Kuma et al., 2004, McAlpine 

et al., 2013). Cell stocks were normally maintained in 10cm cell culture dishes 

(Greiner Cellstar).  Sub-culturing was performed using standard operating procedure 

with phosphate buffered saline (PBS #BE17-605E) (Lonza) washing and 

dissociation using trypsin/-EDTA (Lonza #BE17-161E). Cells were counted using a 

Neubauer haemocytometer, and cell density calculated dependent on the 

experiment to be performed. 

2.2  Stable knockdown of autophagy-related proteins in 4T1 cells 

Beclin1 mouse pLKO shRNA (TRCN0000087290) constructs were obtained from 

Open Biosystems (now Dharmacon); ATG7 mouse pLKO shRNA (number 1, 

TRCN0000092163) was a kind gift from Kevin Ryan (University of Glasgow), and 

pLKO scrambled shRNA was obtained from Addgene (#1864).  

Table 2.1: Antisense sequences for Scrambled, Beclin1, and ATG7 shRNA. 

Target protein Antisense Sequence  

Scrambled GAGCGAGGGCGACTTAACCTTAGG 

Beclin1 TTAAACTCACTATACTCCCGC 

ATG7 TATTATTGAGTTCAGAGCTGG 

 

Lentiviruses containing the various shRNA were made in HEK293FT cells 

transfected with specific shRNA-containing pLKO, pCMV HIV, pCMV VSVG 
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lentiviral packaging plasmids (kind gift of T. Holyoake, University of Glasgow) (in 

respective ratio of 3:2:1) and standard calcium phosphate as a transfection method. 

After 2 days, virus was collected from HEK293FT cell media, supplemented with 

polybrene (Sigma #TR-1003) and clarified using Millex-GP 0.22μm syringe filters 

(Millipore #SLGP033RS). 4T1 cells were transduced with lentivirus containing pLKO 

beclin1 shRNA, pLKO ATG7 shRNA, or scrambled pLKO using polybrene (2μg/ml). 

After puromycin selection (10μg/ml) for 1-2 weeks, to establish a stably knocked 

down cell line, cells were allowed to grow in normal growth media (DMEM/FBS). 

2.3  CRISPR-Cas9 mediated knockout of Hexokinase 2 in 4T1 cells 

2.3.i Digestion of the lentiCRISPRv2 plasmid  

Use of CRISPR-Cas9 constructs to target a specific gene of interest, here HK2, 

results in site-specific double-strand cleavage of target DNA, in turn activating 

double-strand break repair machinery. Repair of these double-strand breaks by non-

homologous end joining leads to deletions/mutations of the target gene and thus 

disruption of correct gene transcription and translation, effectively creating a gene 

knock-out cell line.  

We re-derived a CRISPR-Cas9 lentivirus targeting Hexokinase 2 (HK2). Briefly, the 

lentiCRISPRv2 (one vector system) plasmid (Addgene #52961) (Sanjana et al., 

2014), was digested with BsmB1 (Biolabs #R0580S) and gel purified (QIAquick gel 

extraction kit, Qiagen) according to the manufacturer’s instructions. A sample of this 

product was checked by agarose gel for size and purity.  

2.3.ii Annealing and ligating HK2 oligo sequences 

Forward and reverse primer oligonucleotide sequences (1µl of each, final [10µM]) 

corresponding to mouse HK2 (CRISPR2-Gecko library, found at genome-

engineering.org/gecko) (Table 2.2) were mixed with 1µl 10X T4 ligation buffer (New 

England Biolabs, B0202S), 7µl water and annealed using an optimised Thermo-

cycler program (95oC 5mins, followed by reduction in temperature to 25oC at a rate 

of 6oC/min). The final annealed oligonucleotide product was diluted 1/200 to give 

50nM final concentrations.  

For ligation of the annealed oligos with digested lentiCRISPRv2, 50ng digested 

plasmid was mixed with 1μl above diluted oligonucleotides, 1μl 10X ligation buffer, 
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and 0.5μl T4 DNA ligase (Biolabs #M0202S) in a final volume of 10μl. Ligations 

were carried out overnight at 160C.   

 

 

 

Table 2.2: HK2 oligo forward and reverse sequences. Oligo overhang regions underlined. 

Sequence name  Oligo Sequence (5’ to 3’) 

Hk2MGLibA_24424_F CACCGACTTCCGTGTGCTCCGAGTA 

Hk2MGLibA_24424_R AAACTACTCGGAGCACACGGAAGTC 

Hk2MGLibA_24425_F CACCGACTAAGGGGTTCAAGTCCAG 

Hk2MGLibA_24425_R AAACCTGGACTTGAACCCCTTAGTC 

Hk2MGLibA_24426_F CACCGATACCTCATCCAGTTTCGTC 

Hk2MGLibA_24426_R AAACGACGAAACTGGATGAGGTATC 

 

2.3.iii Molecular cloning 

The ligated product (5μl) was transformed into chemically competent DH5α E.coli 

(100μl) (Invitrogen #12297016) using standard heat shock conditions (20mins on 

ice, 42oC 40secs, 1min on ice).  Using a standard molecular biology protocol, 

transformed E.coli was transferred on LB-Ampicillin plates and bacterial colonies 

grown overnight. Colonies were picked and grown overnight in 2ml LB-Amp and  the 

DNA plasmid extracted and purified using QIAprep Spin miniprep kit (Qiagen 

#27104) as per manufacturer’s instructions. The final DNA plasmid product was 

confirmed by sequencing with the sequencing primer LKO1.5’ 

(GACTATCATATGCTTACCGT) (GATC Biotech, SupremeRunTM).  

To amplify the final lentiCRISPRv2 plasmids, confirmed vectors were re-transformed 

into competent DH5α E.coli and grown in LB-Amp broth (200ml) and purified using 

Qiagen Plasmid Maxi kit (Qiagen #12163).  The final DNA yield (A260 / A280 purity) 

was measured on the Ultrospec 2100 Pro-spectrophotometer (Amersham 

Biosciences). The final DNA plasmid product was further confirmed for intact guide 

with sequencing using primer LKO1.5’.  
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2.3.iv  Production of HK2-CRISPR-Cas9 lentivirus 

Lentiviruses containing the various HK2 targeting lentiCRISPRv2 were made in 

HEK293FT cells by transfection with HK2-lentiCRISPRv2 plasmids, pCMV HIV and 

pCMV VSVG packaging plasmids and standard calcium phosphate method as 

described above. Virus was collected after 2 days and purified using syringe filers as 

described above.  

2.3.v Viral transfection of 4T1 cells and derivation of CRISPR clonal cell lines 

4T1 cells were transduced with high (neat viral supernatant) or low (diluted 5x in 

DMEM media) titre lentivirus stocks containing HK2-lentiCRISPRv2 plasmids using 

polybrene (2μg/ml) and left to grow for 48hrs. Cells were selected for lentivirus 

transduction using puromycin selection (10μg/ml) for 1-2 weeks. To establish stable 

HK2-CRISPR clonal cell lines, we isolated and expanded colonies (a maximum of 8 

per virus). Targeting of HK2 protein in clones was confirmed via western blot as 

described further below.  

2.4 Clonogenic survival assays 

2.4.i  Assessment of CQ on cell viability in combination with cellular stressors 

Cells (5x103/ml) were plated in Greiner Nunclon surface 6-well cell culture plates (or 

in some cases (Quinine and LMP studies) 12 well cultures plates were used).  24hrs 

after seeding, fresh full nutrient growth media was replenished. Following a further 

24hrs, cells were stimulated for 24hrs with the following nutrient starvation 

conditions +/- CQ (25μM) (Sigma #C6628).  For serum starvation, full nutrient 

DMEM was replaced with DMEM (containing 4.5g/L glucose, 4mM L-glutamine and 

100U/ml Penicillin/streptomycin as above) with no FBS supplement. For glucose 

starvation, we used glucose-free DMEM media containing 4mM L-Glutamine (Gibco 

#11966-025), but no FBS and no Penicillin/streptomycin.  For amino starvation, 

DMEM was replaced with Earle’s balanced salt solution (EBSS) (Sigma #E2888), 

with no supplementation of L-Glutamine or Penicillin/streptomycin. Of note, EBSS 

contains 1.0g/L glucose. In each case, cells were washed in nutrient starvation 

media once, before final 24hr incubation.  

To examine whether CQ sensitises 4T1 cells to ionising irradiation, following 2hrs 

pre-treatment with CQ (25μM) (in normal full nutrient DMEM) cells were exposed to 



58 
 

ionising irradiation at 1Gy, 4Gy, or 10Gy doses in X-Rad 225, RPS services. Plates 

were then returned to normal incubator 5% CO2 37oC conditions for a 24hr post 

stress period, before media was replenished and cells were left to grow for a further 

three days. 

We also conducted clonogenic assays using the standard protocol described here 

with administration of the PI3K/AKT inhibitor, NVP-BEZ-235 (stock 1mM, kind gift 

from T.Holyoake, University of Glasgow), at a final concentration range of 50-

200nM, +/- CQ, diluted in normal full nutrient DMEM. 

In all clonogenic experiments performed, after 24hrs stimulation cells were changed 

back into full nutrient DMEM and left to grow for 3-5 days. At the experimental 

endpoint, cells were stained with Giemsa stain (Sigma #48900).  Briefly, cells were 

fixed in 1:1 mix of PBS: methanol (1min) followed by a post-fix incubation in 100% 

methanol (1min) before staining with Giemsa (5mins). To quantify clonogenic 

survival assays, Giemsa stain was solubilised in 30% acetic acid, and absorbance at 

560nm measured on the Ultrospec 2100 Pro spectrophotometer (Amersham 

Biosciences), adapted from method used in (Bristol et al., 2013). Giemsa blue 

uptake represented the % of viable cells after differential nutrient starvations or drug 

treatments, and thus when used in conjunction with clonogenic assays could 

determine the potential survival and re-population of cells post treatment.  

 

2.4.ii  Examination of the nutrient-dependency of CQ-induced cell death 

We examined the dependency of CQ on specific nutrient availability to induce cell 

death using clonogenic assays as described above. As both glucose and amino acid 

starved conditions listed above were also in the absence of serum, we performed 

experiments using re-supplementation of dialysed FBS (Sigma #F0392) to dissect 

effects from the different nutrients. Here, cells were starved of: 1) serum; 2) serum 

and glucose; or 3) serum and amino acids; as described above for 24hrs. 

Alternatively, cells were treated with glucose or amino acid starvation alone (via 

addition of 1% dialysed FBS to the respective conditions).  

To examine whether the effects of CQ-induced cell death were dependent on serum 

or glucose concentration, we performed titration experiments. Cells were treated for 

24hrs using standard DMEM (Lonza #BE12-614F) containing differing 
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concentrations of FBS ranging from 10% to 0% (v/v) as in indicated in the respective 

figure legends. In a separate experiment, we examined the effect of glucose 

starvation on CQ-induced cell death. Here, cells were treated for 24hrs with serum-

free media containing differing final concentrations of glucose: 4.5g/L (Lonza 

#BE12-614F), 2.25g/L (50:50 mixture of 4.5g/l and 0.0g/L media), 1.0g/L 

(ThermoFisher Scientific #12320032), or 0.0g/L (Gibco / Life Technologies  #11966-

025). 

We assessed the potential for glutamine to be a factor in supporting cell survival 

under glucose-deplete conditions again using clonogenic assays as described 

above. Here the cells were treated for 24hrs using previously described nutrient 

starvations or alternatively using serum, glucose and glutamine-free media 

(ThermoFisher Scientific #A1443001). In addition, cells were also treated for 24hrs 

with serum, glucose and glutamine-free media (ThermoFisher Scientific #A1443001) 

containing 4mM glutamine supplementation (Lonza #BE17-605E).  

2.5. Western blot analysis 

Cell lysates were prepared by lysis on ice in TNTE-FB buffer (150mM Sodium 

Chloride (NaCl), 20mM Tris pH7.5, 5mM Ethylenediaminetetraacetic acid (EDTA), 

10mM Sodium fluoride (NaF), 40mM Beta-glycerol phosphate, 0.3% TX100) 

supplemented with 1x complete protease inhibitor (Roche #11 873 580 001) for 

15mins. Supernatants were harvested using cell scraping technique and samples 

centrifuged at 4oC (12,000rpm, 5mins). Protein lysate from each sample was mixed 

with 1.5x Laemmli Sample Buffer containing β-mercaptoethanol (1:2 ratio), heated 

to 95oC for 5 minutes and loaded onto NuPage 4-12% Bis-Tris pre-cast Gels (Life 

Technologies, U.K) and run for 40mins at 180V in NuPage MES-SDS running buffer 

(Life Technologies, U.K). A pre-stained molecular weight marker (Sigma #SDS7B2), 

indicating proteins from 26kDa to 180kDa (Table 2.3) was used as standard. 

Proteins were transferred onto Immobilon-FL transfer membranes (Millipore, U.K), in 

Towbin transfer buffer (250mM Tris, 2mM Glycine, 20% (v/v) methanol) using a 

submerged wet-transfer apparatus (Idea Scientific Company, Minneapolis U.S.A) at 

20V for 35mins. 

Transferred proteins were visualised using Ponceau-S stain (Sigma #P7170-1L), 

before cutting and separating appropriate regions for incubation with primary 

antibodies. Membranes were blocked with 5% non-fat dry milk-TBS for 1hr at room 
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temperature (RT). After washing with TBS (150mM NaCl, 25mM Tris-base pH 7.4), 

membranes were incubated with diluted primary antibody (Table 2.4) at 4oC 

overnight, with the exception of actin (RT, 2hrs). Primary antibodies were typically 

made up in TBS unless stated otherwise below. For all antibodies, membranes were 

washed 3 times (3 x 5mins) with 0.05% Tween-20 TBS. Appropriate secondary 

antibodies were chosen (Table 2.4, all at 1:5000 dilution) and made up in a 1:1 

mixture of TBS: 5% milk-TBS. Membranes were incubated with secondary antibody 

for 1hr (RT, dark). Following 3 washes (3 x 5mins) with 0.05% Tween-20 TBS, 

membranes were analysed and quantified using the LICOR odyssey infrared imager 

and Image Studio v2.0 software. Blots were quantified typically as ratios of protein 

over the loading control actin, with the exception of LC3-II, which was quantified as 

a ratio of LC3-II/LC3-I protein. Real protein expression was calculated as sample 

signal minus background signal.  

 

Table 2.3: Sigma molecular weight marker proteins 

Pre-stained protein Weight (Da) 

α2–macroglobulin from human blood plasma 180,000 

β-galactosidase from E.Coli 116,000 

Lactoferrin from human milk 90,000 

Pyruvate kinase from rabbit muscle 58,000 

Fumarase from porcine heart 48,500 

Lactic dehydrogenase from rabbit muscle 36,500 

Triosephosphate isomerase from rabbit muscle 26,600 
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Table 2.4.  Primary and Secondary Antibodies for western blot analyses. Dilution 

factors, incubation conditions and final concentrations (where available) indicated. 

Target 

protein 
Primary Antibody Secondary Antibody 

LC3 

Mouse monoclonal (clone 5F10) 

[Nanotools #0231-100] 

1:200, final [0.5µg/ml]  

Alexa Fluor® 680 goat anti-mouse 

IgG (H+L) [ThermoScientific, A-

21057]; final [0.4µg/ml] 

p62/ 

SQSTM1 

(mouse) 

Guinea pig polyclonal [Progen 

#GP62-C]; 1:500 

DyLight
TM

 680 goat anti-guinea pig 

IgG (H+L) [KPL, 072-06-17-06]; 

final [0.2µg/ml] 

Beclin 

Mouse monoclonal [BD 

Bioscience #612113]; 1:500, final 

[0.5µg/ml] 

Alexa Fluor® 680 goat anti-mouse 

IgG (H+L) ThermoScientific, A-

21057]; final [0.4µg/ml] 

ATG7 

Rabbit monoclonal [Cell signalling 

#8558];  

1:1000 (5%w/v BSA, TBS, 

0.1%Tween20) 

DyLight
TM 

800 conjugated goat anti-

rabbit IgG {H+L) [ThermoScientific]; 

final [0.2µg/ml] 

P-ACC 

(S79) 

Rabbit polyclonal [Cell signalling 

#3661]; 1:1000 (5%w/v BSA,TBS, 

0.1%Tween20) 

DyLight
TM 

800 conjugated goat anti-

rabbit IgG {H+L) [ThermoScientific]; 

final [0.2µg/ml] 

P-AMPKα 

(T172) 

Rabbit monoclonal [Cell signalling 

#2535S]; 1:1000 (5%w/v 

BSA,TBS, 0.1%Tween20) 

DyLight
TM 

800 conjugated goat anti-

rabbit IgG {H+L) [ThermoScientific]; 

final [0.2µg/ml] 

Caspase-3 

(8G10) 

Rabbit monoclonal [Cell signalling 

#9665S]; 1:1000 (5%milk, TBS, 

0.1%Tween20) 

DyLight
TM 

800 conjugated goat anti-

rabbit IgG {H+L) [ThermoScientific]; 

final [0.2µg/ml] 

PARP 

Mouse monoclonal [BD 

Pharmingen #556362]; 1:1000 

 

AlexaFluor® 680 goat anti-mouse 

IgG (H+L) [ThermoScientific, A-

21057]; final [0.4µg/ml] 

Hexokinase 

II (C64G5) 

Rabbit monoclonal [Cell signalling 

#2867S]; 1:1000 (5%milk, TBS, 

0.1%Tween20) 

DyLight
TM 

800 conjugated goat anti-

rabbit IgG {H+L) [ThermoScientific]; 

final [0.2µg/ml] 

Actin 

Mouse monoclonal (Ab-5) [BD 

Bioscience #612657]; 1:1000, 

final [0.25 µg/ml] 

Alexa Fluor® 680 goat anti-mouse 

IgG (H+L) [ThermoScientific, A-

21057]; final [0.4µg/ml] 
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2.6. Fluorescence microscopy 

2.6.i Intracellular staining of autophagy, mitochondrial and lysosomal markers 

Cells were plated at 1x104/ml on fibronectin (Sigma #F1141) coated coverslips in 

24-well plates. Coverslips were coated by exposure to 10µg/ml fibronectin for 5mins. 

Media was typically replenished and cells treated the next day as indicated in 

figures.   After treatments cells were fixed with 3.2% Paraformaldehyde (PFA) (Agar 

Scientific #R1026) for 20 minutes and then washed in PBS.  

Cells were permeablised with 0.2% Triton X-100 (Sigma #T-9284) for autophagy 

marker staining (LC3, p62/SQSTM1) or lysosomal staining (LAMP). Cells were 

blocked with 0.2% (v/v) gelatin (Sigma #G6144) for 20 minutes. Cells were then 

incubated with the relevant primary antibodies as listed in Table 2.5; all antibodies 

were made up in 0.2% gelatin.  Following incubation with the primary antibody 

(20mins, 4oC), coverslips were washed 3 times in PBS before incubation with 

complimentary secondary antibodies (20mins, RT, dark). Cells were washed 3 times 

in PBS and mounted on glass slides using 4mM Mowiol 4-88 (Sigma #81381), and 

viewed by Epi-fluorescent (Nikon, Eclipse E600) and confocal microscopes (Leica, 

SP5).  

Intensity of autophagy markers, LC3 and p62, were quantified using Image J; the 

cytoplasmic region of interest was quantified for fluorescence intensity. 30 cells per 

condition were analysed, and the average of three independent experiments taken.  

LAMP staining was used to detect morphology of the lysosome.  We used LAMP as 

an indicator of lysosomal diameter; this was quantified using Image J (where images 

were taken on Epi-fluorescent microscope) or LAS AF Lite (where images were 

taken on confocal). Length of the diameter was measured using a line-drawing tool 

within software for 10 lysosomes per cell, 30 cells per condition. Final data was 

derived from the average of 3 independent experiments.  

Mitochondrial elongation was quantified using a line-drawing tool within Image J, 

from images taken on the Epi-fluorescent microscope. 10 mitochondria per cell, 30 

cells per condition were analysed, for a pilot experiment as a basis for other PhD 

students work. Confocal images were taken to give a clearer image of mitochondrial 

elongation.  
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2.6.ii  Lysotracker Red staining as an indicator of lysosomal acidification 

To detect lysosomal acidification, 4T1 cells were plated at 2.5x104/ml on fibronectin 

coated coverslips and after 24hrs in culture the media was replenished. Following a 

further 24hrs, cells were treated as indicated in the respective figure legends, with 

50nM Lysotracker Red DND-99 (LTR) (Life technologies #L7528) added in the final 

30mins of incubation. Cells were washed with PBS and fixed with 3.2% PFA for 

20mins. Coverslips were mounted on glass slides using Permafluor 

(ThermoScientific #TA-030-FM). Cells were immediately imaged using confocal 

microscopy (Leica, SP5) to avoid light-deactivation of fluorescence.  

LTR intensity was quantified as staining intensity within a cytoplasmic region of 

interest within the cells using LAS AF Lite software. 30 cells per condition were 

analysed, and raw data normalised as fold changes from control cells (basal acidity). 

Data was averaged from 3 independent experiments.  
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Table 2.5. Primary and Secondary Antibodies used for immunofluorescent imaging. 

Antibody dilution factors and final concentrations (where available) are indicated. 

Protein  Primary antibody Secondary antibody 

LC3B 
Rabbit monoclonal [Cell 

signalling #2775S]; 1:200 

Anti-rabbit Alexa Fluor® 555 

(Molecular probes, Invitrogen 

#A21428); 1:500, final [4µg/ml] 

p62 
Guinea pig polyclonal [Progen 

#GP62-C]; 1:200 

Anti-guinea pig Alexa Fluor® 555 

(Molecular probes, Invitrogen 

#A21435): 1:500, final [4µg/ml] 

LAMP 
Rat monoclonal [BD Biosciences 

#553792]; 1:200, final [2.5µg/ml] 

Anti-rat Alexa Fluor® 555 (Molecular 

probes, Invitrogen #21434); 1:500, 

final [4µg/ml] 

Tom20 
Rabbit polyclonal [Santa Cruz 

#sc-11415]; 1:200, final [1µg/ml] 

Anti-rabbit Alexa Fluor® 555 

(Molecular probes, Invitrogen 

#A21428); 1:500, final [4µg/ml] 

 

2.7. Live cell imaging  

Cells were plated at 5x104/ml in 24-well dishes, and treated with nutrient starvations 

+/- CQ as described for clonogenic assays. Cells were analysed using the 

IncucyteTM Zoom live-cell imaging system (Essen Bioscience) contained within an 

incubator at standard growth conditions (5%CO2. 37oC). Using the IncucyteTM Cell 

Confluence proliferation assay programme within the IncucyteTM software, we 

measured cell growth (as an increase in confluency) over the 24hr starvation period, 

followed by 24hrs in fresh full nutrient media. This programme was set to capture 1 

image/well every 1hr using a 4X objective, phase contrast channel. Data points are 

averages of 2 wells, experiment performed once during a trial of instrument within 

research institute.  
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2.8. Examination of signalling and metabolic pathways using 

pharmacological compounds   

2.8.i  Analysis of glycolysis. 

We performed clonogenic assays and imaging experiments on 4T1 cells exposed to 

2-deoxyglucose (2-DG) 2.5mM or 5mM (Sigma #D8375), an inhibitor of hexokinase 

(Bertoni, 1981). Alternatively, we assessed the effects of alternative glycolysis 

inhibitors dichloroacetate (DCA, 5mM) (Sigma #347795) (Clark et al., 1987) and 

gossypol (GP, 20μM) (Sigma #G8761) (Yu et al., 2001).   

2.8.ii  Analysis of AMPK activation and energy dependency  

We performed clonogenic assays with the AMPK activator, 5-Aminoimidazole-4-

carboxamide ribonucleotide (AICAR, 1mM final concentration, Sigma #A9978), and 

used this activator as a positive control in western blot analysis to ascertain AMPK 

activation under alternate nutrient starvations. To assess changes in energy levels 

of 4T1 cells, we conducted clonogenic cell survival assays, using methyl pyruvate 

(10mM final concentration, Sigma #371173) and galactose (0.1%w/v (5mM) final, 

Sigma #G0750) as alternative cellular carbon energy sources.  

2.8.iii  Analysis of AKT influence on 4T1 cell survival. 

Clonogenic cell survival assays comparing alternative nutrient starvation conditions 

in combination with CQ (25μM) as described previously were carried out in the 

absence and presence of the AKT inhibitor API-2 (5μM) (Tocris #2151).  

2.9  Comparison of CQ versus alternative quinoline compounds 

We compared the nutrient dependency, cell killing and lysosomal effects of 

alternative quinoline compounds: Primaquine (PQ) (Sigma #160393) and 

Amodiaquine (AQ) (Sigma #A2799) with CQ. Each of these was made up in the 

same vehicle, water.  

Immunofluorescent LAMP1 and LTR imaging experiments were carried out as 

described previously and treatment times are indicated in the appropriate figure 

legends.  Additionally, we performed parallel clonogenic survival assays (as 
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described) comparing CQ, PQ and AQ-mediated cell death responses in relation to 

nutrient availability.  

2.10 Analysis of CQ-induced cell death mechanisms. 

2.10.i  Analysis of classical apoptotic and necroptotic pathways 

Induction of apoptosis in cells subjected to serum starvation +/- CQ (25μM) (where 

indicated in presence of caspase-3 inhibitor, 10μM z-DEVD-FMK (Tocris #2166)) 

was analysed by measuring PARP and caspase-3 cleavage via western blot.  

Staurosporine (1μM, Tocris #1285) was used as a positive control in the lysate 

experiment as this is a known activator of apoptosis (Belmokhtar et al., 2001). To 

assess whether cell death induced by CQ was dependent upon apoptosis, 

clonogenic survival assays were performed in the presence and absence of z-

DEVD-FMK, as indicated.  

Alternatively, to determine the potential involvement of necroptosis, we performed 

clonogenic assays in the presence of a RIP1 inhibitor, 20μM Necrostatin-1 (Sigma 

#N9037). This was within the recommended range for use, 1-100μM, EC50 490nM 

in Jurkat cells (Degterev et al., 2005, Degterev et al., 2008).  

Clonogenic assays were also performed with the addition of N-acetyl cysteine (NAC, 

stock made fresh on day of use), to determine if ROS production contributed to cell 

death. Clonogenic assays were set-up following our standard protocol in the 

presence or absence of 10mM NAC (Sigma #A7250). 

2.10.ii Analysis of the lysosomal membrane permeabilisation cell death 

pathway 

We compared the effects of CQ against two characterised LMP inducers, Leucyl-

Leucyl-O-Methyl ester (LLOME, Sigma #L7393) (Aits et al., 2015b) and ciprofloxacin 

(CPX, Sigma #17850) (Boya et al., 2003) to examine whether the cell death induced 

by CQ was comparable to other LMP-inducing drugs. We performed clonogenic cell 

survival assays as described above with alternate nutrient starvation conditions in 

the presence or absence of 25μM CQ, 5mM LLOME, or 150μg/ml CPX.  

To ascertain whether these LMP-inducing compounds exerted similar effects on the 

lysosome as CQ, we performed immunofluorescent image analysis as described 
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above using LAMP as a marker. Here, we measured lysosomal diameter in 

response to nutrient starvations in the absence or presence of 25μM CQ, 5mM 

LLOME, or 150μg/ml CPX. To further understand the interrelationship between 

lysosomal enlargement and lysosomal deacidification, we performed parallel LAMP 

and LTR imaging studies in the same experiments.  

As a direct method of measuring the induction of LMP, we utilised a digitonin based 

extraction assay (Groth-Pedersen et al., 2007, Aits et al., 2015a). Cells were plated 

at 1x104/ml in 12 well tissue culture plates and the following day treated using the 

nutrient starvation and drug combination conditions and times indicated in figure 

legends. After treatment, the media was removed from the cells, cells were washed 

with PBS and were then incubated on ice for 15mins in a minimal volume 

(200μl/well) extraction buffer (250mM sucrose, 20mM Hepes pH 7.5, 10mM KCl, 

1.5mM MgCl2, 1mM EDTA, 1mM pefablock,) containing the desired concentration of 

Digitonin (Sigma #D141) (as indicated in figure). We used concentrations ranging 

from 25μg/ml – 50μg/ml to extraction cytosolic fractions and 200μg/ml - 300μg/ml to 

extract whole cell fractions.  

Enzymatic reactions were set up in 96-well plates as follows: 50μl of reaction buffer 

(50mM sodium acetate pH 6.0, 4mM EDTA, 8mM DTT, 1mM pefablock) containing 

the cathepsin B substrate (20μM z-Arg-Arg-7-amido-4-methylcoumarin 

hydrochloride (zRR-AMC, Sigma #C5429)) was added to one volume (50μl) of the 

supernatant from the extraction step and mixed by pipetting.  The plate was 

scanned after 20mins incubation at 30oC using the POLARstar Omega plate reader 

(BMG Labtech) (wavelength excitation 355nm, emission 460nm) to detect liberation 

of AMC fluorophore. Cathepsin activity was calculated in relative fluorescence units 

(RFU), as signal from sample minus a blank control (water).   
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Chapter 3 

 

 

 

Investigation of the sensitising effects of CQ in a 4T1 

metastatic breast cancer cell model and the influence 

of nutrient conditions on CQ efficacy 
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3.1  Introduction 

While autophagy has been implicated in both tumour suppression and tumour cell 

survival, the inhibition of this highly conserved degradative process has been 

identified as a potential strategy for targeting and committing cancer cells to die. The 

anti-malarial compound Chloroquine (CQ), with its lysosomotropic properties and 

ability to block end-stage autophagy degradation, has been heavily utilised to study 

this potential anti-cancer approach (Bellodi et al., 2009, Liang et al., 2014). Indeed, 

along with its derivative hydroxychloroquine (HCQ), CQ remains the only ‘autophagy 

inhibitor’ being advanced through anti-cancer clinical trials to date (Duffy et al., 

2015). Despite this, data being released from ongoing clinical trials is mixed with 

respect to supporting CQ as an anti-cancer therapy. Some studies have reported 

that CQ failed to achieve efficient autophagy inhibition in patients unless 

administered at extremely high doses (Rosenfeld, 2014, Rangwala, 2014a).  

However, other studies reported that CQ could indeed inhibit autophagy at 

reasonable doses and in turn improve concurrent therapy outcomes (Rangwala, 

2014b). Thus, the application of CQ in the clinic is still unclear.  The opposing 

findings of current clinical trials could suggest that the potential therapeutic benefits 

from CQ treatment are dependent upon the combination strategy used and other 

such factors as disease phenotype.  

The potential for CQ in vitro has been investigated across multiple cancer 

phenotypes and in combination with varied approved cancer therapeutics. For 

instance, CQ improved the efficacy of the TKI Imatinib mesylate in CML blast crisis 

cells (as a model of advanced CML) (Bellodi et al., 2009), and has been shown to 

sensitise colon cancer cells to anti-angiogenic (Bevacizumab) and platinum 

(oxaliplatin) drugs (Selvakumaran, 2013). Importantly for the research outlined by 

this thesis, CQ has also been identified to have sensitising properties with respect to 

breast cancer therapeutics such as Herceptin and carboplatin in multiple cell 

models, including TNBCs (Cufi et al., 2013, Liang et al., 2016). However, there is 

still a question as to whether the beneficial effects of CQ in these cancer cell lines 

are dependent on the inhibition of autophagy. While some studies have shown 

genetic ablation of autophagy mimicked the effects of CQ, others have shown 

opposing results. For example, investigations using CQ in the CML blast crisis cells 

showed genetic knockdown of ATG5 or ATG7 replicated the benefits of CQ 

treatment (Bellodi et al., 2009). Conversely, Maycotte et al., 2012, showed 
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knockdown of ATG12 or Beclin1 did not mimic the sensitising effects of CQ in model 

of metastatic breast cancer (Maycotte et al., 2012). Taking into consideration the 

conflicting data describing the autophagy inhibitory properties of CQ in cell models 

and the recent outcomes from clinical trials suggesting that in some contexts 

autophagy inhibition with CQ in patients is difficult to achieve, there still remains 

doubt over whether CQ could be an effective treatment for cancer.   

Here, the sensitising properties of CQ were examined in a highly metastatic murine 

mammary carcinoma cell line. 4T1 breast cancer cells were originally derived from a 

spontaneously arising mammary tumour in wild-type BALB/c mice by Fred Miller and 

colleagues at the Karmonos Cancer Institute (Miller et al., 1983). They have been 

shown to be highly metastatic, completing all stages of metastasis and forming 

visible nodules in the lung, as well as metastasising to the bone, liver, and brain 

(Aslakson and Miller, 1992, Eckhardt et al., 2005, Tao et al., 2008). Indeed, the 

metastatic profile of these cells resembles the metastasis which occurs in stage IV 

human breast cancer. Furthermore, 4T1 mammary carcinoma cells are poorly 

immunogenic, therefore can be injected into immunocompetent mice. This is 

important as many in vivo cancer studies are performed in immunodeficient mice 

which does not reflect human disease in which the immune system interacts and 

plays a role in the development and progression of cancer (Yang et al., 2004a, Tao 

et al., 2008, Chen, 2011). Indeed, this cell line has been used in various studies into 

breast cancer biology, but in particular with reference to metastasis. Using this cell 

model, the transcription factor, Twist, was identified to be up-regulated in highly 

metastatic cells compared to non-metastatic phenotypes and was found to 

contribute to EMT (Yang et al., 2004a). Furthermore, the hypoxia-inducible protein, 

carbonic anhydrase 9 (CAIX), was shown to promote metastasis in the 4T1 

metastatic breast cancer model (Lou et al., 2011). These studies show the 4T1 is a 

highly effective model for metastatic research.  

The 4T1 model of metastatic breast cancer has been previously used for 

investigating the effects of autophagy inhibition with respect to cell survival and 

metastasis. Using this model, work by Maycotte et al., 2012 shown that CQ 

sensitised 4T1 cells to the PI3K inhibitor LY294002, mTOR inhibitor rapamycin, and 

chemotherapeutic compound cisplatin (Maycotte et al., 2012). In addition, in vivo 

work performed by Jiang et al., 2010, showed that CQ could significantly inhibit the 

growth of 4T1 tumours and induce apoptosis as a single agent (Jiang et al., 2010). 
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Taken together these two papers indicate the beneficial effects of CQ in 4T1 cancer 

cells have previously been observed. Depending on the study, CQ has been shown 

to have the potential to have an effect on its own, as well as sensitising to 

chemotherapeutic or drug treatments (though this effect might be independent of 

autophagy). In using this highly aggressive metastatic model of breast cancer, we 

aimed to characterise the sensitising effects of CQ on in vitro cell survival with a 

focus on nutrient stressors. Based on our experimental outcomes, we aimed in the 

long run for our insights to directly translate into further studies of 4T1 in vivo tumour 

growth and metastatic responses. 

In a revised version of the key hallmarks of cancer (Hanahan and Weinberg, 2011), 

the dysregulation of cancer metabolism is highlighted as a key event in maintenance 

of tumour growth and survival. Otto Warburg first noted cancer cells to have an 

altered metabolic profile in comparison to ‘normal’ cells (Warburg et al., 1927, 

Warburg, 1956); it is now generally accepted that cancer cells favour glycolysis as a 

primary source of energy-generating metabolism even under aerobic conditions 

where mitochondrial oxidation would usually be utilised. This high dependency on 

glucose has thus been termed the ‘Warburg effect’. In this chapter, the potential of 

CQ to enhance cell death in response to specific withdrawal of nutrients and 

inhibition of glycolysis is investigated using glucose withdrawal and glycolysis 

inhibitors; the glycolysis pathway and inhibitor targets are highlighted in Figure 3.1. 

Here glycolysis begins with conversion of glucose to glucose-6-phosphate by the 

rate limiting enzyme hexokinase, inhibited by 2-DG (Parniak and Kalant, 1985). 

Through a series of glucose conversion steps the final product of glycolysis is 

pyruvate which can be further metabolised into substrates for the TCA cycle (Acetyl 

CoA). Inhibition of the final stages of glycolysis and pyruvate metabolism is being 

investigated as a potential anti-cancer therapeutic strategy using DCA and Gossypol 

(Delaney et al., 2015, Le et al., 2010) therefore providing rationale for use of these 

compounds in CQ combination studies.  
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Figure 3.1.  The Glycolysis pathway and glycolysis inhibitor target proteins. The 

glycolysis pathway is frequently mutated in cancer and/or tumour cells. Here the key 

stages of glycolysis are outlined including glucose conversion to glucose-6-phosphate by 

hexokinase, the formation of pyruvate by pyruvate kinase, and the downstream 

conversion of pyruvate into substrates available for alternative pathways e.g. TCA cycle. 

The targets within this pathway of 3 glycolysis inhibitors used in studies described by this 

thesis are outlined above. 

PPP 
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In this chapter, the ability of CQ to sensitise 4T1 mammary carcinoma cells to varied 

cellular stressors was assessed and characterised.  In addition, the responses of 

4T1 cells to activate autophagy with respect to differential nutrient starvations were 

examined. Using 4T1 cells, the objectives of this chapter were to: 

 

(1) Examine the potential for CQ to sensitise breast cancer cells to γ-irradiation, 

PI3K/mTOR inhibitor NVP-BEZ-235, and/or nutrient stress with respect to in 

vitro cell survival.  

 

(2) Investigate whether autophagy is induced under alternate nutrient starvation 

conditions. 

 

(3) Determine whether the effects of CQ are dependent on autophagy inhibition 

using genetic ablation of autophagy.  

 

(4) Compare CQ efficacy (on in vitro cell survival) under alternate nutrient 

stressors and investigate any differences observed.  
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3.2  Results 

Autophagy is a conserved cellular process whereby damaged organelles and 

cellular proteins are sequestered into autophagosome membranes, and targeted to 

the lysosomes. Autophagy can be induced by a variety of stresses including 

hypoxia, nutrient starvation, and anti-cancer therapies (Wilkinson et al., 2009, Kim et 

al., 2015, Jo et al., 2015). Thus, it is hypothesised that activation of autophagy 

allows the cell to survive environmental insults. Conversely, inhibition of autophagy 

would promote cell death under stress, such as the withdrawal of nutrients, 

exposure to radiation, or chemotherapeutics. Initial plans were to inhibit autophagy 

via genetic silencing of ULK1 in 4T1 cells; however the retrovirus used did not 

produce efficient knockdown as measured by PCR (data not included). To test the 

hypothesis that autophagy inhibition would induce cell death in the context of cellular 

stress, the effects of the well-established autophagy-lysosomal inhibitor, 

Chloroquine (CQ) were examined.  

 

3.2.i  Chloroquine, an autophagy-lysosomal inhibitor, sensitises 4T1 cells to 

metabolic stress, irradiation, and chemotherapeutics 

For initial experiments, the survival of 4T1 cells when subjected to growth factor 

deprivation via serum withdrawal, using clonogenic survival assays was examined. 

Using 24hr treatments, CQ alone (25μM) displayed minimal cytotoxic activity, as did 

serum starvation alone. However, we found that a blockade of autophagy using CQ, 

simultaneously with serum withdrawal led to a strong reduction in cell survival (Fig 

3.2a). Furthermore, this effect was concentration-dependent; a reduction in CQ-

dependent cell survival was noted as the concentration of foetal calf serum was 

gradually reduced (Fig 3.2b). A 50% decrease in the serum concentration (from 

10% to 5% final FBS v/v) was sufficient to induce cell death (p<0.05) when coupled 

with CQ. A serum concentration of 0.5% further reduced cell survival, similar to full 

withdrawal of serum.  

In addition to sensitising 4T1 cells to serum starvation-induced cell death, the 

potential of CQ to sensitise 4T1 cells to other forms of cancer therapy-related cell 

stress such as DNA-damaging irradiation was explored. An up-regulation in 

autophagy has been noted in breast cancer cell lines, MDA-MB-231 and HBL-100, 
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in response to ionising irradiation (Chaachouay et al., 2011), and more recently CQ 

has been shown to promote γ-irradiation induced cell death in cancer stem cells 

resistant to radiation (Firat et al., 2012). Data presented here demonstrated that CQ 

also potentiated the effects of irradiation-induced cell death (Fig 3.3a). Irradiation 

alone was able to induce cell death in 4T1 cells in a dose-dependent manner 

(clearly observed only with 10Gy). However, 2hrs pre-treatment of the cells with CQ 

sensitised the cells to irradiation. Lower doses of irradiation were needed to illicit the 

same level of cell death; in the presence of CQ 4Gy irradiation was sufficient to 

induce the same decrease in clonogenic survival potential as 10Gy irradiation alone.  

As CQ sensitised 4T1 cells to growth factor/serum deprivation, CQ potentiation of 

cell death mediated by inhibition of specific growth factor-induced signalling 

pathways, namely PI3K/AKT, was examined. The PI3K/mTOR inhibitor, NVP-BEZ-

235 was utilised for the purposes of these studies. This compound has been 

identified to potently inhibit these proteins through direct binding to the ATP-binding 

cleft and has previously demonstrated efficacy when used in combination with other 

anti-cancer agents, such as temozolomide (Maira et al., 2008). Furthermore pre-

clinical investigations combining NVP-BEZ-235 and CQ in both neuroblastoma and 

neuroendocrine cancer cell lines have demonstrated synergy between these two 

compounds (Seitz et al., 2013, Avniel-Polak et al., 2015). Importantly, NVP-BEZ-235 

has then been investigated in clinical trials for potential treatment of neuroendocrine 

tumours (Clinical trial identifier NCT01658436) and advanced renal cell carcinoma 

(Clinical trial identifier NCT01453595 (N. Fazio, 2014, M Carlo. and JJ Hsieh., 

2016). Here, cell death in our 4T1 mammary carcinoma cell model was induced by 

PI3K/mTOR kinase inhibitor NVP-BEZ-235 in a dose-dependent manner. 

Furthermore, cell death for each dose of NVP-BEZ-235 was potentiated by co-

addition of CQ (Fig 3.3b). Together these findings show CQ has potentiating activity 

to the effects of growth factor starvation (metabolic stress), PI3K cell signalling 

inhibitors, and radiation. 
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Fig 3.2: Chloroquine sensitises 4T1 cells to growth factor deprivation.

(A) 4T1 cells were treated with full nutrient (CTRL) or serum-free DMEM (-SER) +/-

CQ (25μM) as indicated for 24hrs. The media was changed to normal full nutrient 

drug-free growth media and after 3 days cells were stained with Giemsa blue, and 

cell viability quantified as described in Methods. Giemsa uptake shown as % of ctrl

one-way ANOVA with Tukey post-test, comparison to untreated control  (***P < 0.001),

n=3 technical replicates, errors bars +/ - SEM. 

(B) 4T1 cells were treated with DMEM containing differing FBS concentrations +CQ 

(25μM) as indicated. Cell viability was measured as in (A). Giemsa uptake as % of 

control, one-way ANOVA with Tukey post-test, comparison to untreated control

(***P < 0.001, *p<0.05), n=3 technical replicates, errors bars +/ - SEM.
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Fig 3.3 (previous page): Chloroquine sensitises 4T1 cells to therapeutic 

stressors; ionising irradiation and dual mTOR-AKT inhibition.  

(A) 4T1 cells were exposed to increasing doses of irradiation and incubated +/- CQ 

(25μM) as indicated for 24hrs. Media was replenished and cell viability assessed as 

in Fig 3.1. Giemsa uptake shown as % of control, one-way ANOVA with Tukey post-

test, comparison to respective treatment (-)CQ (***P < 0.001), n=3 technical 

replicates, errors bars +/-SEM.  

(B) 4T1 cells were treated with the dual mTOR/PI3K inhibitor, NVP-BEZ-235, at 

increasing doses +/-CQ (25μM) as indicated for 24hrs. Media was replenished and 

cell viability assessed as in Fig 3.1. Giemsa uptake shown as % of control, one-way 

ANOVA with Tukey post-test, comparison to respective treatment (-) CQ (**P < 0.01, 

***P < 0.001), n=3 technical replicates, errors bars +/-SEM.  
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3.2.ii  Autophagic flux activation is nutrient selective  

It is well documented that alternate nutrient starvations, namely glucose starvation 

vs. amino acid starvation, initiate formation of autophagosomes and the activation of 

autophagy through different signalling cascades.  As stated previously, glucose 

starvation has been shown to activate AMPK signalling, whilst amino acid starvation 

initiates autophagy through the inactivation of mTORC1 signalling. In the current 

prominent model, both of these pathways converge on ULK1, leading to a crosstalk 

of distinct phosphorylation events, which together signal activation of autophagy 

(Kim et al., 2011). However, recent evidence has highlighted potential discrepancies 

with this accepted model of autophagy activation in response to nutrient stress. In 

some instances, glucose starvation has led to inhibition of autophagy rather than 

induction of the process (Ramirez-Peinado et al., 2013, Moruno-Manchon et al., 

2013). In light of these results, the effects of different nutrient starvation conditions 

on their ability to induce autophagy in 4T1 cells was compared.  

In Fig 3.4a autophagy activation in 4T1 cells was first confirmed in response to 

starvation of either glucose or amino acids. The conversion of LC3-I to LC3-II is a 

standard readout for the activation of autophagy. However, western blots can often 

be difficult to interpret as an increase in LC3-II is also seen when autophagy is 

blocked at the lysosome. CQ was used as a further tool to block autophagy 

degradative flux. As expected, large accumulation of LC3-II with just 3hrs CQ 

treatment was observed.  Interestingly, there were clear differences in the LC3-II 

levels in glucose- vs. amino acid- starved cells. Glucose-starved cells showed a high 

level of LC3-II, when quantified as either a ratio over LC3-I protein or LC3-II over 

actin, which could be interpreted as activation of autophagy. However, the amount 

of LC3-II present in the cell lysates was very similar to the accumulation seen with 

CQ-mediated blockade of autophagy. In contrast, the LC3-II levels in amino acid-

starved cells were low in comparison. These data could suggest that glucose 

starvation actually mediates a block of autophagy rather than activation. Amino acid 

activation is interpreted to stimulate both LC3-II generation during the formation of 

the autophagosome and subsequent protein turnover. 

To investigate these different effects further, flux through the autophagy pathway 

was blocked in the presence of nutrient starvations (Fig 3.4b). As seen in the 

previous experiment, a marked differences were observed in the LC3-II content of 

the cell lysates of glucose- vs. amino acid-starved cells (both condition also lacking 
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serum). To clarify, effects from just serum starvation were also measured. Cells 

starved of serum alone induced a relatively smaller amount of LC3-I to LC3-II 

conversion as compared to amino acid (and serum) starvation. When autophagy flux 

was blocked with CQ, there were marked increases in the ratio of LC3-II/LC3-I in 

control, serum-starved, and amino acid-starved conditions. However, this was not 

the case in glucose-starved cells. This could indicate as proposed that glucose 

starvation does not initiate flux through the autophagy pathway, but instead inhibits 

it. As a second autophagy measure, p62/SQSTM1 protein levels, an adaptor protein 

broken down during the autophagy process, were analysed. Overall, effects were 

not as dramatic, but quantification suggested that glucose starvation induced 

increases in p62, whereas amino acid starvation did not. CQ treatment did not 

further increase p62 levels following glucose starvation, but did following the other 

nutrient starvation conditions to varying extents. This correlation between LC3II and 

p62 data again suggests glucose starvation may block autophagy flux rather than 

stimulate it.  

Since differences between glucose- vs. amino acid-starvation were unexpected, and 

also to clarify effects suggested from p62 immunoblotting, autophagy induction 

driven by alternate nutrient stressors was further investigated by fluorescent cell 

imaging. These analyses showed that p62 (Fig 3.5a) or LC3 (Fig 3.5b) puncta 

intensity increased to a greater extent in glucose starved cells in comparison to 

amino acid starved. CQ treatment also strongly increased p62 and LC3 puncta as 

expected from a lysosomal block. Furthermore, the puncta intensity in glucose 

starved cells was similar to that of CQ treatment.  

Our results indicated that 4T1 cells differently sensed glucose- vs. amino acid-

starvation. To further investigate the differential effects of alternate nutrient 

starvations, the mitochondria morphology upon glucose or amino acid starvation 

was examined. It has been suggested to avoid undergoing mitophagy mitochondria 

have the potential to shift from a small, fragmented phenotype to a more elongated 

(or tubulated) morphology (Rambold et al., 2011). Here, mitochondria were stained 

with an antibody targeting the outer mitochondrial membrane protein, translocase of 

outer membrane protein 20 (Tom20), and mitochondrial length and shape measured 

using confocal microscopy (Fig 3.6). Again, there were stark differences in the 

response of the cells to specific nutrient starvations. In glucose starved cells, 

mitochondria remained small and rounded in shape, similar to untreated cells. In 
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contrast, amino acid starvation induced significant mitochondrial tubulation and 

elongation. Taken into context with previous findings, the mitochondrial tubulation 

we observed under amino acid starvation could be interpreted as a response to 

avoid mitophagy. As this response was not observed under glucose starvation, this 

may suggest mitophagy was not induced by the specific withdrawal of glucose. 

These data again highlight and corroborates the robust differences in 4T1 cell 

nutrient-sensing responses.  

In summary, our studies into the nutrient sensitivity of 4T1 cells have identified clear 

differences following glucose vs. amino acid starvation. While amino acid starvation 

induces a marked induction of autophagy, glucose starvation elicits characteristics 

of autophagy inhibition similar to that of autophagy-lysosomal inhibitors.  

 

 

 

 

 

 

 

 

Fig 3.4 (next page): Amino acid starvation and glucose starvation have 

opposing effects on autophagic flux in 4T1 cells 

(A) 4T1 cells were treated with full nutrient DMEM (CTRL), serum- and glucose-free 

DMEM (-GLC), or serum- and amino acid-free media (-AA) for 3hrs. Alternatively, 

cells were incubated with CQ (25μM) under full nutrient conditions for 3hrs. Cells 

were lysed and LC3 protein assessed via western blot analysis. Actin was used as a 

loading control. Immunoblotting was quantified as described in Methods and 

expressed as either LC3-II normalised to Actin (arbitrary units) or as the LC3-II/LC3-

I ratio. Data are representative of 4 western blots.  

(B) 4T1 cells treated with the indicated nutrient conditions +/- CQ (25μM) for 4hrs. 

Cells were lysed and LC3 and p62 proteins assessed via western blot analysis. 

Actin was used as a loading control. Data are representative of 3 western blots.  
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Fig 3.5: Glucose starvation leads to a block in autophagic flux in 4T1 

cells. 4T1 cells were treated with CQ (25μM), glucose-free and serum-free 

(GLC(-)) media or amino acid-free and serum-free media (AA(-)) for 8hrs. 

Cells were fixed and stained for (A) p62 or (B) LC3. Images were captured 

by epifluorescent microscopy. p62 and LC3 puncta intensity were 

measured in 30 cells per condition as described in Methods. Data shown 

are mean p62 or LC3 puncta intensity / cell, n=3 independent experiments, 

errors bars +/- SEM.  
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Fig 3.6 (next page): Mitochondrial morphology differs in response to amino 

acid or glucose starvation 

4T1 cells were treated with glucose-free and serum-free media (-GLC) or amino 

acid-free and serum-free media (-AA) for 4hrs. Cells were fixed and stained for 

Tom20. Images were captured by confocal microscopy. Mitochondrial length was 

quantified; measuring 10 mitochondria per cell, 30 cells per condition. Each data 

point represents the average mitochondrial length per cell. Data are representative 

of pilot experiment (a basis for other PhD students work).  
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3.2.iii  Chloroquine potentiates 4T1 cell death in an autophagy-independent 

manner. 

CQ potentiated cell death in response to metabolic stress, radiation, and 

chemotherapeutics, but how this was related to inhibition of the autophagy pathway 

was not clear. CQ would be expected to block the autophagy pathway when used in 

the context of long term (24hr) survival assays and in longer term in vivo or within 

clinical settings.  

As expected, treatment of 4T1 cells with CQ (25μM) over a 3 day time-course 

induced accumulation of LC3-II by western blot analysis (Fig 3.7a). Furthermore, 

these longer term treatments now led to clear p62 accumulation. Autophagy block 

and accumulation of LC3 and p62 puncta was also observed following 24hr 

treatment (Fig 3.7b). These data indicate that CQ is effective at blocking lysosomal 

autophagic flux when used at 24hrs and longer. However, a decrease in p62 levels 

and the ratio of LC3-II/-I was noted after 3 days of CQ exposure, which could be due 

to a gradual reduction in the activity of the drug over time.   

Since CQ can affect several essential processes in the cell, the extent that CQ-

mediated cell death was through autophagy inhibition was determined. Our 

approach was to determine if genetic knockdown of autophagy was similar to CQ 

treatment in generating cell death. Parallel experiments in 4T1 cell lines with stable 

knockdown of key autophagy genes, Beclin1, part of the essential class III PI3K 

complex, and ATG7, a key player in the LC3 conjugation system were performed. 

Efficiency of knockdowns in 4T1 cells was first confirmed by blotting. ATG7 and 

Beclin1 expression levels were sufficiently reduced by their respective shRNA. 

However, only knockdown of ATG7 produced a clear functional knockdown of 

autophagy. Amino acid starvation failed to initiate an autophagy response in ATG7 

knockdown cells, indicated by no change in the LC3-II to LC3-I ratio. Interestingly, 

Beclin1 knockdown only produced a relatively mild impairment of starvation-induced 

LC3 conversion (Fig 3.8).  

For modulation of viability, as in previous experiments, CQ strongly sensitised 

wildtype 4T1 cells to serum-starvation induced cell death. However, stable 

knockdown of ATG7 did not mimic CQ activity in combination with serum 

withdrawal. Similarly, stable knockdown of Beclin1 did not mimic the sensitising 

effects of CQ to serum withdrawal (Fig 3.8). These results indicate that genetic 
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inhibition of autophagy does not have the same effects as CQ at sensitising cells to 

serum deprivation mediated death. 

To further test this idea, clonogenic assays were repeated in ATG5 knock-out MEFs. 

ATG5 is a vital component of the ATG12-ATG5-ATG16L1 conjugate, which ‘coats’ 

the outer surface of the phagophore and is absolutely required for the predominant 

canonical forms of autophagy (Mizushima et al., 1998). Strikingly, ATG5 knock-out 

MEFs, which are completely ablated in autophagy did not show any increased 

sensitivity to serum starvation (Fig 3.9a). For control, in wild-type MEFs (derived in 

parallel to ATG5 knockout MEFs) CQ potentiated serum starvation-induced cell 

death as expected, although CQ alone at this dose had particularly strong cytotoxic 

effects and this line of wild-type MEFs also forms more heterogeneous sets of 

clones in clonogenic growth assays.  

To further clarify the role of autophagy, clonogenic assays in ULK DKO MEFs, 

deficient in both ULK1 and ULK2 isoforms (McAlpine et al., 2013) were performed. 

As with ATG5 KO MEFs, autophagy deficient cells lacking ULK1/2 were not 

hypersensitive to serum starvation (Fig 3.9b). However, combination of serum 

starvation and CQ did lead to marked cell death compared to untreated control cells, 

indicating CQ still potentiated cell death in autophagy-deficient contexts. For 

comparison, in wild-type MEFs (prepared in parallel to the ULK1/2 DKO line) CQ 

again sensitised to serum deprivation. Considering these data, the inhibition of 

autophagy through knockdown or knockout of essential regulatory factors could not 

replicate the potentiating ability of CQ and CQ may still have inhibitory activity in 

autophagy-deficient cells.  

To further explore the relationship between CQ-mediated cell killing and autophagy, 

to potential for CQ to sensitise to cell death in autophagy-deficient contexts was 

examined. In ATG5 KO MEFs, serum starvation did not result in a shift in cell 

viability. However, addition of CQ, both alone and in combination with serum 

starvation, led to overt cell death (Fig 3.10a). The potential of CQ to exert cell killing 

in autophagy-deficient cells was further examined using Atg7 knockdown 4T1 cells, 

which displayed a clear functional impairment of autophagy (Fig 3.8). Treatment of 

autophagy-deficient 4T1 cell lines with CQ resulted in significant cell death when 

applied as a single agent and also potentiated nutrient starvation-induced cell death 

(Fig 3.10b). As CQ potentiation of nutrient stress to induce cell death was 

maintained in a number of autophagy-deficient contexts, we concluded that CQ-
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mediated sensitisation to cell death predominantly occurs via an autophagy-

independent mechanism, contrary to expectations. 
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Fig 3.7: CQ induces accumulation of autophagy proteins LC3 and p62. 

(A) 4T1 cells were treated under full nutrient conditions with CQ (25μM) for up to 72 

hrs. Cells were lysed and analysed for LC3 and p62 protein expression as described 

in Fig 3.3. Quantification expressed as fold change in LC3 -II/-I ratio and p62/actin, 

n=1. 

(B) 4T1 cells were treated with CQ (25μM) for 24hrs . Cells were fixed and stained 

for p62 or LC3 and imaged by confocal microscopy, n=1.
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Fig 3.8 (previous page): CQ sensitises to growth factor stress independent of 

autophagy inhibition  

(A) 4T1 cells lines were generated stably carrying pLKO ATG7 shRNA, pLKO 

scrambled (SCR) shRNA, or pLKO Beclin1 (BCLN1) shRNA. Knockdown of target 

proteins was assessed using western blot analysis for Beclin1 and ATG7, as well as 

functional inhibition of autophagy being examined through conversion of LC3I to 

LC3II +/- amino acid starvation (EBSS) 2hrs. The LC3-II/LC3-I ratios are shown 

below the LC3 immunoblot.  

(B) shATG7 or shBCLN1 cells were treated with full nutrient (CTRL) or serum-free 

DMEM (-SERUM) for 24hrs.  Bottom panel: As a control, wild-type 4T1 cells were 

treated +/- CQ (25μM) in either full nutrient (CTRL) or serum-free DMEM (-SERUM) 

conditions (24hrs) for comparison. The media was replenished and 3 days later cell 

viability was assessed as in Fig 3.1. Giemsa uptake shown as % of control, one-way 

ANOVA with Tukey post-test, comparison to untreated control (***P<0.001), n=3 

technical replicates, errors bars +/-SEM. 

 

Fig 3.9 (next page): CQ sensitises to growth factor stress independent of 

autophagy inhibition in MEFs 

(A) Wild-type or autophagy deficient (ATG5 -/-) MEFs were treated with full nutrient 

(CTRL) or serum-free DMEM (-SER) for 24hrs.  Wild-type MEFs were treated +/- 

CQ (25μM) for comparison. The media was replenished and 3 days later cell 

viability was assessed as in Fig 3.1. Giemsa uptake shown as % of control, one-way 

ANOVA with Tukey post-test, comparison to untreated control (**P<0.01), n=3 

technical replicates, errors bars +/-SEM. 

(B) Wild-type (1SVN) or autophagy deficient ULK DKO (4SVN) MEFs were treated 

with full nutrient (CTRL) or serum-free DMEM (-SER) for 24hrs +/- CQ (25μM). The 

media was replenished and 3 days later cell viability was assessed as in Fig 3.1. 

Giemsa uptake shown as % of control, one-way ANOVA with Tukey post-test, 

comparison to untreated control (**P<0.01, ***P<0.001), n=3 technical replicates, 

errors bars +/-SEM. 
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Fig3.10: CQ still sensitises to growth factor deprivation in cells with genetically 

impaired autophagy

(A) ATG5 KO MEFs or (B) shATG7 4T1 cells were treated with full nutrient (CTRL) 

or serum-free DMEM (-SER) for 24hrs, +/ - CQ (25μM) as indicated The media was 

replenished and 3 days later cell viability was assessed as in Fig 3.1. Giemsa uptake 

as % of control, one-way ANOVA with Tukey post-test, comparison to untreated control 

(***P<0.001), n=3 technical replicates, errors bars +/-SEM.
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3.2.iv  Reductions in glucose metabolic state reduce the activity of CQ. 

During the course of our studies of CQ and cell stress conditions, we examined 

different types of nutrient starvation and responses to CQ. Our results above 

indicated that growth factor (serum) starvation sensitised 4T1 cells to CQ. As such, 

we further compared several conditions often used to elicit autophagy responses in 

vitro: glucose starvation (glucose-free DMEM with no serum (contains amino acids)), 

and amino acid starvation (Earle’s balanced salt solution (EBSS) with no serum 

(contains glucose)). These 3 different nutrient starvation conditions were tested in 

the presence or absence of CQ.  

As previously, treatment with CQ (25μM) leads to a reduction in cell survival when 

4T1 cells were subjected to serum withdrawal. However, further withdrawal of 

glucose alongside serum starvation almost fully rescued the effect of CQ, which was 

entirely unexpected. In contrast, withdrawal of amino acids, alongside serum 

starvation, promoted CQ-effects on cell death (Fig 3.11a). Time-course clonogenic 

assays were utilised to determine when the differences between nutrient starvation 

conditions became apparent. The protective effect conferred by glucose starvation 

was only observed after 16hrs starvation (as compared for example to 8hrs) (Fig 

3.11b) indicating the effect is a long term response to nutrient deprivation. 

To obtain better understanding of the temporal dynamics of CQ-mediated cell death, 

we performed live cell imaging and tracked the proliferation of the cells in the 

different nutrient starvations in combination with CQ. 4T1 cells were transferred into 

different starvation conditions (serum, serum and glucose, or serum and amino 

acids) in the presence or absence of CQ (25μM) and then sequentially imaged over 

time. In the absence of CQ, under control full nutrient conditions, cells proliferated 

rapidly, leading to ~doubling of confluency over the initial 24hrs (Fig 3.12a). Cells 

under nutrient starvation conditions displayed reductions in proliferative capabilities, 

with alternate nutrient starvations affecting this outcome to differing extents. After 

the initial 24hr treatment period serum starvation only reduced the confluency by 

~10%, similarly glucose starvation reduced the confluency by ~20%. However, 

amino starvation had the greatest effect on proliferative capabilities, with limited 

proliferation observed between 0 and 24 hours. After the first 24hrs in treatment 

conditions, cell media was replaced with new full nutrient media (indicated by the 

red arrow); both control and all nutrient starved cells were able to recover and 

continue proliferating after nutrient replenishment. 
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However, when combining CQ with nutrient starvations for the initial 24hr treatment  

only cells in full nutrient media continued proliferating, while those starved of 

nutrients (all conditions) showed a reduction in confluency (Fig 3.12a). Upon 

nutrient replenishment after the first 24hrs of imaging, the cell profiles in the 

presence of CQ, serum starvation and/or amino acid starvation resulted in a 

reduction in proliferation in comparison to control cells (full nutrients). However, cells 

deprived of glucose displayed an increase in proliferation in comparison to serum 

starved and/or amino acid starved cells, suggesting glucose starved cells had a 

greater potential for recovery upon nutrient replenishment.  

Further analysis of the 4T1 cell morphologies under different conditions supported 

the cell growth profiles. Live cell images taken 23hrs after nutrient starvation showed 

clear differences in the confluency of 4T1 cells in the different nutrient starvations on 

combination with CQ (Fig 3.12b). A reduction in confluency was observed in CQ-

treated serum starved cells and/or amino acid starved cells, while those exposed to 

glucose starvation showed less of a reduction in confluency, and displayed more 

normal, healthy cell morphologies.   

To further examine if glucose vs. amino acid deprivation effects on CQ could be 

separated from effects of serum starvation low amounts (1% final) of dialysed foetal 

bovine serum were re-supplemented to the starvation media. Low amounts of FBS 

were proposed to replenish some baseline growth factor signalling while still 

synergising with CQ for cell death. On co-treatment with CQ, glucose starvation (in 

low FBS) was able to block death of 4T1 cells, whereas amino acid withdrawal still 

induced cell death (Fig 3.13). This was consistent with findings described in zero 

serum conditions, and together supports a mechanism where glucose starvation 

rescues CQ-dependent cell death. 

To further explore how the viability rescue effects depended on severity of glucose 

starvation, 4T1 cells were treated with serum-free media containing glucose in 

varying concentrations from 4.5g/L to 0g/L, in the presence of CQ (Fig 3.14). As 

expected, CQ combination with serum-free media containing high glucose (4.5g/L) 

induced cell death. However, induction of cell death was not altered upon CQ 

combination with serum-free media containing mid to lower glucose concentrations 

(2.25g/L and 1.0g/L). Only a full rescue of cell death with serum-free media with no 

glucose (0g/L) was observed. These data indicted only absolute depletion of 

glucose rescues CQ-mediated cell death in this model.  
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In order to survive glucose starvation during the 24hr drug treatment period, cells 

must utilise other nutrient sources. Many cancer cell lines display properties of 

glutamine addiction, which is often linked to the over-expression of myc (Wise et al., 

2008, Gao et al., 2009). Glutamine addicted cancers are highly dependent on 

glutamine for their growth and survival despite it being regarded as an inefficient 

metabolic pathway; key factors for this may be attributed to glutamine providing a 

nitrogen for protein synthesis and providing the essential TCA cycle energy 

substrate (α-ketoglutarate) (Wise and Thompson, 2010). Considering this rationale, 

we hypothesised that 4T1 cells were likely utilising glutamine in the media to survive 

starvation. As control, cells starved of serum- and glucose displayed the survival 

response to CQ in clonogenic assays (left panel). However, further withdrawal of 

glutamine from glucose-free media in combination with CQ led to a loss of cell 

viability (right panel). Even glucose starved cells in the absence of CQ had reduced 

cell viability when glutamine was depleted (Fig 3.15). Thus, upon glucose starvation, 

dependency on glutamine is generally enhanced. When we replenished the glucose-

free glutamine-free media with glutamine, this rescued cell viability. These data 

suggested that 4T1 cells are indeed glutamine addicted, and in the absence of 

glucose utilise this amino acid as a key nutrient source in order to survive. Indeed, a 

recent study described 4T1 cells as possessing metabolic plasticity: the ability to 

readily adapt and switch between glycolysis and oxidative phosphorylation in 

response to extracellular cues (Simoes et al., 2015). Furthermore, in concert with 

our findings, it was identified that 4T1 cells are heavily reliant of glutamine for their 

growth. These data corroborate our findings supporting a role of glutamine in 4T1 

cell survival in response to glucose withdrawal.  

 

  



+
C

Q
  
  
  
  
  
  
  
  
  
-C

Q

CTRL                   -SER              -SER                -SER
                                                   -GLC                 -AA                                       

CTRL          -SER          -SER           -SER
                                     -GLC            -AA

-     +            -     +           -     +            -     +    CQ   

120

100

80

60

40

20

0

G
ie

m
sa

 u
pt

ak
e 

(%
)

CTRL            CTRL           -SER             -SER
                                           -AA              -GLC

4    8    16        4    8   16        4    8   16        4    8    16     hrs        

+CQ

A

B

***

***

***

97

G
ie

m
sa

 u
pt

ak
e 

(%
)

120

100

80

60

40

20

0



98 
 

Fig 3.11 (previous page): Glucose starvation rescues CQ sensitised cell death, 

in a time dependent manner  

(A) 4T1 cells were treated with full nutrient (CTRL), serum-free DMEM (-SER), 

glucose-free and serum-free DMEM (-SER-GLC), or amino acid-free and serum-free 

media (-SER-AA) +/- CQ (25μM) as indicated for 24hrs. Media was replenished and 

3 days later cell viability was assessed as in Fig 3.1. Giemsa uptake shown as % of 

control, one-way ANOVA with Tukey post-test, comparison to untreated control 

(***P<0.001), n=3 technical replicates, errors bars +/-SEM. 

(B) 4T1 cells were nutrient starved as indicated +/- CQ (25μM) for 4, 8, or 16hrs. 

Media was replenished and 3 days later cell viability was assessed as in Fig 3.1. 

Giemsa uptake shown as % of control, one-way ANOVA with Tukey post-test, 

comparison to respective time-point control (***P<0.001), n=3 technical replicates, 

errors bars +/-SEM. 

 

Fig 3.12 (next page): CQ sensitisation to cell death is dependent on specific 

nutrient availability.  

(A) 4T1 cells were treated with full nutrient (CTRL), serum-free DMEM (-SER), 

glucose-free and serum-free DMEM (-SER-GLC), or amino acid-free and serum-free 

media (-SER-AA) +/- CQ (25μM) as indicated for 24hrs. Media was replenished (as 

indicated by the arrows) and left for a further 24hrs to analyse recovery. Confluency 

of the cells was measured from time-lapse microscopy over 48hrs and analysed as 

described in Methods.  

(B) Still images were taken from time-lapse microscopy videos after 23hrs treatment 

to represent the differences in cell death and morphology between nutrient 

starvation conditions.  
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Fig 3.13: Glucose starvation rescues cell viability independently of 

serum starvation.  

(A) 4T1 cells were treated with full nutrient (CTRL), amino acid-free and 

serum-free media (-SER-AA), glucose-free and serum-free DMEM (-SER-

GLC), or serum-free DMEM (-SER), +/- CQ (25μM) as indicated for 24hrs. 

Alternatively, cells were treated with -SER-AA media or -SER-GLC media 

supplemented with dialysed FBS (1%) for 24hrs to examine the effects on 

single nutrient starvation. Media was replenished and 3 days later cell 

viability was assessed as in Fig 3.1. Giemsa uptake shown as % of 

control, n=3 technical replicates, one-way ANOVA with Tukey post-test, 

comparison to untreated control (**P<0.01), errors bars +/-SEM. 
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Fig 3.14: Glucose starvation mediated rescue of cell viability is not 

glucose concentration dependent 

(A) 4T1 cells were treated with full nutrient DMEM (CTRL), or serum-free 

DMEM (-SER) containing differing glucose concentrations as indicated, +CQ 

(25μM) for 24hrs. Media was replenished and 3 days later cell viability was 

assessed as in Fig 3.1. Giemsa uptake shown as % of control, n=3 technical 

replicates, one-way ANOVA with Tukey post-test, comparison to untreated 

control (**p<0.01), errors bars +/-SEM. 
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Fig 3.15: Glutamine is the key nutrient source required for survival in glucose-

starved 4T1 cells

(A) 4T1 cells were treated with full nutrient (CTRL), serum -free DMEM ( -SER), 

glucose-free and serum -free DMEM ( -SER-GLC), +/- CQ (25μM) for 24hrs. 

Alternatively, cells were treated with glucose -free and serum -free DMEM ( -SER-

GLC) -/+ Glutamine (4mM) +/-CQ (25μM). Media was replenished and 3 days later 

cell viability was assessed as in Fig 3.1. Giemsa uptake as % of control, n=4 

technical replicates, one-way ANOVA with Tukey post-test, comparisons as indicated 

(***p<0.001), errors bars +/-SEM.
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3.2.v  Is glucose withdrawal providing a protective effect through glycolysis 

inhibition? 

Considering our observations, it was becoming apparent that glucose starvation 

protects 4T1 cells from death induced by CQ coupled to serum starvation. To further 

explore the key interrelationship between glucose metabolism and cell survival, the 

ability of the glycolysis inhibitor, 2-deoxyglucose (2-DG), to rescue serum starvation-

induced cell death was examined. 2-DG is a glucose analogue that inhibits 

glycolysis via interference with the rate-limiting enzyme, hexokinase (Parniak and 

Kalant, 1985). 2-DG is phosphorylated by hexokinase to generate 2-DG-P which 

cannot be further metabolized, thus leading to accumulation of 2-DG-P and 

depletion in ATP. Interestingly, addition of 2-DG (2.5mM or 5mM) promoted a cell 

survival response to CQ-treated serum starved cells. The level of protection from 2-

DG was comparable to that of glucose withdrawal (Fig 3.16). Thus, interference with 

the glycolysis pathway leads to a protective effect against serum starvation and CQ–

mediated cell death. 

To further investigate the relationship between glucose starvation and glycolysis 

inhibition, the potential of downstream inhibitors of glycolysis to confer the same 

protective advantage as 2-DG were explored. Gossypol and dichloroacetate (DCA) 

were utilised as downstream glycolysis inhibitors. Gossypol is a lactate 

dehydrogenase inhibitor, thereby inhibiting the enzyme which converts lactate to 

pyruvate before entry into the TCA cycle (Yu et al., 2001). DCA inhibits pyruvate 

dehydrogenase kinase (PDK). During glycolysis PDK phosphorylates and 

inactivates the enzyme pyruvate dehydrogenase (PDH) (Clark et al., 1987). This 

interference with the enzyme PDH, which is typically responsible for the conversion 

of pyruvate to acetyl-CoA, pushes metabolic pathways towards the cytoplasmic 

glycolysis that cancer cells prefer as oppose to glucose oxidation in the 

mitochondria. Therefore, inhibition of PDK by DCA prevents inactivation of PDH and 

in turn switches cancer cells from utilising glycolysis to glucose oxidation. 

Interestingly, both of these glycolysis inhibitors have been studied with a view to 

developing potential anti-cancer therapies, making them attractive compounds to 

use in our investigations. For example, a derivative of gossypol was shown to 

induce oxidative stress and inhibit progression of pancreatic cancer in xenograft 

models (Le et al., 2010). Gossypol has previously been investigated in clinical trials 

as a potential treatment for refractory metastatic breast cancer (Van Poznak et al., 
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2001). Similarly, DCA has also shown anti-cancer effects when applied to multiple 

cancer cell lines, including glioblastoma and breast (Bonnet et al., 2007).  Other 

studies have also demonstrated DCA to affect cell proliferation (Delaney et al., 

2015). Since these compounds have had these strong effects in cancer cell death, 

we utilised these glycolysis inhibitors to compare upstream vs. downstream 

glycolysis inhibition in our model. 

CQ alone induced a mild reduction in cell viability and consistent with our previous 

findings, glucose starvation rescued cell death associated with CQ and serum 

starvation combination.  While 2-DG conferred a rescue of cell viability, gossypol 

and DCA failed to provide any protection upon serum starvation and CQ 

combination (Fig 3.17a). However, under serum starvation, gossypol also induced a 

significant reduction in cell viability in the absence of CQ compared to control cells, 

whereas DCA did not. To confirm that these effects were due to the drugs in 

combination with serum starvation, we also examined the effects of DCA and 

gossypol in full nutrient media +/- CQ. The vehicle control, DMSO, was not 

detrimental to cell health and behaved like the untreated control set. 2-DG and DCA 

did not induce cell death in full nutrient media, and no enhancement was seen in cell 

death when combined with CQ (in comparison to CQ alone). However, gossypol 

induced cell death as a single agent, shown as a significant reduction in cell survival 

upon addition of the drug alone (Fig 3.17b).  

These studies indicated that inhibition of glycolysis at the very upstream stages, 

such as complete glucose withdrawal or hexokinase inhibition is protective against 

CQ-mediated cell death. However, interference with glycolysis enzymes important in 

pyruvate metabolism did not provide a protective advantage. As outcomes from 

these different strategies of glycolysis inhibition varied, overall our data suggests 

that only certain inhibitory compounds are able to mimic glucose withdrawal to 

provide resistance to CQ.  
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Fig 3.16: The hexokinase inhibitor, 2-deoxyglucose, rescues CQ sensitised 
cell death

4T1 cells were treated with (A) full nutrient (CTRL), serum -free DMEM ( -SER), 

glucose-free and serum -free DMEM ( -SER-GLC), +/ - CQ (25μM) for 24hrs. (B)

Nutrient starvations as indicated or 2 -deoxyglucose (2DG) 2.5mM +/ - CQ (25μM). 

(C) Nutrient starvations as indicated or 2DG 5mM +/ - CQ (25μM) . Media was 

replenished and 3 days later cell viability was assessed as in Fig 3.1. Giemsa uptake 

as % of control, n=3 technical replicates, one-way ANOVA with Tukey post-test,

105

 comparison as indicated (*p<0.05, ***p<0.001), errors bars +/- SEM
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Fig 3.17: Downstream glycolysis inhibitors did not rescue CQ sensitised cell 

death 

(A) 4T1 cells were treated with (A) full nutrient (CTRL), serum-free DMEM (-SER), 

glucose-free and serum-free DMEM (-SER-GLC), +/- CQ (25μM) for 24hrs. 

Alternatively, serum starved (-SER) cells were treated with 2DG (2.5mM), GP 

(20μM), or DCA (5mM). (B) Cells were treated with the vehicle control, DMSO, or 

2DG (2.5mM), GP (20μM), or DCA (5mM) in full nutrient media +/- CQ (25μM) for 

24hrs.  Media was replenished and 3 days later cell viability was assessed as in Fig 

3.1. Giemsa uptake shown as % of control, n=3 technical replicates, one-way 

ANOVA with Tukey post-test, comparison to untreated controls (*p<0.05, 

***p<0.001) errors bars +/-SEM. 
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3.2.vi  AMPK signalling does not contribute to the protective mechanism 

induced by glucose starvation 

Glucose starvation is known to activate the AMPK signalling pathway (Laderoute et 

al., 2006, Priebe et al., 2011). It has also previously been demonstrated that AMPK 

can support cell survival in glucose-limiting conditions (Chaube et al., 2015). 

Therefore, we hypothesised that activation of AMPK following glucose starvation 

could elicit a cell survival response in 4T1 cells. To further explore the involvement 

of AMPK in our cell system, the activation of the AMPK pathway (using phospho-

acetyl-CoA Carboxylase (ACC) as a marker) after different starvation conditions was 

first biochemically confirmed. ACC is a key enzyme involved in the biosynthesis and 

oxidation of fatty acids; ACC is activated following phosphorylation at Ser79 by 

AMPK, and therefore this phosphorylation level is often used as a marker of AMPK 

signalling activation (Ha et al., 1994). Glucose starvation induced a greater 

activation of the AMPK pathway compared to serum or serum and amino acid 

starvations as quantified by pACC/Actin. For comparison the AMPK activator, 

AICAR was used; AMPK signalling was activated by AICAR, as shown by a greater 

than 3-fold increase in p-ACC/Actin ratios (Fig 3.18a). These results confirmed that 

AMPK activation was induced by glucose starvation or pharmacological activators to 

a similar degree, whereas alternative nutrient starvations of serum or amino acid 

starvation did not have the potential to induce AMPK activation.  

As 2-DG mimicked the cytoprotective effects of glucose starvation in relation in CQ 

treatment, the potential for 2-DG to also activate the AMPK pathway was explored. 

As a secondary method of detecting AMPK activation, AMPK (T172) 

phosphorylation levels were measured; Thr172 has been identified as one of the key 

regulatory phosphorylation sites within the AMPK activation loop (Woods et al., 

2003). Here, glucose starvation induced a marked increase in pAMPK levels in 

comparison to control or serum-starved cells. Similarly, 2DG treatment also induced 

greater phosphorylation of AMPK at the T172 site in comparison to control cells, 

although not to as great an extent as glucose starvation (Fig 3.18b). As observed in 

our initial studies, glucose starvation induced a greater induction of pACC 

expression compared to control or serum starved cells and treatment with 2DG (at 

both 2.5mM and 5mM) mimicked this response.  

Our results above provided some clarification of AMPK activation following glucose 

starvation and 2-DG treatment, in addition to evidence for the effectiveness of the 
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AMPK activating compounds. We thus aimed to further test the possibility that 

AMPK activation was driving the resistance to CQ and increased survival response 

under glycolytic inhibition conditions. We tested the AMPK activator AICAR on CQ-

dependent clonogenic survival. If protection to cell death is conferred by AMPK 

signalling, we would predict AMPK activators to rescue cell death induced by CQ 

and serum starvation combination.  

As seen previously, serum starvation in the presence of CQ induced a large 

reduction in cell survival, and concurrent glucose starvation rescued cell viability. 

Under combined serum starvation and CQ treatment, co-incubation with AICAR 

(AMPK activation) (1mM) did not improve cell viability compared to cells in the 

absence of AICAR (Fig 3.19b). Addition of AICAR also did not provide a further CQ-

protective effect onto that from glucose starvation. These data suggest that 

activation of the AMPK pathway by glucose starvation is not contributing to the cell 

survival mechanism. To further explore if AMPK was involved in survival to CQ, we 

also attempted to determine if inhibition of AMPK altered the glucose starvation-

mediated pro-survival effect using the AMPK inhibitor, compound C. Unfortunately, 

incubation with compound C for 24hrs, even at low doses (10μM), was toxic to 4T1 

cells (data not shown). From all available data, we conclude that increased survival 

in glucose starved cells is independent of AMPK signalling.  

Since the increased survival that we observed was indicated to be independent of 

AMPK activation, we hypothesised the survival responses in glucose-deprived 4T1 

cells may be related to overall decreased levels of metabolism. To test this idea, 

methyl pyruvate (MP), a cell-permeant intermediate of glucose metabolism, was 

used. MP is converted by pyruvate dehydrogenase to generate Acetyl-CoA for the 

TCA cycle, and thus would be expected to replenish cellular ATP stores via 

oxidative phosphorylation even during glucose starvation (Lembert et al., 2001). 

Using this approach, we reasoned that we may get insight into whether glucose 

starvation-mediated cell survival was dependent on a reduction in cellular energy 

levels; if indeed this was the case, we would expect addition of MP to reverse the 

glucose-starvation mediated rescue of cell viability. MP was added to the glucose 

starved rescue condition; surprisingly, addition of MP (10mM) did not affect the 

ability of glucose starvation to promote cell survival (Fig 3.20). As an alternative 

method of replenishing cellular energy galactose was utilised; this alternate carbon 

source is proposed to remodel oxidative energy metabolism, pushing energy 
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production towards mitochondrial driven pathways (Kase et al., 2013, Aguer et al., 

2011). However, supplementation of galactose again did not alter the CQ-protective 

response induced by glucose starvation.  

Our studies so far suggest that glucose starvation-mediated cell survival is 

independent of changes in energy as activation of the AMPK energy sensing 

pathway in serum starved cells did not alter cell survival. Furthermore, 

replenishment of cellular energy via alternative sources failed to reverse glucose-

starvation dependent cell survival. 

Another key survival signal is activation of the AKT-PI3K pathway (Mundi et al., 

2016). The possibility for glucose starvation-mediated activation of this pathway for 

cell survival was investigated by employing API-2, a selective inhibitor of AKT (Yang 

et al., 2004b). API-2 (also known as triciribine) inhibited cell survival mediated by 

glucose starvation (Fig 3.21). However, API-2 also reduced cell viability in all 

nutrient conditions whether in the presence or absence of CQ, suggesting that 

inhibition of AKT-derived survival signals over 24hrs simply cannot be tolerated and 

is not the pathway specific to glucose starvation.  
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Fig 3.18 (previous page): Glucose starvation or 2-DG treatment induces AMPK 

activation 

(A) 4T1 cells were treated with full nutrient DMEM (CTRL), serum-free DMEM (-

SER), serum-free and glucose-free DMEM (-SER-GLC), or serum-free and amino 

acid-free media (-SER-AA) for 24hrs. Alternatively, cells were treated with the AMPK 

activator, AICAR (1mM), for 24hrs. Cells were lysed and measured for pACC (S79) 

expression by western blot analysis. Actin was using as a loading control. 

Immunoblotting was quantified as described in Methods and expressed as ratios 

indicated (arbitrary units). Fold change in protein expression is shown in bottom 

panels, n=3 independent experiments, errors bars +/-SEM. 

(B) 4T1 cells were treated with full nutrient DMEM (CTRL), serum-free DMEM (-

SER), serum-free and glucose-free DMEM (-SER-GLC), or serum-free media with 2-

DG at the indicated concentrations for 4hrs. Cells were lysed and measured for 

pACC (S79) and pAMPK (T172) protein expression by western blot analysis. Actin 

was using as a loading control. Immunoblotting was quantified as described in 

Methods and expressed as ratios indicated (arbitrary units). Fold change in protein 

phosphorylation is shown in bottom panels, n=2 independent experiments.  
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Fig 3.19: Glucose starvation mediated cyto-protection is not 

dependent on AMPK signalling upregulation. 

(A) 4T1 cells were treated with full nutrient DMEM (CTRL), serum-free 

DMEM (-SER), or serum-free and glucose-free DMEM (-SER-GLC), + CQ 

(25μM) for 24hrs. Alternatively, cells treated with serum-free DMEM (-SER), 

or serum- and glucose-free DMEM (-SER-GLC) + CQ (25μM) were 

examined in the presence of AICAR (1mM). Media was replenished and 3 

days later cell viability was assessed as in Fig 3.1. Giemsa uptake shown as 

% of control, n=3 technical replicates, one-way ANOVA with Tukey post-

test, comparison as indicated (***p<0.001), errors bars +/-SEM. 
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Fig 3.20: Restoring energy does not inhibit glucose-starvation mediated 

protection against cell death 

(A) 4T1 cells were treated with full nutrient DMEM (CTRL), serum-free 

DMEM (-SER), or serum-free and glucose-free DMEM (-SER-GLC), + CQ 

(25μM) for 24hrs. Cells incubated with serum- and glucose-free DMEM         

(-SER-GLC) +/- CQ (25μM) were examined with the further addition of 

methyl pyruvate (MP, 10mM) or Galactose (Gal, 5mM). Media was 

replenished and 3 days later cell viability was assessed (bottom panel) as in 

Fig 3.1. (B) Giemsa uptake shown as % of control, n=3 technical replicates, 

one-way ANOVA with Tukey post-test, comparison to untreated control 

(***p<0.001), errors bars +/-SEM. 
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Fig 3.21: Inhibition of AKT reduces cell viability in all nutrient starved 

conditions. (A) 4T1 cells were treated with full nutrient DMEM (CTRL), serum-

free DMEM  (-SER), or serum-free and glucose-free DMEM (-SER-GLC), +/- 

CQ (25μM) for 24hrs +/- API-2 (5μM). Media was replenished and 3 days later 

cell viability was assessed (bottom panel) as in Fig 3.1. Giemsa uptake shown 

as % of control, n=3 technical replicates, errors bars +/-SEM. 
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3.3  Discussion 

The overall aim of the project was to study the role of autophagy in breast cancer 

cell survival, using in vitro approaches in the first instance. During our initial work 

using CQ, a drug classified as an autophagy-lysosomal inhibitor (Bellodi et al., 2009, 

Amaravadi et al., 2007), we observed that CQ sensitised 4T1 cells to serum 

starvation-induced cell death. Unexpectedly, further glucose withdrawal or addition 

of an early glycolysis inhibitor reversed this reduction in cell survival. The 

mechanism behind this interaction became an interesting focus in my project due to 

the overall importance of cross-talk between cell metabolism in autophagy, cancer 

biology and drug resistance.  

 

3.3.i  CQ potentiates a range of cellular stressors to induce death.  

In the first instance, we aimed to assess the potential of autophagy inhibition to 

sensitise the 4T1 metastatic breast cancer cell line to a range of cellular stressors. 

We utilised the autophagy-lysosomal inhibitor CQ in doing these studies. CQ had 

previously been demonstrated to sensitise a range of cancer cell lines to varied 

cancer therapeutics such as TKIs, anti-angiogenic, and platinum-derivative drugs 

(Bellodi et al., 2009, Selvakumaran, 2013, Liang et al., 2016) and the sensitisation 

effects of CQ have been attributed to inhibition of autophagy (Bellodi et al., 2009, 

Liang et al., 2014). Our data demonstrated that CQ sensitised 4T1 cells to a range 

of cellular stressors: serum starvation, PI3K-mTOR inhibition, and γ-irradiation. This 

potentiation effect of CQ was in agreement with previously published work. CQ has 

been shown to enhance cell death in response to serum starvation in a range of 

cancer cell lines in vitro – glioma, melanoma, and fibrosarcoma (Harhaji-Trajkovic et 

al., 2012). This was further confirmed in an in vivo calorie restricted mouse 

melanoma model, where CQ inhibited melanoma growth in mice with reduced 

calorie intakes. Interestingly, in concert with our own findings, CQ activity in these 

cell lines was also not mimicked by genetic ablation of autophagy (via shRNA 

towards LC3b) suggesting autophagy-independent effects were essential to this 

compounds anti-cancer activity.  

Another cellular stressor potentiated by CQ was inhibition of the PI3K-mTOR 

signalling proteins via NVP-BEZ235. This combination was proven to induce cell 

death in neuroblastoma cell lines (Seitz et al., 2013), and these results were 
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replicated in our 4T1 cell model. Further evidence using alternative PI3K inhibitors 

has also shown the therapeutic combination of CQ with inhibition of the PI3K 

signalling axis to be a promising strategy (Firat et al., 2012, Echeverry et al., 2015, 

Mirzoeva et al., 2011). The AKT inhibitor, AZD5363, induced enhanced cell death 

when in combination with pharmacological inhibitors of autophagy in prostate cancer 

cell lines (Lamoureux, 2013). Interestingly, in this model, potentiation of AZD was 

also seen using genetic ablation of autophagy, in contrast to our studies. In addition 

to targeting PI3K using small molecule inhibitors, genetic silencing of AKT has also 

been shown to induce accelerated cell death when in combination with CQ 

(Degtyarev, 2008). Therefore, our data showing CQ mediated sensitisation to PI3K 

inhibition via BEZ235 is in general concert with published data, and supports this 

potential therapeutic combination strategy.  

Our data also agree with published findings showing CQ to be an effective radio-

sensitiser. Interestingly, CQ has exhibited radio-sensitising properties in both 

preclinical in vitro studies and in clinical trials. In separate studies, CQ was shown to 

enhance γ-irradiation associated cell death in radio-resistant primary stem-like 

glioma cells (Firat et al., 2012) and in colorectal cancer cell lines (Schonewolf et al., 

2014). Furthermore, results from a phase II clinical trial showed that concomitant CQ 

treatment with whole brain irradiation increased the progression-free survival and 

suppression of brain metastases in comparison to patients receiving only radiation 

therapy (Rojas-Puentes et al., 2013). We were able to show CQ is a radio-sensitiser 

in the 4T1 metastatic breast cancer cell line. Interestingly, our positive data here 

contrasts with work by Bristol et al., 2013. In their studies of the 4T1 cell model, CQ 

treatment did not potentiate cell death triggered by irradiation in clonogenic assays, 

nor did it show any benefits on reducing tumour size compared to irradiation alone in 

vivo (Bristol et al., 2013). However, both Bristol et al. and our group pre-treated cells 

with CQ prior to irradiation and so the treatment protocols were overall similar. 

Regardless, we were able to clearly detect positive cell killing effects of CQ in 

combination with radiation. Our data on sensitisation by CQ agree with the wide 

array of studies from different cancer models reinforcing that CQ may be useful as 

an anti-cancer sensitising agent. 
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3.3.ii  Nutrient-dependent differences in autophagy flux activation 

Nutrient starvation is well characterised as an essential modulator of autophagy 

induction; thus, cells deprived of nutrients in our cell model could be dependent on 

autophagy for continued cell survival. However, the signalling mechanisms by which 

alternate nutrient starvations initiate autophagy can differ (glucose starvation vs. 

amino acid starvation) (Kim et al., 2011). Furthermore there is some controversy as 

to the potential of different nutrient conditions to activate autophagy (Ramirez-

Peinado et al., 2013, Moruno-Manchon et al., 2013). We aimed to assess the 

capability of alternate nutrient starvations to induce autophagy in our 4T1 cell model 

using biochemical analysis of classical autophagy markers. In doing this work, we 

have highlighted key differences in autophagic flux activation under specific nutrient 

starvation conditions. Our data indicates that contrary to the accepted dogma, 

glucose starvation mediates a block of autophagic flux rather than activation. It is 

well recognised that depletion of glucose, and in turn ATP, can activate autophagy 

through the energy sensing kinase, AMPK (Kim et al., 2011). This important energy 

sensor can activate autophagy either indirectly through mTORC1 inhibition (Gwinn 

et al., 2008, Inoki et al., 2003), or directly through phosphorylation of ULK1 at S317 

and S777 (Kim et al., 2011). However, the importance of the glucose starvation-

driven AMPK signalling axis in the induction of autophagy conflicts with opposing 

data indicating that glucose is required for the assembly of the v-ATPase (Dechant 

et al., 2010, Sautin et al., 2005), an essential proton pump involved in acidification of 

the lysosomes and activation of autophagy.  Based on our data indicating glucose 

starvation does not activate autophagic flux in the 4T1 cell line, despite activating 

AMPK signalling, and further evidence showing lysosomal acidification is not 

induced to as great an extent in glucose starved cells in comparison to alternative 

nutrient starvations (as described in chapter 4), we are in agreement with the latter 

studies. In relation to our cell model, we postulate that in the absence of glucose, 

the v-ATPase pump assembly is compromised, and this could be related to the lack 

of autophagy flux we observe.  

Indeed, other studies using alternative cell lines have also observed a block of 

autophagy upon glucose starvation. Munoz-Pinedo et al., 2013 showed that while 

withdrawal of glucose led to mTOR inactivation and AMPK activation, it did not 

induce autophagic flux (Ramirez-Peinado et al., 2013). Interestingly, it has also been 

shown that the presence of glucose, rather than depletion, can induce autophagy; 
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this was dependent on ATP, as a drop in ATP levels was correlated with a reduction 

in autophagosomes (Moruno-Manchon et al., 2013). Again, AMPK activation and 

mTOR inactivation was seen upon glucose starvation in these studies, confirming 

that changes in these key regulatory pathways are not an indicator of autophagy 

activation upon glucose starvation. Indeed, in yeast glucose starvation has also 

been shown to inactivate autophagy (Lang et al., 2014).  

To further assess nutrient-dependent differences in autophagy activation, we 

examined mitochondrial morphology in response to alternate nutrient starvations. It 

has been established that upon depletion of essential nutrients, mitochondria exhibit 

a tubulated morphology to avoid autophagic degradation, thus allowing this 

metabolic organelle to maintain a supply of ATP to starving cells (Gomes et al., 

2011, Rambold et al., 2011). Indeed, we showed clear differences in the 

mitochondrial morphology between amino acid and glucose starvation conditions. In 

response to amino acid withdrawal, mitochondria became elongated and formed 

tubulated structures, which may represent the organelle survival response to avoid 

mitophagy as proposed. In contrast, mitochondrial fission or fragmentation was 

predominant upon glucose withdrawal. As we and others have shown tubulated 

mitochondria are only present after amino acid starvation and not glucose starvation 

(Rambold et al., 2011), this again suggests that glucose withdrawal does not 

activate autophagy flux. Taken together with our biochemical analysis of autophagy, 

we provide evidence that alternate nutrient starvations differentially regulate the 

induction of autophagy.  

 

3.3.iii  CQ has autophagy-independent activity in promoting cell death. 

We confirmed that CQ had sensitising properties to a range of cellular stressors in 

our 4T1 cell model. Furthermore, serum starvation had the potential to induce 

autophagy activation as measured by LC3-I to LC3-II conversion. Therefore, we 

aimed to determine whether the CQ-mediated potentiation of cell death in response 

to serum starvation was dependent on autophagy inhibition. Using biochemical 

methods, we showed CQ indeed had the potential to inhibit autophagic flux over 

long term treatment in 4T1 cells. However, our work utilising knock down of key 

autophagy proteins, and autophagy-deficient knockout MEFs showed CQ to be 

potentiating cell death through an autophagy-independent mechanism. We are not 
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the first to identify this unexpected effect; Maycotte et al., 2012, showed CQ 

sensitisation of 4T1 cells to the PI3K inhibitor, LY294002, and MTOR inhibitor, 

Rapamycin, was not mimicked by ATG12 or Beclin1 knockdown. In addition, 

sensitisation still occurred even in the absence of these key autophagy proteins 

(Maycotte et al., 2012). Similarly, we also showed CQ to sensitise to growth factor 

starvation in both autophagy-deficient 4T1 cells and MEFs. Further work has been 

shown reinforcing the autophagy-independent anti-cancer effects of CQ. Eng et al., 

2016, echoed our data in that knockdown of ATG7 in a KRAS-driven tumour cell 

lines, Panc 10.05 and HCT116, did not sensitise to irradiation or TKIs, erlotinib and 

sunitinib (Eng et al., 2016). In these models, CQ was able to sensitise the cells to 

these agents to a similar extent in both wild-type and ATG7-deificient cell lines, 

indicating the effects of CQ were independent of autophagy.  

Although CQ may not be primarily acting by blocking autophagy in our cell model, 

we should highlight the other contrasting data supporting the role of autophagy in 

cancer.  For example, genetic knockdown of ATG5/7 was shown to increase 

apoptosis alone or in combination with mTOR inhibitors in neuroendocrine tumour 

BON1 cells. The authors stated this mimicked their results with CQ (Avniel-Polak et 

al., 2015). In addition, the ability of CQ to enhance the efficacy of TKI Imatinib 

mesylate in CML blast crisis cell lines was replicated by ATG5 or ATG7 knockdown 

(Bellodi et al., 2009).  Further work by Eileen White has shown ATG7 and HCQ 

treatment to similarly induce cell death in N-Ras or Braf driven melanoma cell lines 

(Xie et al., 2013). This dependency of Ras driven tumours (this time K-Ras) on 

autophagy was confirmed in mouse models of non-small cell lung cancer; here 

genetic deletion of ATG7 resulted in accumulation mitochondria, induction of p53 

and inhibition of proliferation. These results suggested that Ras-driven tumours 

required autophagy to maintain functional mitochondria (Guo et al., 2013). Taking 

these data and our own work into consideration it is evident that the sensitisation 

benefits of CQ may be mediated through both autophagy-dependent and 

independent mechanisms and this may be related to the cell model and combination 

therapy used.   

Alternative autophagy-independent mechanisms of CQ have been identified in 

multiple cell studies, many of which are linked to the concentration applied. One 

such example is the evidence of CQ interaction with nucleotides, specifically the 

purine and pyrimidine bases. Work conducted in the 1960s assessing the interaction 
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of CQ with DNA via spectrophotometric studies identified a binding interaction 

between the protonated ring system with CQ and anionic phosphate groups within 

DNA, with more specific interactions occurring between the CQ aromatic ring and 

nucleotide bases (Cohen and Yielding, 1965). Further work has shown that CQ (at 

doses between 100-500μM) caused oxidative damage of purine and pyrimidine 

bases, and increased DNA strand breaks in rat liver cells in a dose-dependent 

manner (Farombi, 2006). However, as the concentrations needed to elicit these 

DNA interactions are high we would speculate that it is unlikely these effects would 

be observed in humans. Furthermore, it is not clear how CQ-DNA binding alters 

cancer cell behaviour.  

A further autophagy-independent effect of CQ identified is the potential of CQ to 

normalise the tumour vasculature in vivo (Maes et al., 2014). Maes et al., 2014, 

showed that upon CQ administration, melanoma cells lines had signs of autophagy 

inhibition, i.e. increased LC3-II and p62, and in addition, CQ inhibited tumour growth 

in both A375m and B19 F10 derived tumours in vivo. When investigating the 

tumours more closely, the authors noted CQ-treated mice had a decreased tumour 

vessel density and less chaotic or less twisted vasculature.  While inhibition of 

autophagy via genetic knockdown of ATG5 did reduce cancer cell proliferation and 

colony formation under metabolic stress in vitro (and reduced the metastatic 

potential of melanoma cells in vivo), it was observed that ATG5 deficiency increased 

vascular deformations.  In contrast, CQ treatment led to normalisation of the 

vasculature.  Further work was able to attribute these effects to CQ-mediated 

activation of Notch 1 signalling in endothelial cells.  In effect, a model was proposed 

where CQ normalised tumour vasculature, which then increased the delivery of 

chemotherapeutics deeper into the tumour (in this case cisplatin), thus improving 

efficacy of treatment. Taking these studies into consideration with our data, there is 

clearly potential for CQ to exert its anti-cancer activity through autophagy 

independent events, whether that is through modulating tumour vasculature, 

interacting with DNA or other mechanism yet to be identified.  
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3.3.iv  Alterations in glucose availability confers protection against the 

cytotoxic effects of CQ 

From our initial studies, we identified that CQ had the potential to sensitise to 

nutrient stress in the form of serum starvation. However, cancer cells can be 

subjected to multiple energetic and/or metabolic stress conditions with the tumour 

mass (Reid and Kong, 2013). Therefore, we aimed to examine the potential of CQ to 

sensitise to alternate nutrient starvation conditions, and whether this had an impact 

on the ability of CQ to potentiate cell death. Indeed, in performing such studies we 

identified an unexpected interaction whereby reduced glucose availability conferred 

protection against CQ-induced cell death. In assessing the mechanism behind this 

glucose-dependent increase in cell survival, we hypothesised that decreases in 

glycolytic metabolism may play a role in this cytoprotective response. Cancer cells 

are widely regarded as exhibiting altered metabolism compared to normal tissue 

cells (Warburg, 1956, Warburg et al., 1927); it has long been recognised that cancer 

cells in general utilise glycolysis to produce ATP, even in aerobic conditions 

(Elstrom et al., 2004, Nolop et al., 1987). Termed the Warburg effect, this 

dependence on glycolysis classically features directing metabolism away from 

mitochondrial pathways (TCA cycle), as opposed to the situation in normal cells 

which produce energy through glucose catabolism and oxidative phosphorylation in 

the mitochondria (Zheng, 2012). While glycolysis is a fairly inefficient process for 

generating energy, it meets the needs of rapidly proliferating cancer cells (Lunt and 

Vander Heiden, 2011), and is suggested to allow cells to survive where oxygen 

levels fluctuate (i.e. within hypoxic tumours) (Guillaumond et al., 2013, Robey et al., 

2005). However, the Warburg effect suggests cancer cells are more reliant on 

glucose for energy production and growth (Warburg, 1956). Based on the Warburg 

effect alone, we would hypothesise a reduction in cell survival on glucose 

withdrawal; in contrast, we see the opposite effect in our clonogenic assays whereby 

glucose depletion promotes cell survival in response to serum starvation and CQ 

combination. In addition, the glycolysis inhibitor, 2-DG, also rescued serum 

starvation and CQ-mediated cell death. Considering these findings, our data are in 

contrast to the Warburg theory as instead of depending on glucose for survival, we 

observe that glucose withdrawal leads to significant cell survival in response to CQ.  

To examine the link between glycolysis inhibition and cell survival in response to CQ 

further, we studied the effects of two widely used inhibitors of glycolysis, 
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dichloroaceate (DCA) (Clark et al., 1987) and Gossypol (Wang et al., 2012). In 

contrast to glucose withdrawal or 2DG treatment, these downstream glycolysis 

inhibitors surprisingly did not protect against CQ-mediated cell death. Furthermore, 

gossypol demonstrated potent cytotoxic effects as a single agent in 4T1 cells. Our 

data from clonogenic assays using DCA and gossypol therefore agree with 

published findings demonstrating these compounds to be potent anti-cancer drugs. 

Gossypol has been shown to induce cancer cell death and inhibit proliferation in a 

range of cancer cell lines, including prostate (Volate et al., 2010), breast and 

fibrosarcoma (Ligueros et al., 1997). DCA has also shown potent anti-cancer effects 

in prostate cancer, sensitising both normal and radio-resistant cells to in vitro 

radiation treatment. These findings correlated with significant alterations in 

mitochondria membrane potential in DCA treated cells and increased rates of 

apoptosis (Cao et al., 2008). Alternatively, DCA has also been shown to induce 

apoptosis in a range of endometrial cancer cell lines while intriguingly, showing no 

induction of apoptosis in non-cancerous cells such as HEK-293T (Wong et al., 

2008).  These data indicate that downstream glycolysis inhibition has the potential to 

be an effective anti-cancer therapy. However, some caveats should be noted. Wong 

et al., 2008 observed that highly invasive cancer cell lines were resistant to DCA 

(Wong et al., 2008). Furthermore, a recent report by Delaney et al., 2015, suggested 

that the effects of DCA were via anti-proliferative mechanisms rather than alteration 

of cell survival responses (Delaney et al., 2015). In any case, our observations 

suggest that only early inhibition of glycolysis (with 2DG) (but not later stage 

inhibition) can induce protection against the effects of CQ.  

An interesting question to us was how cells could have higher rates of survival with 

lower glucose metabolism.  What energy sources were the cells using during the 24 

hour treatment? Our data suggested that in the absence of glucose, 4T1 cells use 

primarily glutamine for cell survival, as withdrawal of this key amino acid led to a 

reduction in cell viability. Although many cancers have shown reliance on glucose to 

meet their energy needs, some cancer phenotypes can be heavily reliant on 

glutamine metabolism. Glutaminolysis begins by conversion of glutamine to 

glutamate in reactions mediated by glutaminases (GLS). Some of these GLS 

enzymes have been shown to have oncogenic properties. Not only have 

transformed cells and cancer cell lines been shown to have elevated GLS activity 

(Wang et al., 2010, Gao et al., 2009, Lobo et al., 2000), inhibition of GLS can also 

inhibit oncogenic growth. Importantly, glutamine provides a key alternative nutrient 
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and energy source when glucose is not freely available. Using a MYC-inducible 

human Burkitt lymphoma model P493 cell line, one study showed increased TCA 

cycle intermediates derived from [U-13C15N]-labelled glutamine under glucose 

depleted conditions (Le et al., 2012). After its conversion to glutamate, labelled 

glutamine was further catabolized to form α-ketoglutarate, an intermediate of the 

TCA cycle. This metabolic pathway is shown to be essential for cell survival when 

glucose metabolism is impaired (Yang et al., 2009). A key oncogenic driver of 

glutaminolysis is c-myc (Gao et al., 2009, Wise et al., 2008), and indeed 4T1 cells 

exhibit elevated myc expression in comparison to their less metastatic counterparts 

(Tao et al., 2008). With this known, it would be intriguing to investigate if the less 

metastatic 67NR and 168FARN cell lines (originally isolated in parallel with the 4T1 

line) also show a dependence on glutamine in the absence of glucose. 

 

3.3.v Glucose starvation: activation of AMPK is independent of glucose-

depletion mediated cell survival. 

As different nutrient starvations are known to activate alternative signalling 

pathways, our initial hypothesis was that glucose starvation may induce a cell 

survival response via activation of AMPK. AMPK monitors and maintains energy 

homeostasis at the cellular level (Hardie, 2014). Furthermore, recent evidence has 

pointed towards AMPK playing a role in cancer cell survival during bioenergetic 

stress (Chaube et al., 2015, Song et al., 2014, Jeon et al., 2012). AMPK activation 

was shown to prolong cell survival during energy stress in A549 adenocarcinoma 

human alveolar basal epithelial cells (Jeon et al., 2012). Furthermore, inhibition of 

the AMPK pathway, via shRNA-mediated knockdown of LKB1, induced cell death in 

response to glucose starvation. Alternatively, restoration of AMPK functions via 

LKB1 expression protected A549 cells from glucose starvation-induced cell death. 

The authors concluded AMPK activation helped maintain NADPH levels by inhibiting 

ACC1 and/or ACC2, and that this function was critical for cancer cell survival.  

AMPK activation was also shown to be a key survival mechanism in other cancer 

cell lines (Chhipa et al., 2010) in earlier studies. Here, blockade of AMPK activation, 

via expression of dominant negative AMPK or treatment with an AMPK inhibitor 

(compound C) increased apoptotic cell death in the androgen-independent prostate 

cancer cell line C4-2. In more recent work, Chaube et al., 2015, showed AMPK to 

protect H1299 non-small cell lung cancer cells from cell death under glucose limiting 

conditions. This cell survival mechanism was facilitated by AMPK induction of 
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mitochondrial metabolism of non-glucose substrates such as glutamine and 

increased OXPHOS activity (Chaube et al., 2015). Interestingly we identified that 

glucose starvation induced AMPK activation and in separate studies that glucose 

starved cells are reliant on glutamine for survival.   

In concert with the literature, glucose deprivation induced activation of AMPK in 4T1 

breast carcinoma cells. In addition, treatment with 2DG also induced activation of 

AMPK. As both of these methods of altering glycolysis conferred protection against 

CQ-mediated cell death, we examined whether AMPK activation was driving the 

resistance to cell death. However, incubation of 4T1 cells with the AMPK activator 

AICAR during serum starvation and CQ co-treatment did not alter the cell survival 

responses. Based on these data, we concluded that activation of AMPK was not the 

signal underlying glucose starvation-mediated resistance to CQ-induced cell death. 

Although we determined the survival mechanism induced by glucose withdrawal to 

be AMPK-independent, the work described by Chaube et al., 2015, may suggest 

AMPK is the switch from glycolysis to mitochondrial glutamine metabolism in our cell 

model.  

Following from our findings on AMPK, we conducted further studies to ascertain 

whether our observations relating to glucose starvation protection of CQ-induced 

cell death were due to generally decreased metabolism. We utilised MP, a cell-

permeant intermediate of glucose metabolism and precursor of Acetyl-CoA, to 

replenish ATP stores within the cells via the TCA cycle (Lembert et al., 2001). 

Alternatively, we promoted cellular energy levels using galactose, a carbon source 

proposed to enhance oxidative metabolism and drive mitochondrial energy 

production (Aguer et al., 2011). However, we observed no differences in cell survival 

upon MP supplementation. Similarly, no differences were observed after addition of 

galactose. Based on this work, we concluded that glucose-dependent resistance to 

CQ-mediated cell death was not driven by changes in energy sensing pathways 

(AMPK) or alternatively reduced cellular energy levels.  

 

3.3.vi  Glucose starvation and the AKT survival signal. 

As we understood that glucose starvation-mediated cell survival was not dependent 

on the energy sensing via AMPK, we assessed whether alternative pro-survival 

pathways could be maintaining cell survival under glucose-depleted conditions in 
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our cell model. Glucose starvation has also been shown to activate AKT signalling. 

Gao et al. (Gao et al., 2013) demonstrated prolonged glucose starvation (16hrs) 

induced a selective phosphorylation of AKT at Thr308, a key activating site within 

the AKT protein kinase domain (Vincent et al., 2011). Activation of AKT led to further 

downstream cell survival in response to metabolic stress in HeLa cells. Furthermore, 

the AKT inhibitor, MK2206, reduced the percentage of cells able to survive long-

term glucose starvation, indicating cell survival was dependent on AKT signalling. In 

accordance with these findings, MacFarlane et al. (MacFarlane et al., 2012) found 

that glucose deprivation could abrogate TRAIL-induced cell death. Z138 cells, a 

chronic lymphocytic leukaemia cell line, were conditioned for 2 weeks to inhibit 

glycolysis. This conditioned cell line was found to be less sensitive to TRAIL-induced 

cell death, as well as cell death induced by radiation and ABT-737, a Bcl-2 inhibitor. 

Intriguingly, AKT was found to be hyper-activated in these conditioned cells, 

suggesting AKT signalling could be a driving factor promoting cell survival in 

response to prolonged glucose starvation.  Our investigations found that inhibition of 

AKT (using compound API-2) also reduced cell survival in glucose free conditions. 

However, API-2 also reduced cell viability in all other nutrient starved conditions, 

suggesting AKT to perhaps be a general survival signal, consistent with its widely 

accepted cellular role. 

3.4 Conclusions 

In this chapter, we confirmed that CQ was robust and effective at sensitising 4T1 

breast carcinoma cells to a range of cellular stressors to induce cell death. In 

comparing the effects of CQ-mediated sensitisation to those of genetic ablation of 

autophagy (ATG7 and ATG5), we found the mechanism of CQ potentiation to be 

independent of autophagy inhibition. Further work assessing the ability of CQ to 

sensitise 4T1 cells to differential nutrient starvation conditions uncovered an 

unexpected resistance mechanism linked to glucose metabolism. Serum starvation 

in combination with CQ led to strong cell death.  However, further glucose depletion 

led to substantially higher cell survival. This response was replicated using the 

glycolysis inhibitor, 2DG, but not alternative downstream glycolysis inhibitors that 

inhibited pyruvate metabolism.  We were also able to demonstrate that two key cell 

survival pathways, AMPK and AKT, were not the key effectors of this cell survival 

response.  
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Chapter 4 

 

 

 

CQ-mediated effects on lysosomal morphology and 

interaction with metabolic pathways  
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4.1 Introduction 

The use of CQ as an autophagy inhibitor has primarily been due to its potent 

lysosomotropic properties.  CQ, like other lysosomal inhibitors, block the end stages 

of autophagy trafficking and prevents the degradative flux of all autophagic cargo. 

As highlighted in the preceding chapter, we and others are finding that the anti-

cancer effects of CQ are primarily through autophagy-independent mechanisms 

(Maycotte et al., 2012, Eng et al., 2016).  

Indeed, CQ activity is attributed to its rapid diffusion along an acidic gradient into 

sites with a low pH, such as the lysosome (or in malaria parasites, the food 

vacuole), where it becomes protonated and in turn accumulates (Homewood et al., 

1972, Seglen and Gordon, 1980). In creating a more basic environment, CQ 

interferes with the activity of degradative proteases, such as cathepsins, that are 

dependent on an acidic environment for optimal activity (Turk et al., 1994, Turk et 

al., 1995). This chapter investigates and discusses the lysosomal events following 

CQ treatment to assess whether these contribute to the anti-cancer therapeutic 

potential of CQ.  

One essential event to ensure efficient functionality of the lysosomes is the 

acidification of the lysosomal lumen, which is highly dependent on v-ATPase proton 

pumps present in the lysosomal membrane. These hetero-multimeric enzymes 

composed of 2 core components (catalytic V1 subunit, membrane-bound V0 

subunit) maintain the acidic environment of the lysosome via ATP-driven transport of 

protons into the lysosomal lumen (Mindell, 2012). The v-ATPase inhibitor, 

Bafilomycin A1, is widely used to disrupt autophagic flux (Mauvezin and Neufeld, 

2015).  Indeed, it was previously proposed that lysosomal acidification was a 

prerequisite for autophagosome-lysosome fusion. However, recent work using 

Drosophila presented a refined model (Mauvezin et al., 2015); in this work, inhibition 

of core V-ATPase subunits led to the accumulation of dysfunctional lysosomes and 

a block in autophagic flux (as expected), but these non-functional lysosomes still 

retained the ability to fuse with autophagosomes and endosomes. Thus, this work 

was able to separate lysosomal acidification events from fusion events within 

autophagy trafficking. 

It has been more recently appreciated that lysosomal acidification mechanisms are 

also tightly linked to mTORC1 and AMPK regulation at the lysosome (Zhang et al., 
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2014a, Zoncu et al., 2011, Al-Bataineh et al., 2015) thus highlighting how nutrient-

dependent signalling is intimately linked with lysosomal biology. Indeed, the v-

ATPase has been shown to bind to Ragulator, a resident lysosomal protein complex 

to activate mTORC1 (Efeyan et al., 2013). Additional work has shown v-ATPase 

engagement with Ragulator to be amino acid sensitive, and is necessary for amino 

acids to activate mTORC1 at the lysosome (Zoncu et al., 2011).  Furthermore, a 

recent paper identified v-ATPase as the common activator for both AMPK and 

mTORC1 (Zhang et al., 2014a). Here the authors outline a model whereby v-

ATPase and Ragulator are required for mTORC1 activation under nutrient replete 

conditions. However, during energy stress these same regulatory proteins were 

needed for AMPK activation, via a mechanism dependent on LKB1-bound AXIN 

(Zhang et al., 2014a). These data support the argument that v-ATPase can indeed 

mediate nutrient-dependent effects upon metabolic signalling pathways, although 

exactly how alternate nutrient deficient conditions may promote its activity is not 

clear. For example, glucose has been shown to be required for assembly of the v-

ATPase pump (Kane, 1995, Sautin et al., 2005), therefore whether this pump would 

remain functional under glucose-deplete conditions is questionable. Considering 

this, we proposed that different nutrient starvation conditions may induce lysosomal 

acidification to differing extents, thus potentially influencing CQ activity at the 

lysosome. We aim to address this by measuring lysosomal acidity under alternative 

nutrient starvation conditions in the presence and absence of CQ.  

In addition to studying the CQ-dependent lysosomal changes, in this chapter we 

also tested the efficacy of several other CQ-related quinoline compounds and their 

effects on lysosomal morphology. Based on the pre-clinical success of CQ in cancer 

models and clinical trials, there has been an interest in repurposing other known 

anti-malarial compounds for use as adjuvant therapies for cancer. Indeed, two such 

compounds, primaquine (PQ) and amodiaquine (AQ) have shown anti-cancer 

activity in oral squamous cell carcinoma and melanoma, respectively (Kim et al., 

2013b, Qiao et al., 2013). AQ has shown efficacy in sensitising A375 melanoma 

cells to starvation (amino acids) or chemotherapeutic (Cisplatin and Doxorubicin) 

associated cell death, in addition to inducing an autophagy-lysosomal blockade 

(Qiao et al., 2013). Similarly, in multi-drug resistant oral squamous cancer cells, 

KBC20C, PQ showed potentiation of the anti-mitotic drug, Vinblastine. However, this 

was suggested to be due to inhibitory actions on p-glycoprotein, rather than 

autophagy (Kim et al., 2013b). In addition, an alternative quinoline, quinacrine (QC), 
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has displayed anti-cancer activity, decreasing both anchorage dependent and 

independent growth and leading to the induction of apoptosis in breast cancer cells 

(without affecting normal epithelial breast cells) (Preet et al., 2012). These results 

were further validated in the context of human gastric cancer (Wu et al., 2012). 

Since these alternative quinolines have anti-cancer properties like CQ (and in some 

cases demonstrate increased potency over CQ (Qiao et al., 2013)), the rationale for 

further developing these compounds is clear. Indeed, clinical trials assessing 

mefloquine and quinacrine have already been initiated for use in a range of cancers, 

including glioblastoma (NCT01430351), non-small cell lung cancer (NCT01839955) 

and prostate cancers (NCT00417274).  

In this chapter, a comparative analysis of CQ against alternative quinoline 

compounds in relation to cell death and lysosomal biology was carried out. 

Furthermore, the effects of CQ on lysosomal morphology and regulation of 

lysosomal acidity under differential nutrient conditions was characterised.  

The main objectives were to: 

(1) Examine lysosomal morphology after CQ treatment, and assess any 

potential differences following nutrient starvation. 

 

(2) Assess whether CQ-mediated lysosomal effects are conserved across other 

cancer cell types, and whether effects are still observed in autophagy-

deficient contexts. 

 

(3) Investigate whether HK inhibition mimics glucose starvation with respect to 

effects on lysosomal biology.  

 

(4) Compare the lysosomal acidification response in relation to alternate nutrient 

starvations, both in the presence and absence of CQ. 

 

(5) Compare both cell viability and lysosomal changes induced by CQ vs. 

alternative quinoline compounds (primaquine and amodiaquine). 
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4.2. Results 

4.2i CQ induces lysosomal enlargement, which is abrogated by reduced 

glucose availability. 

Chloroquine (CQ) is a lysosomotropic agent that prevents acidification of the 

lysosome/endosome. CQ accumulates in the lysosome where it inhibits enzymes 

such as cathepsins, which require an acidic pH.  CQ also prevents fusion of 

lysosomes with autophagosomes, thus preventing protein degradation. We 

hypothesised that cell death induced by CQ and serum starvation co-treatment was 

related to the lysosomal targeting of CQ, rather than inhibition of autophagy. 

Lysosomal size and morphology was measured in 4T1 cells under the alternate 

nutrient starvations by staining for lysosome-associated membrane protein-1 

(LAMP-1) (Fig 4.1). Both serum starvation and glucose starvation alone did not alter 

the lysosomal morphology. However, on addition of CQ, a dramatic increase in 

lysosomal size was observed. The lysosomal compartments appeared swollen in 

morphology, with a significant 2.5 fold increase in diameter. CQ-treated serum 

starved cells also showed significantly increased lysosomal diameter. However, in 

glucose starved and CQ-treated cells, lysosomal size was significantly reduced back 

to control levels. Upon quantification of lysosomal sizes, it became apparent that the 

responses were remarkably robust and uniform; on a cell-by-cell comparison, all 

cells elicited similar changes with few outliers.  The differences we observed in 

lysosomal morphology upon serum vs. serum and glucose starvation closely 

correlated with our results from clonogenic cell survival assays. Lysosomal 

enlargement occurred in nutrient conditions which also elicited cell death, whereas 

in glucose-free conditions that increased cell survival we see no effect on lysosomal 

morphology. 
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Fig 4.1 (previous page): CQ induces exaggerated lysosomal enlargement in 

4T1 cells which is abrogated by reduced glucose availability. 

(A) 4T1 cells were treated with full nutrient media (CTRL), starved of serum (-SER), 

or starved of serum and glucose (-SER-GLC) +/-CQ (25μM) as indicated for 8hrs. 

Cells were fixed, and stained for lysosomal associated membrane protein-1 (LAMP-

1). Images were captured by confocal microscopy, and average lysosomal diameter 

measured for 30 cells per condition as described in Methods. Scale bar 10µm. (B) 

Each data point represents average lysosomal diameter per cell, and graph is 

representative of 3 independent experiments. (C) Average lysosomal diameter 

expressed as a fold change, n=3 independent experiments (One way ANOVA with 

Tukey post-test, comparison to control ***p < 0.001), error bars +/- SEM. 

  



134 
 

4.2ii Glucose starvation mediated protection of lysosomal dysfunction is a 

conserved event. 

We examined if relationships between lysosomal morphology induced by CQ and 

glucose metabolism were conserved in other cell types. One such cell type used 

were the UVW glioma cells; glioblastoma multiforme is one such cancer phenotype 

that CQ is proposed to have the potential to treat (Kim et al., 2010, M.R. Rosenfeld, 

2014), therefore this cell type was clinically relevant in our investigations. 

Measurement of the lysosomes of UVW glioma cells showed this cancer cell line to 

contain smaller lysosomes than the 4T1 control cell line, at approximately 0.8μm 

(UVW) compared to 1.5μm (4T1). However, despite differences in lysosomal size 

under control conditions, UVW cells exhibited the same responses to CQ treatment 

as 4T1 cells (Fig 4.2). A significant 3.5-fold and 4-fold increase in lysosomal 

diameter (from control cells) was observed in CQ-treated cells and serum starved 

CQ-treated cells respectively. Conversely CQ-induced lysosomal enlargement was 

not seen in glucose-starved cells. This data showed that CQ-induced lysosomal 

enlargement and more importantly the resistance conferred by glucose starvation in 

protection of lysosomal integrity was indeed a conserved response is alternative 

cancer cell lines.  

To further extend our observations, wild-type (1SVN) (Fig 4.3) and ULK1/2 double 

knock-out (4SVN) (Fig 4.4) MEFs were studied. Similar to UVW cells, the basal 

lysosomal size of both MEF cell lines was smaller than 4T1 cells, at approximately 

1μm. As with the other cell types analysed, CQ alone induced significant lysosomal 

enlargement compared to control cells in both wild-type and ULK knock-out MEFs. 

Under serum starvation conditions coupled with CQ both MEF lines showed 

significant increases in lysosomal diameter, but no significant increases were 

induced in glucose starved cells. This data showed that the glucose-starvation 

mediated resistance to CQ-induced lysosomal alterations was conserved in MEF 

cells. Our work in MEFs, both wild-type and ULK double knock-out, is further 

evidence of CQ working via an autophagy independent mechanism, as changes in 

lysosomal morphology were conserved in both the autophagy competent and 

autophagy-deficient MEF lines. 
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Fig 4.2 (previous page): CQ and nutrient withdrawal lysosomal phenotypes are 

conserved in UVW glioma cells 

(A) UVW cells were treated with full nutrient media (CTRL), or starved of serum (-

SER) or serum and glucose (-SER-GLC) +/-CQ (25μM) as indicated for 8hrs. Cells 

were fixed, stained for LAMP-1, and quantified as in Fig 4.1.  Scale bar 10µm. (B) 

Each data point represents average lysosomal diameter per cell (30 per condition), 

representative graph of 3 independent experiments. (C) Average lysosomal 

diameter expressed as a fold change, n=3 independent experiments (One way 

ANOVA with Tukey post-test, comparison to control ***p < 0.001), error bars +/- 

SEM. 

 

Fig 4.3 (next page): CQ and nutrient withdrawal lysosomal phenotypes are 

conserved in autophagy competent wild-type MEF  

(A) Wild-type (1SVN) MEFs were treated with full nutrient media (CTRL), or nutrient 

starved (-SER or –SER-GLC) +/-CQ (25μM) as indicated for 8hrs. Cells were fixed, 

stained for  LAMP-1, and quantified as in Fig 4.1. Scale bar 10µm. (B) Each data 

point represents average lysosomal diameter per cell (30 per condition), 

representative graph of 3 independent experiments. (C) Average lysosomal 

diameter expressed as a fold change, n=3 independent experiments (One way 

ANOVA with Tukey post-test, comparison to control ***p < 0.001), error bars +/- 

SEM. 

 

  



CTRL CTRL 

-SER 

-SER 

-GLC 

-SER 

-SER 

-GLC 

+CQ 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

 CTRL   -SER   -SER  

                        -GLC 

CTRL   -SER   -SER  

                        -GLC 

+CQ 

L
y
s
o

s
o

m
a
l 

d
ia

m
e
te

r 
(μ

m
) 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

L
y
s
o

s
o

m
a
l 

d
ia

m
e
te

r 
(f

o
ld

 c
h

a
n

g
e
) 

*** 
*** 

CTRL   CTRL  -SER   -SER  

                                   -GLC 

+CQ 

A 

B C 

137 



CTRL CTRL 

-SER -SER 

-SER 

-GLC 

-SER 

-GLC 

+CQ 

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 L
y
s
o

s
o

m
a
l 

d
ia

m
e
te

r 
/ 
c
e
ll

 (
μ

m
) 

 

 CTRL     -SER    -SER  

                            -GLC 
CTRL    -SER      -SER  

                            -GLC 

+CQ 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

L
y
s
o

s
o

m
a
l 

d
ia

m
e
te

r 
(f

o
ld

 c
h

a
n

g
e
) 

*** 
*** 

CTRL   CTRL  -SER    -SER  

                                    -GLC 

+CQ 

A 

B C 

138 



139 
 

Fig 4.4 (previous page): CQ and nutrient withdrawal lysosomal phenotypes are 

conserved in autophagy deficient ULK1/2 DKO MEF 

(A) ULK1/2 DKO (4SVN) MEFs were treated with full nutrient media (CTRL), or 

nutrient starved (-SER or –SER-GLC) +/-CQ (25μM) as indicated for 8hrs. Cells 

were analysed as in Fig 4.1. Scale bar 10µm. (B) Average lysosomal diameter per 

cell (30 cells).  (C) Average lysosomal diameter expressed as fold change, n=3 

independent experiments (One way ANOVA with Tukey post-test, comparison to 

control ***p < 0.001), error bars +/- SEM. 
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4.2iii Targeting of Hexokinase with 2DG reduced lysosomal enlargement.  

In the previous chapter the glycolysis inhibitor, 2-DG, rescued serum starvation and 

CQ-induced cell death. Therefore, the potential for 2-DG to also reduce CQ-driven 

lysosomal swelling (Fig 4.5) was examined. Interestingly, treatment of 4T1 cells with 

2-DG, both at 2.5mM and 5mM, resulted in a significant reduction in lysosomal 

diameter in comparison to CQ-treated cells. These data indicate that suppression of 

the glycolysis pathway, through 2-DG or removal of glucose, can confer protection 

to the lysosomes against the activity of CQ.  

As 2DG is an inhibitor of hexokinase (HK) enzymes, replication of this effect using 

CRISPR-Cas9 technology to ablate HK2 expression in 4T1 cells was expected. To 

date, 4 isoforms of HK (I - IV) have been identified in mammalian cells, but the HK2 

isoform has specifically been linked to cancer malignancies and has been shown to 

be up-regulated in many cancers (Mathupala et al., 2001, Wolf et al., 2011). Multiple 

CRISPR-Cas9 targeting constructs using the LentiCRISPRv2 one-vector system  

were re-derived (Sanjana et al., 2014) (further detailed in Methods) (Fig 4.6A). 4T1 

cells were transduced with lentivirus containing these vectors and multiple 

puromycin-resistant clones were isolated. Near-complete ablation of HK2 protein 

expression was achieved in around 50% of clones and the best 4 clonal lines are 

shown in Fig 4.6B. 

Having confirmed HK2 targeting, the effects of HK2 knockout upon CQ-induced 

lysosomal enlargement were examined. Surprisingly, upon comparison of HK2 

targeted CRISPR-Cas9 cells against WT cells, there were no differences in their 

responses to CQ treatment; CQ was still able to induce lysosomal enlargement in 

HK2 ablated cells (Fig 4.7). Furthermore, glucose starvation was still able to inhibit 

enlargement of the acidic vesicles in both WT and CRISPR-Cas9 HK2 cells. Based 

on this, we reasoned that other isoforms of HK may be compensating for the loss of 

HK2. This is supported by the observation that further glucose starvation (thus full 

inhibition of glycolysis) can block enlargement of the lysosome in HK2 deficient 

cells. However, we would need to confirm this further by studying metabolic 

pathways in our HK2 targeted lines.  
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Fig 4.5: Hexokinase inhibitor, 2DG, rescues CQ-induced lysosomal enlargement in 

4T1 cells. (A) 4T1 cells were treated with full nutrient media (CTRL), or nutrient 

starved (-SER or –SER-GLC) or alternatively treated with 2DG (2.5mM or  5mM) +/-CQ 

(25μM) as indicated for 8hrs. Cells were fixed, stained for LAMP-1, and quantified as 

in Fig 4.1. Scale bar 10μm. (B) Average lysosomal diameter expressed as a fold 

change, n=3 independent experiments (One way ANOVA with Tukey post-test, 

comparison to control ***p < 0.001), error bars +/- SEM. 
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Fig 4.6: CRISPR-Cas9 mediated knock down of HK2 protein in 4T1 cells. 

(A) Two LentiCRISPRv2-Cas9 plasmids targeting mouse HK2 were re-derived 

and confirmed by sequencing (described further in Methods). Boxed area 

depicts target guide sequences oligos. (B) 4T1 wild type (WT) or HK2 CRISPR 

targeted clones (HK2.1 or HK2.3, # clone number) were assessed for HK2 

levels via western blot. Actin was used as loading control. Immunoblotting was 

quantified as described in Methods and expressed as HK2 normalised to Actin 

(% of wild-type).  
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Fig 4.7: HK2 silencing does not rescue CQ-induced lysosomal enlargement in 

4T1 cells 

(A) 4T1 wild type (WT) or HK2 CRISPR (HK2.1 #1 and #2) cells were treated with 

full nutrient media (CTRL) +/-CQ (25μM), or starved of serum and glucose (-SER-

GLC) +CQ (25μM) as indicated for 8hrs. Cells were fixed, and stained for LAMP-1, 

and quantified as in Fig 4.1. Scale bar 10μm. (B) Each data point represents 

average lysosomal diameter per cell, representative graph of 3 independent 

experiments. (C) Average lysosomal diameter expressed as a fold change, n=3 

independent experiments (One way ANOVA with Tukey post-test, comparison to 

respective wild-type or clonal control ***p < 0.001), error bars +/- SEM. 

  



145 
 

4.2iv Glucose starvation does not block CQ mediated de-acidification of the 

lysosome. 

Based on our findings using 2DG and glucose withdrawal, we hypothesised that CQ 

fails to target the lysosome upon interference with glucose metabolism.   

Pellegrini et al., 2014, (Pellegrini, 2014) recently showed HCT116 colon carcinoma 

and Me30966 melanoma cells were resistant to CQ cytotoxic activity when cultured 

under acidic stress. The authors attributed this loss of efficacy to a dramatic 

reduction in CQ uptake in an extracellular acidic environment. It is possible that the 

weak base of CQ is protonated in an acidic environment, resulting in a reduced 

capacity to freely diffuse across the lysosomal or even cell membranes. Using pH-

sensitive GFP derivatives, it has been shown that yeast cells fermenting glucose 

have a mildly alkaline intracellular pH of 7.2, whereas cells subjected to glucose 

starvation have an acidic pH of 6.0 (Martinez-Munoz and Kane, 2008, Orij et al., 

2009). This could support the rationale that glucose starvation leads to an 

intracellular acidic stress, and thus inhibits the diffusion potential of CQ to cross the 

lysosomal membranes. Alternatively, it has also been shown that the presence of 

glucose is intimately linked to formation of the v-ATPase proton pump (Kane, 1995, 

Sautin et al., 2005), a key mediator of lysosomal acidification which provides an 

acidic gradient for CQ to diffuse into the lysosomal compartment. Therefore, in the 

absence of glucose formation of this essential complex is compromised and the 

acidic gradient required for CQ to freely diffuse across membranes could be altered. 

Based on these theories, we could hypothesise that inhibition of glucose metabolism 

lowers the potential of CQ to freely diffuse across the lysosomal membranes and 

thus exert its basic activity at the target site of the lysosome.  

Lysotracker Red DND-99 (LTR), a fluorescent dye highly selective for acidic 

vesicles, was utilised to ascertain if glucose starvation reduced lysosomal acidity 

and thus blocked CQ activity at the lysosome (Fig 4.8A). In the first instance, during 

our LTR studies key differences in the induction of acidic vesicles between different 

nutrient conditions were observed.  Serum-starvation induced a 2.5-fold increase in 

LTR intensity from basal conditions, whilst serum- and glucose-starvation only 

induced a small increase in LTR intensity (Fig 4.8). Alternatively, serum- and amino 

acid-starvation induced a 2.5-fold increase in acidification, consistent with serum 

starvation alone. An increase in LTR intensity would suggest an increase in 

autophagosome and autolysosome formation, pointing to activation of autophagic 
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flux. However, as this was not the case in glucose starved cells, one could reason 

that autophagic flux is not activated by glucose depletion. Thus these findings 

correlate with the LC3 and p62 data described in chapter 3 (Fig 3.3 & 3.4), in which 

we show evidence that glucose starvation mediates a block of autophagy rather 

than an induction. 

Whilst there were differences observed in the propensity of serum starved or 

glucose starved cells to induce acidification of the lysosome, the presence of CQ in 

all nutrient conditions led to complete deacidification of the lysosomes. These CQ 

induced changes were further apparent when LTR staining intensity was quantified 

(Fig 4.8B). CQ was able to significantly reduce the acidic LTR signal in all nutrient-

deplete conditions in comparison to their nutrient starved control in the absence of 

CQ (p<0.05). This indicated that while glucose starvation was preventing lysosomal 

enlargement, it did not block CQ activity within the lysosome, and indeed CQ was 

still able to target to the lysosomes.   

 

 

 

 

 

 

Fig 4.8 (next page): CQ de-acidifies the lysosomal compartment in 4T1 cells in 

all nutrient starvation conditions 

(A) 4T1 cells were treated with full nutrient media (CTRL), or starved of serum (-

SER), serum and glucose (-SER-GLC), or serum and amino acids (-SER-AA) +/-CQ 

(25μM) as indicated for 4hrs. LTR DND-99 (50nM) was added for the final 30mins of 

treatment. Cells were fixed and images captured by confocal microscopy. Scale bar 

20μm. (B)  LTR intensity was measured as described in Methods, and expressed as 

a fold change (30 cells per condition). n=3 independent experiments (One-way 

ANOVA with Tukey post-test, comparison to respective nutrient condition matched 

control *p < 0.05 compared to respective nutrient starvation without CQ), error bars 

+/- SEM.  
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4.2v Equimolar quinoline compounds exert differential effects on lysosomal 

morphology and cell viability. 

CQ belongs to a large family of 4-aminoquinoline compounds and members of this 

family are now being more widely explored as cancer therapeutics. For example, 

Amodiaquine (AQ), a member of this structural family, and Primaquine (PQ), 

belonging to the related 8-aminoquinolines, have been studied as potential anti-

cancer therapies (Qiao et al., 2013, Kim et al., 2013b).  We hypothesised these 

compounds would also display an interaction with differential nutrient starvation 

conditions, and this may be related to actions on the lysosome as with CQ.  As 

such, the effects of PQ and AQ in 4T1 cells were examined using fluorescent 

imaging and clonogenic assays. Again, as control, CQ induced enlargement of 

lysosomes and these changes were abrogated on the withdrawal of glucose (Fig 

4.9). Surprisingly, PQ and AQ both only induced small increases in lysosomal 

diameter, which were minimal in comparison to CQ. Interestingly, these small 

increases were again abrogated by glucose deprivation.  

To ascertain whether these 4- and 8-aminoquinoline compounds de-acidified the 

lysosome (and when onset of lysosomal enlargement occurred) LTR analysis was 

carried out in conjunction with LAMP1 staining over a time course of up to 4hrs. All 

aminoquinoline compounds – CQ, PQ, AQ – de-acidified the lysosome within 

30mins (and remained suppressed up to 4 hrs) (Fig 4.10A, p<0.01).  In this regard, 

CQ and AQ at equimolar concentrations were more potent than PQ, which still had 

strong de-acidification properties.   

In contrast, enlargement of the lysosomes by CQ was not detected until at least 1hr 

treatment (p<0.01), further increasing in a time-dependent manner up to 4hrs (Fig 

4.10B, p<0.001). Also of interest, PQ and AQ again only produced minimal swelling 

of the lysosome which was not observed until after 4hrs exposure to the drugs. 

Altogether, these data indicated that lysosomal deacidification occurred before 

lysosomal enlargement. In addition, while PQ and AQ were still able to deacidify the 

lysosomes, they did not induce changes in lysosomal morphology to the same 

extent as CQ at equimolar concentrations.  
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Fig 4.9: Lysosomal enlargement is not as severe with equimolar 

concentrations of structurally-related quinoline compounds. (A) 4T1 

cells were treated with full nutrient media (CTRL), or starved of serum (-

SER), or serum and glucose (-SER-GLC) +/- CQ, PQ or AQ (25μM) as 

indicated for 8hrs. Cells were fixed, stained for LAMP-1. Scale bar 10μm. (B) 

Quantified as described in Fig 4.1 (30 cells per condition), n=3 independent 

experiments (One-way ANOVA with Tukey post-test, comparison to 

untreated control ***p < 0.001, *p < 0.05), errors bars +/-SEM. (C) Structures 

of Chloroquine and the alternative quinoline compounds are shown.  
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Fig 4.10: CQ and its structurally-related family members rapidly deacidify 

the lysosomes, before enlargement of the vesicles occurs. 4T1 cells were 

treated with full nutrient media (CTRL), in comparison to CQ, PQ, or AQ (all 

25μM) for the times indicated. (A) LTR DND-99 (50nM) was added for the final 

30mins of treatment. Cells were fixed, and images captured by confocal 

microscopy. LTR intensity was measured (30 cells per condition), and 

expressed as a fold change as in Fig 4.8. (B) Cells were fixed, and stained for 

LAMP-1. Images were captured by confocal microscopy, and average 

lysosomal diameter measured for 30 cells per condition as described in Fig 

4.1.  n=3 independent experiments (One-way ANOVA with Tukey post-test, 

comparison to respective time-point control ***p < 0.001, **p < 0.01), error bars 

+/- SEM.  
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A working model for CQ proposes that this drug de-acidifies the lysosome causing 

extreme swelling of these compartments, and coupled with growth factor or amino 

acid withdrawal, triggers cell death. This chain of events is inhibited by glucose 

deprivation. We confirmed above that PQ and AQ only produce a subset of effects 

from CQ (e.g. de-acidification). Thus, comparison of CQ, PQ, and AQ in clonogenic 

survival assays in different nutrient conditions examined if PQ and AQ displayed cell 

killing properties that were starvation dependent.  In concert with our previous 

results, nutrient starvation conditions on their own were minimally cytotoxic, but 

combination of CQ and serum starvation led to a reduction in cell viability (p<0.001) 

(Fig 4.11). As previously established, further withdrawal of glucose blocked CQ-

dependent cell killing.  In line with the negligible effect on lysosomal enlargement, 

PQ did not induce a loss of viability, even when combined with serum starvation. In 

further contrast, AQ alone induced significant reductions in cell viability, and this was 

potentiated by serum starvation alone.  Interestingly, glucose starvation did not have 

any effect in blocking the action of AQ. Considering AQ did not induce large 

increases in lysosomal diameter over 8hrs, these data do not correlate with our 

proposed model, and could suggest potential for the alternative quinoline 

compounds to induce cell death via different mechanisms or pathways despite being 

structurally similar.   
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Fig 4.11: Quinoline compounds, Amodiaquine and Primaquine, exhibit 

differential effects on cell viability. (A) 4T1 cells were treated with full nutrient 

media (CTRL) or starved of serum (-SER), or serum and glucose (-SER-GLC) 

+/- CQ, PQ, or AQ (all 25μM) as indicated for 24hrs. The media was changed to 

normal full nutrient drug-free growth media and after 3 days cells were stained 

with Giemsa blue, and cell viability quantified as described in Fig 3.1 and 

Methods. (B) Giemsa uptake shown as % of control, n=3 independent 

experiments (One-way ANOVA with Tukey post-test, comparison to untreated 

control ***P < 0.001), errors bars +/-SEM. 
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4.3 Discussion 

4.3i Glucose starvation mediated protection of CQ-induced lysosomal 

enlargement.  

Our studies in this chapter focused on the changes in lysosomal morphology upon 

CQ treatment. We observed significant and dramatic increases in lysosomal 

diameter in 4T1 cells exposed to CQ alone or in combination with serum starvation; 

however, CQ did not cause lysosomal swelling on combined withdrawal of glucose 

and serum. This was conserved in other cancer cells such as UVW glioma, as well 

as autophagy competent and autophagy-deficient MEFs. Indeed, lysosomal 

enlargement induced by CQ was noted as early as the 1980s in rat kidney 

lysosomes and mouse peritoneal macrophages (Ohkuma, 1981, Ngaha, 1982). 

More recently, CQ-induced enlargement of acidic vesicles has been observed in 

ARPE-19 cells (Yoon et al., 2010, Chen et al., 2011a) where it is implicated in CQ-

induced retinotoxicity. In our hands, lysosomal swelling correlated well with induction 

of cell death in clonogenic assays; we thus became interested in the underlying 

mechanism of glucose-deprivation mediated cell survival and lysosome protection. 

We hypothesised that under glucose withdrawal, CQ no longer targeted to the 

lysosome.  However, CQ still showed ability to de-acidify the lysosome under 

glucose starvation conditions, so accessibility of CQ to the lysosome does not seem 

to be the issue.   

 

4.3ii Genetic targeting of HK2 has no influence on CQ-induced lysosomal 

effects, while non-targeted HK inhibition does. 

HK is the first enzyme involved in glycolysis; glucose is phosphorylated by HK at 

position C-6 to make G-6-P, with the phosphate donated from ATP. By catalysing 

the phosphorylation of glucose to G-6-P, HK enzymes promote and sustain a 

concentration gradient that facilitates glucose entry into cells and the initiation of all 

major pathways of glucose utilization (Roberts and Miyamoto, 2015). There are 4 

known isoforms of HK (I - IV); but it is HK2 that has been shown to be up-regulated 

in phenotypically aggressive cancers (Coelho et al., 2015, Zhang et al., 2016) and 

much of the evidence published to date supports a pro-oncogenic role for HK2.  
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As well as its role in promoting the glycolytic pathway in cancer cells (Warburg 

effect), the anchoring of HK2 to the mitochondria via voltage-dependent anion 

channels (VDACs) is suggested to inhibit apoptotic signalling thereby promoting 

survival of cancer cells (Majewski et al., 2004). The accepted mechanism behind 

this role of HK2 is that the binding of HK2 to VDAC prevents the interaction of VDAC 

with activated pro-apoptotic factors, Bad and Bax, at the mitochondria (Pastorino et 

al., 2002).  

In light of these oncogenic mechanisms, HK enzyme activity has been linked to 

aggressiveness of breast cancer tumours (Coelho et al., 2015). Coelho et al., 2015, 

measured breast cancer samples from patients, and correlated markers of 

aggressiveness and invasiveness, such as HER-2, p53, and Ki67, with HK activity.  

In general, the more aggressive tumour phenotypes had higher HK activity. For 

example, larger tumours, class IV tumours and triple negative tumours 

demonstrated the highest HK activity. HK2 has also been implicated in breast 

cancer using mouse models of ErbB2-driven cancer (Patra et al., 2013). In HK2-/-

MEFs, loss of HK2 inhibited anchorage dependent growth in soft agar 

(transformation measure), thus HK2 was needed for oncogenic transformation in 

this model. In addition, HK2 deletion reduced tumour incidence and delayed the 

onset of tumour formation in vivo, and knockdown of HK2 in MDA-MB-453 breast 

cancer cells, which display ErbB2 amplification, impaired their ability to form 

orthotopic tumors in nude mice. Interestingly, HK inhibitors are now being proposed 

as anti-tumour drugs. One such inhibitor, 3-bromopyruvate, led to an induction of 

autophagy, and as such combination with CQ synergistically decreased MDA-MB-

435 breast cancer cell viability (Zhang et al., 2014b). Our results do not reflect this 

as in our model, hexokinase inhibition with 2DG protected cells from CQ-driven 

lysosomal enlargement and cell death. However, our work in chapter 3 using 

alternative downstream inhibitors of glycolysis, DCA and gossypol, did not lead to 

protection of CQ-mediated cell death, this could suggest that the glucose starvation-

dependent mechanism of cell survival is driven by upstream mediators of glycolysis. 

Therefore, we would propose to examine the effects of alternative hexokinase 

inhibitors in our cell model to confirm the beneficial effects we observe with 2DG. 

Furthermore, we could target other upstream glycolytic enzymes such as glucose-6-

phosphate isomerase (GPI). Nevertheless, these studies show a clear oncogenic 

role for HK2 in breast cancer, and this role has been further confirmed in other 

cancer cell types, including pancreatic (Ogawa et al., 2015), prostate (Sadeghi et al., 
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2015, Zhou et al., 2015, Ben Sahra et al., 2010) and hepatocellular carcinoma 

(HCC) (Dai et al., 2015).  

Our data here suggest that dependency on HK2 is not straightforward, at least in 

4T1 cells.  While both inhibition of hexokinase with 2DG or glucose deprivation both 

rescued CQ-mediated lysosomal enlargement (and cell survival), specific targeting 

of HK2 expression using CRISPR-Cas9 gene editing could not block CQ in 

enlarging the lysosomal compartments. Other isoforms of HK or residual trace 

amounts of HK2 may be compensatory mechanisms in our HK2 CRISPR 

experiments here.  Further studies are thus needed to be able to successfully mimic 

glucose starvation (or 2DG) effects by genetic methods.    

 

4.3iii CQ exhibits activity at the lysosome, independently of pH acidification 

mechanisms.  

We hypothesised that under glucose withdrawal, CQ may no longer target 

lysosomes due to loss of the acidic gradient. However, using Lysotracker red 

approaches, we observed that CQ still exerted its de-acidification activity at the 

lysosome under both glucose replete and deplete conditions. Interestingly, we also 

observed that in the absence of CQ, glucose withdrawal did not significantly 

increase the basal acidity of the lysosomes, an event that would be expected on 

induction of autophagy. In contrast, both serum deprivation and amino acid 

(+serum) deprivation induced significant acidification of the lysosome. These data 

are in concert with our previous findings that glucose starvation does not induce 

autophagic flux, but rather inhibits flux. In the current context, the data suggest that 

the lack of lysosomal enlargement upon CQ treatment in glucose starved cells may 

be due to low flux through the autophagy pathway, thus low traffic of new 

autophagosomes or other membranes for fusion with the lysosome.  

Indeed, we are not the only group to observe nutrient dependent differences in 

lysosomal acidification and the mechanisms that drive this process. As outlined in 

chapter 3, glucose is required for assembly of the v-ATPase pump, which drives 

acidification of the lysosome. In yeast cells, the assembly of the v-ATPase pump has 

been shown to be driven by glucose; depriving these cells of glucose leads to rapid 

disassembly of the complex into its two subunits V1 and V0 (Kane, 1995, Dechant et 
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al., 2010), and leading to a rapid translocation of these subunits from the vacuolar 

membrane to the cytoplasm (Dechant et al., 2010). Furthermore, reassembly can be 

triggered by addition of glucose (Dechant et al., 2010, Kane, 1995). This has also 

been confirmed in mammalian cells, where glucose levels induce assembly of this 

ATP-driven proton pump and acidification of intracellular compartments as 

measured by DAMP (N-(3-((2,4-dinitrophenyl)amino)propyl)-N-(3-aminopropyl) 

methylamine) (Sautin et al., 2005). As we and others show glucose starvation 

inhibits v-ATPase assembly and does not induce significant acidification of 

lysosomes, we would further confirm this result in our cell system by performing 

double starvations, examining if glucose deprivation could abrogate the acidification 

induced by amino acid or serum withdrawal. To further analyse the influence of 

glucose on the v-ATPase complex and whether this impacts CQ-induced lysosomal 

enlargement, it would be interesting to examine whether inhibition of this complex 

via pharmacological or genetic means could abrogate the increased lysosomal sizes 

observed upon serum-starvation and CQ co-treatment.  

 

4.3iv Related quinoline compounds exert differential effects at the lysosome 

and in cell death assays.  

Recently, other quinoline drugs have been considered as an alternative to CQ for 

use in cancer therapy. For instance, a recent phase I clinical trial has been started 

assessing multiple combination therapies in glioblastoma multiforme (GBM), one of 

which is combination of temozolomide with mefloquine (Clinical trials identifier; 

NCT01430351). In addition, clinical trials investigating the benefits of quinacrine in 

multiple cancer types, including non-small cell lung cancer (NCT01839955) and 

prostate (NCT00417274) are also underway or have been completed.  

Of note, so far no results from clinical trials with alternative anti-malarial drugs have 

been published.  However, pre-clinical studies provide some rationale for use of 

alternative quinoline drugs as potential autophagy-lysosomal inhibitors for use in 

cancer therapy. Work done in U20S cells expressing tandem fluorescent-tagged 

LC3 has shown both AQ and PQ to inhibit autophagy with an EC50 of 15μM and 

50μM respectively, in comparison to CQ at 15μM (Goodall et al., 2014). The 4-

aminoquinoline, AQ, is known to be more potent for targeting malaria than its parent 

compound, CQ, so there is some precedent that this could also be the case for 
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cancer (Hawley et al., 1996). For instance, AQ has been shown to be cytotoxic 

alone, possessing a higher potency than CQ as measured by calculating the GI50 

(drug concentration to induce a 50% reduction in cell number): 17.80μM vs. 

24.36μM respectively (Zhang et al., 2008). The cytotoxicity of the compounds was 

shown to be cell type dependent, with MCF-7 cells being more sensitive to both AQ 

and CQ than MDA-MB-468 cells (Zhang et al., 2008). Indeed, AQ has further been 

shown to sensitise melanoma cells to starvation- and chemotherapeutic cell death 

(Qiao et al., 2013). In human A375 melanoma cells, AQ induced accumulation of 

LC3-II and p62 proteins, and LC3 puncta with impaired acidification, all indicative of 

a block in the autophagy-lysosomal pathway. AQ also led to increased cell killing 

when combined with two chemotherapeutic drugs, doxorubicin and cisplatin, 

compared to the drugs individually, or in combination with amino acid starvation. 

Indeed, experiments directly comparing AQ with CQ clearly indicated AQ to be more 

potent at inhibiting melanoma cell proliferation. In our work here, we also see AQ 

comparatively to be more potent than CQ and PQ in 4T1 cells. 

In another direct comparison of quinine-based drugs, Yoon et al., 2013, used the 

most common anti-malarials: Atovaquine, CQ, PQ,  Mefloquine (MQ), Artesunate, 

and doxycycline in tests for anti-cancer activities, such as the potential to reduce cell 

viability and induce apoptosis (Kim et al., 2013b). In the oral squamous cancer cell 

line KB and anti-mitotic drug resistant KBV20C, only PQ and MQ showed 

sensitisation effects to Vinblastine treatment, with MQ the more potent of the two 

drugs. A suggested mechanism of sensitisation was attributed to p-glycoprotein 

inhibition by PQ and MQ. P-glycoprotein is an ATP-dependent resident membrane 

efflux pump, which has been implicated in promoting multiple drug-resistant 

phenotypes (Ambudkar et al., 2003); thereby inhibition of this protein by PQ and MQ 

is proposed to in turn abrogate vinblastine efflux. However, CQ was also shown to 

have the same effects on p-glycoprotein, yet did not sensitise to Vinblastine 

treatment. Thus, the precise mechanistic differences between CQ, PQ and MQ 

remain controversial.  The efficacy of these anti-cancer anti-malarial drugs are most 

likely highly dependent on cell type, drug combinations, and concentrations.  

In 4T1 cells, we saw marked differences in cell viability after CQ, PQ, and AQ 

treatment. While PQ showed minimal effects in clonogenic assays, CQ and AQ 

induced cell death upon combination with serum starvation. However, only CQ 

efficacy appeared to be reduced by withdrawal of glucose. Interestingly, AQ was 
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also more potent at equimolar concentrations as a single agent in comparison to 

CQ. As well as differences in cell viability, we observed clear differences in the drug-

induced changes in lysosomal morphology. In our work, CQ induced robust and 

exaggerated lysosomal enlargement, which was reversed by glucose withdrawal. 

However, no other quinoline compounds tested similarly increased lysosomal size, 

even AQ which was more potent in clonogenic death assays. These data are 

seemingly at odds with our working model in which lysosomal enlargement (and 

damage) was driving cell death. One such explanation for this could be that multiple 

mechanisms of cell death may be induced by the quinoline compounds, despite the 

general structural similarities of the compounds. Although understanding of cell 

quinolone-related cell death is limited, AQ has been shown to induce apoptosis in 

rat germ cells (Niu et al., 2016). The mechanisms of cell death from the different 

quinoline compounds are explored in more detail in the following chapter. 

The majority of studies on CQ in cancer therapy focus on its sensitising effects to 

chemo- or radiotherapy, as CQ had been shown to have limited efficacy as a single 

agent. In our model, CQ has limited activity on cell viability alone. In addition, a 

major problem identified in clinical trials is the efficacy of CQ at tolerable doses in 

efficiently inhibiting autophagy or targeting cancer cell viability in patients. However, 

McAfee et al. (McAfee et al., 2012), have developed modified CQ derivatives with 

increased potency in blocking autophagy as well as decreasing tumour growth as a 

single agent. The lead compound in this study (Lys-01) has 2 aminoquinoline rings, 

a triamine linker, and C-7 chlorine added to the original structure of CQ. As a 

compound leading to autophagy blockade, the authors showed Lys01 was 10-fold 

more potent than CQ or HCQ. In addition, Lys01 induced near complete cell death 

in melanoma (1205Lu) and CQ-resistant (HCC827) cell lines. Lys05, a more soluble 

analogue of Lys01, enabled in vivo studies, and this potently reduced tumour 

volume and weight, and induced a greater number of autophagic vesicles in tumour 

cells than HCQ.  Furthermore, lower doses of Lys05 could produce anti-tumour 

activity without dose-limiting toxicity. These data all suggest new CQ derivatives that 

might prove more promising at eventually treating cancer than the original quinolone 

compounds. However, as we have shown different quinoline derivative drugs to 

have different effects on lysosomal morphology (and multiple mechanisms may 

exist), it remains unclear if Lys01 and Lys05 trigger cell death via lysosomal 

enlargement. Furthermore, it is unclear if blockade of glucose metabolism would 

similarly lead to resistance to Lys01/05.    
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4.4 Conclusions 

In summary, our data in this chapter indicate that CQ induces rapid de-acidification 

and enlargement of the lysosomal compartments in a number of cancer and normal 

cell types. We have identified CQ activity to be highly dependent on nutrient 

availability, as glucose withdrawal or glycolytic inhibition prevents CQ-mediated 

lysosomal swelling. Similarly, we identified that glucose withdrawal does not 

stimulate acidification of the lysosome in contrast to serum starvation, which in 

concert with our data from chapter 3 suggests that glucose starvation inhibits 

autophagy flux. However, we determined glucose starvation-mediated reduction in 

lysosomal acidification did not contribute to the mechanism of cell survival, as CQ 

was still able to target the lysosomes under glucose-deplete conditions. Our work 

with alternative quinoline compounds identified CQ to be unique in its ability to 

induce lysosomal swelling and cell death. Furthermore, other quinolines such as AQ 

did not show decreased efficacy upon glucose starvation.  This suggests that, in 

agreement with studies assessing varied potency of quinolines, other repurposed 

CQ derivatives might be overall more beneficial in patients.   
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Chapter 5 

 

 

Characterisation of cell death pathways induced by 

Chloroquine in 4T1 breast carcinoma cells  
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5.1 Introduction 

As described by Hanahan and Weinberg, one of the key hallmarks of cancer is the 

evasion of cell death (Hanahan and Weinberg, 2011). We have shown in the 

preceding chapters that reduced glucose availability allows 4T1 breast cancer cells 

to resist CQ-dependent cell death. However, it is unclear from our studies as to the 

form of cell death being triggered by CQ. As such in this chapter, we characterised 

the mode of cell death induced by CQ.  

Perhaps the best characterised cell death pathway with relation to cancer is 

apoptosis, a form of programmed cell death with morphological features including 

DNA fragmentation and blebbing of the plasma membrane. The induction of 

apoptosis is driven by activation of caspase family enzymes which can occur 

downstream of both the intrinsic or extrinsic apoptosis pathways. The extrinsic 

pathway is dependent on binding of ligands to their respective death receptors, for 

example in the cases of TNF-R1, FasR, and TRAIL-R1. A key event downstream of 

receptors to these ligands is the proteolytic cleavage of the upstream-acting 

caspase-8 to its active form, which in turn cleaves downstream caspase-3 and/or 

caspase-7 to promote apoptosis (Fulda and Debatin, 2006). Alternatively, the 

intrinsic apoptosis pathway is tightly centred on mitochondrial events, and can be 

promoted by cancer therapeutics such as chemo- and radio-therapy or growth factor 

withdrawal. Here, damaged mitochondria release cytochrome C to activate the 

apoptosome complex; the essential role of the apoptosome complex is to induce 

activation of upstream-acting caspase-9, which in turn cleaves pro-caspase 3/7 to 

activate apoptosis (Zou et al., 2003). As both intrinsic and extrinsic pathways 

converge on caspase 3/7 to promote the final stage of the apoptosis cascade, this 

proteolytic enzyme is regarded as the essential driving effector of apoptotic cell 

death (Woo et al., 1998, Blanc et al., 2000, Devarajan et al., 2002).  

Indeed, caspase-3 has previously been used a readout for apoptosis with respect to 

CQ-induced cell death; here, CQ induced marked activation of caspase-3 which 

suggested CQ triggered apoptosis in glioma cells (Kim et al., 2010). CQ also 

induced apoptosis in melanoma cell lines (Lakhter et al., 2013), and also could 

enhance apoptosis induced by extrinsic apoptotic signals such as TRAIL (Park et 

al., 2016) and cancer therapeutics such as γ-irradiation (Firat et al., 2012). However, 

whether CQ activates apoptosis in all cancer cell phenotypes is not clear and could 

depend on the cell model and combination treatments used. As such, we aimed to 
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ascertain whether CQ-mediated cell death in our 4T1 cell model was dependent on 

apoptotic or non-apoptotic cell death mechanisms.  

One alternative mechanism of cell death we investigated with respect to CQ was 

necroptosis. This form of regulated necrosis can be induced by much of the same 

stimuli as apoptosis such as: engagement of TNF receptors (Holler et al., 2000, He 

et al., 2009); toll-like receptors (TLRs) (He et al., 2011, Kaiser et al., 2013), and 

potential anti-cancer therapeutics (Locatelli et al., 2014, Saddoughi et al., 2013, 

Nehs et al., 2011). The key downstream effector eliciting necroptosis is a group of 

proteins termed the necrosome. Comprised of receptor-interacting protein kinase-1 

(RIP1), RIP3, and the mixed lineage kinase domain-like protein (MLKL), the 

necrosome mediates the essential necroptotic events leading to cell death, for 

instance plasma membrane permeabilisation and generation of ROS (Su et al., 

2016). This alternative mechanism of cell death is beginning to emerge as being a 

potential target for cancer therapeutics, particularly in cases where cancer cells are 

able to evade apoptosis. Indeed, a variety of cancer cell lines have been shown to 

be susceptible to necroptosis-inducing drug combinations (e.g. TNF plus apoptosis 

inhibitors) (Jouan-Lanhouet et al., 2012, Bonapace et al., 2010, Chromik et al., 

2014), supporting the rationale of driving cancer cells to undergo necroptosis when 

conventional apoptosis is compromised.  

Under certain contexts, CQ has demonstrated the ability to induce necroptosis. 

Combination of mTOR inhibitor, CCI-779, and CQ has been shown to induce RIPK-

dependent necroptosis, and this was abrogated by the RIPK1 inhibitor, necrostatin-1 

(Bray et al., 2012). In addition, CQ combination with ceramide has also been shown 

to trigger necroptosis (Zhu et al., 2014). Thus, similar to apoptosis, the potential for 

CQ to trigger necroptosis may be dependent on the combination treatment used. 

Here, we examined whether combination of CQ and serum starvation (growth factor 

withdrawal) induces necroptosis as a form of alternative cell death. 

As a third and final mechanism of cell death, we are aiming to investigate the 

potential of CQ to induce lysosomal membrane permeabilisation (LMP) and the 

contribution of this pathway to the reduction in 4T1 cell viability. LMP is typically 

characterised through leakage of the lysosomal contents, in particular degradative 

proteases, into the cytosol to trigger controlled cell death (Boya and Kroemer, 2008). 

Such lysosomal proteases implicated include the cathepsins, more specifically 

Cathepsins B, D, and L (Boya and Kroemer, 2008, Oberle et al., 2010), as unlike 
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alternative lysosomal enzymes these degradative proteases have been shown to 

retain activity even under neutral pH conditions. The leakage of the cathepsin 

proteases has been shown to induce secondary apoptotic signalling, such as 

activation of the apoptotic machinery not limited to but including mitochondria and 

the caspases (Boya et al., 2003, Droga-Mazovec et al., 2008). Numerous activators 

of LMP have been defined, including viral proteins, reactive oxygen species, and the 

cathepsin proteases themselves (Boya and Kroemer, 2008). However, we have 

focused on the potential for lysosomal detergents to induce LMP. It has long been 

characterised that lysosomotropic drugs can damage the lysosomal membranes and 

thus it was suggested they could be potent inducers of LMP. Indeed both 

sphingosine (Kagedal et al., 2001, Ullio et al., 2012) and siramesine (Cesen et al., 

2013, Dielschneider et al., 2016) have been shown to require the lysosomal 

cathepsins to mediate cell death and to be potent inducers of LMP. More recent 

research has identified the lysosomal detergent, Leucyl-Leucyl-O-methyl ester 

(LLOME) to induce significant lysosomal membrane damage and induce cell death 

(Aits et al., 2015b).  

Despite advancements in the understanding of the LMP process, it remains difficult 

to detect and pinpoint as the mode of cell death in in vitro studies. However, a 

number of successful methods are frequently used for the detection of LMP. Boya et 

al, 2003, showed two well-known quinolone antibiotics, ciprofloxacin and 

norfloxacin, had the potential to induce LMP through immunofluorescent staining 

studies highlighting the translocation of cathepsins B and D from the lysosomes to 

the cytosol (Boya et al., 2003). Alternatively, in a method developed by Jaattela et 

al, 2007, LMP can be detected through increases in the cytosolic cathepsin activity 

using a digitonin based extraction method for whole cell and cytosolic fractions. 

Here the anti-mitotic drug Vincristine was shown to induce marked LMP in HeLa and 

MCF-7 cancer cell lines (Groth-Pedersen et al., 2007). Interestingly, Vincristine also 

led to an increase in the lysosomal size which corresponded with an increase in 

cytosolic cathepsin activity. In chapter 4, we showed CQ induces rapid changes in 

lysosomal morphology, significantly increasing the diameter of the lysosomal lumen, 

therefore we hypothesised this could be an indicator of LMP occurring in response 

to CQ treatment in our cell model. Indeed, CQ has been shown to induce LMP in 

other cancer cell systems, including breast cancer (Liang et al., 2015), 

neuroblastoma (Seitz et al., 2013), and lung carcinoma (Enzenmuller et al., 2013). 

Furthermore, work by Hasan et al., 2008, has shown lysosomal enlargement to be 
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an event that precedes LMP (Hasan, 2008). Using compounds shown to induce 

LMP and methods identified to detect LMP in other cell models, we aim to examine 

the potential of LMP to be contributing to the mechanism of cell death induced by 

CQ.  

In this chapter, the mode of cell death induced by CQ was investigated in 4T1 cells.  

The objectives were to: 

(1) Examine whether CQ induces apoptosis and if the cell death we observe is 

dependent on this pathway using apoptosis inhibitors. 

 

(2) Investigate the contribution of alternative modes of cell death, such as 

necroptosis, to the responses observed in our clonogenic cell model using 

pharmacological inhibitors. 

 

(3) Assess whether LMP plays a role in CQ-mediated cell death via parallel 

comparative studies with known LMP inducing compounds.   
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5.2 Results 

5.2.i CQ-mediated cell death is not dependent on the classical apoptotic, 

necroptotic, or ROS-mediated cell death pathways.  

The mode of cell death induced by CQ treatment is still widely debated, ranging 

from inhibition of the pro-survival autophagy pathway to inducing apoptosis. More 

recently, CQ has been linked to lysosomal membrane permeabilisation (LMP), 

where integrity of the membrane is compromised and degradative enzymes, mainly 

cathepsins, leak into the cytosol initiating cell death (Boya and Kroemer, 2008).  CQ-

induced death by time-lapsed microscopy (chapter 3), and 4T1 cells seemed to 

exhibit cell rounding following by lysis after 18hrs in serum starved conditions 

coupled with CQ treatment.  Here, we aimed to further investigate the mode of cell 

death induced by CQ in our cell model, and began by examining the classical 

modes of cell death; apoptosis and necroptosis.  

 

Two well characterised molecular indicators of classical apoptosis are poly ADP 

ribose polymerase (PARP) cleavage and caspase 3 activation. Cleaved caspase 3, 

also known as pro-caspase 3, is activated by both the intrinsic and extrinsic 

apoptosis pathways, and is recognised as a key executioner in both apoptotic 

cascades (McIlwain et al., 2013). PARP is a nuclear enzyme involved in DNA repair, 

and is one of the key targets of caspase 3 (Boulares et al., 1999). Cleavage of 

PARP inhibits its enzymatic activity, therefore interfering with DNA repair and 

maintenance of cell viability.  

 

First  the apoptosis inducer, Staurosporine (STS), was utilised to examine the typical 

biochemical apoptotic response in 4T1 cells (Fig 5.1A). PARP and caspase-3 

cleavages with this treatment were induced after just 4hrs.  Additionally, long term 

(24hr) STS treatment also led to strong PARP and caspase 3 cleavage signals. This 

identified that 4T1 cells exhibit the typical biochemical response associated with 

apoptosis when this cell death pathway is engaged. To explore the cell death 

mechanism induced in our cell model further we measured the extent that CQ and 

serum starvation co-treatment induced apoptosis via western blot analysis for PARP 

and caspase 3 cleavage events (Fig 5.1B). Here co-treatment with CQ and serum 

starvation led to cleavage of both PARP and caspase 3.  Further analysis into 

whether the activation of caspase 3 we observed with CQ-serum starvation co-
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treatment could be abrogated with an inhibitor of apoptosis used the caspase-3 

specific inhibitor, z-DEVD-FMK. This compound blocked PARP and caspase 3 

cleavages associated with CQ-serum starvation.  

 

Having observed that: 1) apoptosis pathways were activated following CQ treatment 

(in combination with serum starvation); and 2) that caspase inhibitors were able to 

suppress this, we aimed to use this approach to rescue cell death. As such,  the 

potential for  z-DEVD-FMK to also inhibit serum starvation-induced cell death in the 

clonogenic assay (Fig 5.2) was explored. In the control samples, serum starvation 

+CQ co-treatment led to a 75% decrease in viability. Surprisingly, addition of z-

DEVD-FMK was not able to provide any suppression of cell killing in all conditions 

analysed, including the key condition of this thesis, namely, serum starvation + CQ 

combination. This suggests that while serum starvation and CQ co-treatment does 

induce some activation of the apoptotic machinery (PARP and caspase 3 cleavage), 

the final cell death process is not solely reliant on classical caspase-dependant 

apoptosis.   

 

An alternative form of programmed cell death we considered was necroptosis. This 

form of cell death is typically amplified by the RIP1 and RIP3 signalling molecules 

(Silke et al., 2015). To explore this idea, CQ and serum starvation co-treatment in 

the presence and absence of a RIP1 inhibitor, Necrostatin-1 (Fig 5.3) was 

compared. Inhibition of RIP1 did not alter the ability of CQ and serum starvation co-

treatment to reduce cell viability in the clonogenic assay. Taken together, our data 

suggest that 2 major pathways of programmed cell death, apoptosis and 

necroptosis, are not involved in CQ-mediated cell death.  

There is long-standing evidence to suggest oxidative free radicals and ROS are 

directly responsible for oxidative damage in cells, leading to programmed cell death 

(Jacobson, 1996). Thus, there was a rationale for investigation into the potential for 

ROS scavenging to suppress cell death (Fig 5.4). For this test, N-Acetyl-L-Cysteine 

(NAC), was used to reduced ROS present in the cells (Sun, 2010). Treatment with 

NAC alone did not alter cell viability in control samples.  Moreover, NAC did not alter 

cell viability where serum starvation or CQ was given as individual treatments. 

Importantly, NAC did not block serum starvation and CQ combination-induced cell 

death.  These data indicate that ROS do not play a role in CQ-mediated cell death in 

our cell model. Overall, our data suggest that CQ induces a unique form of cell 
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death that is unrelated to ROS production, and also independent of classical 

apoptotic or necroptotic pathways.    
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Fig 5.1: CQ-serum starvation co-treatment induces proteolytic activation 

of pro-apoptotic proteins. (A) 4T1 cells were treated for 4 or 24hrs with full 

nutrient media (C) or with 1µM Staurosporine (STS) as indicated. (B) 4T1 

cells were treated with full nutrient media (C), CQ (25μM), serum starvation (-

S), or a combination of serum starvation and CQ (-S/CQ). Cells were treated 

in the absence or presence of the caspase-3 inhibitor, Z-DEVD-FMK (10μM), 

as indicated for 24hrs. Following treatment cells were lysed, and PARP and 

Caspase 3 cleavage analysed via western blot. Actin was used as a loading 

control. Gel is representative of 3 independent experiments. 
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Fig 5.2: Inhibition of Caspase-3 does not block CQ-mediated cell death. 

(A) 4T1 cells were treated with full nutrient media (CTRL) or starved of 

serum (-SER) +/- CQ (25μM). Cells were treated in the absence or presence 

of the caspase-3 inhibitor, Z-DEVD-FMK (10μM), as indicated for 24hrs. The 

media was changed to normal full nutrient drug-free growth media and after 

3 days cells were stained with Giemsa blue, and cell viability quantified as 

described in Methods. (B) Giemsa uptake shown as % of control, n=3 

technical replicates (One-way ANOVA with Tukey post test, comparisons to 

untreated controls, ***P < 0.001), errors bars +/-SEM. 
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Fig 5.3: CQ-mediated cell death is not prevented by inhibition of 

Necroptosis. (A) 4T1 cells were treated with full nutrient media (CTRL) or 

starved of serum (-SER) +/- CQ (25μM). Cells were treated in the absence or 

presence of the RIP1 kinase inhibitor, Necrostatin-1 (Nec-1, 20μM), as 

indicated for 24hrs. Media was replenished and cell viability assessed as in 

Fig 5.2. (B) Giemsa uptake shown as % of control, n=3 technical replicates 

(One-way ANOVA with Tukey post test, comparison to untreated control **P < 

0.01), errors bars +/-SEM. 
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Fig 5.4: ROS scavenging does not abrogate CQ-mediated cell death.       

(A) 4T1 cells were treated with full nutrient media (CTRL) or starved of serum (-

SER) +/- CQ (25μM). Cells were treated in the absence or presence of N-

Acetyl-cysteine (NAC, 10mM) as indicated for 24hrs. Media was replenished 

and cell viability assessed as in Fig 5.2 (B) Giemsa uptake shown as % of 

control, n=3 technical replicates (One-way ANOVA with Tukey post test, 

comparison to untreated control, ***P < 0.001), errors bars +/-SEM. 
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5.2.ii LMP-inducing compounds do not exert the same activity as CQ in cell 

death and lysosomal enlargement.  

The lack of effect from apoptosis and necroptosis inhibitors, coupled with the 

changes in lysosomal morphology observed in the previous chapter, led to the 

hypothesis that CQ-induced cell death may be linked to lysosomal membrane 

permeabilisation (LMP). This mode of cell death is characterised by leakage of 

cathepsins and other degradative proteases from the lysosome, which in turn can 

lead to either activation of caspases to trigger secondary apoptosis or lead to pH-

dependent cathepsin mediated breakdown of cellular organelles.   

To examine whether CQ was related to LMP, comparative cell death assays against 

2 compounds previously characterised for LMP: Leu-Leu methyl ester (LLOME) 

(Aits et al., 2015b, Maejima et al., 2013) and ciprofloxacin (CPX) (Boya et al., 2003, 

Liang et al., 2015, Hasan, 2008) were performed. As control in this test, again 

nutrient starvations or CQ treatment alone had no effect on 4T1 cell viability.  

However, co-treatment with CQ and serum-starvation led to ~60% cell killing and 

this was rescued by glucose starvation (Fig 5.5). In marked contrast, LLOME 

showed no efficacy in inducing cell death, either alone or when combined with 

serum starvation.  Furthermore, serum and glucose withdrawal, which blocked the 

effects of CQ, promoted cell killing by LLOME.  In further contrast, CPX showed no 

activity alone and showed no functional interaction with either nutrient starvation 

conditions.  These results were unexpected, but highlight how CQ was targeting the 

cell differently than other known LMP inducers.   

To further elucidate mechanistic differences between these drugs the effects of the 

LMP inducing compounds on lysosomal enlargement in the 4T1 cell model (Fig 5.6) 

were examined. As control, both CQ treatments alone or in combination with serum 

starvation induced dramatic enlargement of LAMP1+ lysosomes, which could be 

abrogated by glucose withdrawal. Unexpectedly, neither LLOME nor CPX showed 

any ability to induce enlargement of the lysosomes, either alone or in concert with 

nutrient starvation.  

These data thus far, showing negligible effects of previously characterised LMP 

inducers on lysosomal enlargement, were perplexing.  Especially since these 

compounds both showed some bioactivity and cytotoxicity in 4T1 cells (albeit with 

different profile from CQ).  In any case, to further ascertain how these LMP drugs 
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target the lysosome, their actions were compared against CQ, monitoring in parallel 

the lysosomal morphology and acidification (LTR staining) over a time course of 

30mins to 4hrs (Fig 5.7). As seen previously, CQ rapidly de-acidified the lysosomal 

compartment within 30mins, an event that just preceded the onset of lysosomal 

enlargement which occurred after 1hr. Strikingly, LLOME also rapidly de-acidified 

lysosomes within 30mins, and generally these remained de-acidified over the 4hrs. 

Interestingly, while LLOME targeted and de-acidified the lysosome, it failed to 

induce any lysosomal enlargement. In comparison, CPX neither de-acidified nor 

enlarged the lysosomal compartments. In sum, this analysis could confirm LLOME 

was active at the lysosome but exhibits differential effects to CQ.  
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Fig 5.5: LMP inducing compounds, LLOME and CPX, exhibit 

differential effects on cell viability. (A) 4T1 cells were treated with full 

nutrient media (CTRL) or starved of serum (-SER), or serum and glucose 

(-SER-GLC) +/- CQ (25μM), LLOME (5mM), or CPX (150μg/mL) as 

indicated for 24hrs. Media was replenished and cell viability assessed as 

in Fig 5.2. (B) Giemsa uptake shown as % of control, n=3 biological 

replicates (One-way ANOVA with Tukey post test, comparison to 

untreated control, ***P < 0.001), errors bars +/-SEM. 
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Fig 5.6: LMP inducers, LLOME and CPX, do not induce lysosomal 

enlargement as oppose to CQ. (A) 4T1 cells were treated with full nutrient 

media (CTRL), or starved of serum (-SER), or serum and glucose (-SER-

GLC) +/-CQ (25μM), LLOME (5mM), or CPX (150μg/mL) as indicated for 

8hrs. Cells were fixed, and stained for lysosomal associated membrane 

protein-1 (LAMP-1). Images were captured by confocal microscopy. Scale 

bar 10μm. (B) Average lysosomal diameter measured for 30 cells per 

condition as described in Methods. n=3 independent experiments (One-way 

ANOVA with Tukey post test, comparison to untreated control, ***p < 0.001, 

*p < 0.05), errors bars +/-SEM. 
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Fig 5.7 (previous page): LMP inducer, LLOME, but not CPX de-acidifies the 

lysosomal compartments. 4T1 cells were treated with full nutrient media (CTRL), 

in comparison to CQ (25μM), LLOME (5mM), or CPX (150μg/mL) for the times 

indicated. (A) LTR DND-99 (50nM) was added for the final 30mins of treatment. 

Cells were fixed, and images captured by confocal microscopy. LTR intensity was 

measured as described in Methods, and expressed as a fold change. (B) Cells were 

fixed, and stained for lysosomal associated membrane protein-1 (LAMP-1). Images 

were captured by confocal microscopy, and average lysosomal diameter measured 

for 30 cells per condition as described in Methods.  n=3 independent experiments 

(One-way ANOVA with Tukey post test, comparison to respective time-point control, 

***p < 0.001, **p < 0.01), error bars +/- SEM.  
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5.2.iii CQ does not lead to cathepsin accumulation in the cytosol. 

Previous assays established that LLOME, a well characterised LMP inducing 

compound, exhibited different effects than CQ on lysosomal morphology, despite 

targeting lysosomal acidification. Since CQ-induced death was best associated with 

lysosomal swelling (consistent with cathepsin leakage), we aimed to more directly 

detect events associated with lysosomal damage  using a digitonin extraction 

protocol that has been a classical assay for LMP (Groth-Pedersen et al., 2007, Aits 

et al., 2015a). This assay measures cathepsin activity that escapes into the cytosol 

after drug and/or nutrient starvation treatment. The definitive feature of LMP is the 

leakage of cathepsins into the cytosol. Therefore on induction of LMP, an increase 

in cathepsin activity in the cytosolic fractions should be observed.  

In our initial studies, 4T1 cells were treated with CQ alone or in combination with 

serum starvation or serum- and glucose-starvation in comparison to untreated 

controls over 8, 16, and 24hrs. Cytosolic fractions were extracted using a relatively 

low digitonin concentration as compared to total activity (cytosol + lysosomal 

contents) from parallel treated cells extracted with a high concentration of digitonin.  

Activity in extracts was then detected using a cathepsin B specific fluorogenic 

substrate. Unexpectedly at all time points tested no cathepsin activity was detected 

leaking into the cytosol following CQ treatment in comparison to untreated control 

cells (Fig 5.8). Furthermore, there was a clear trend that CQ-treatment (as early as 

8hrs) reduced total cathepsin B activity in the whole cell fractions, a result that was 

independent of nutrient starvation (Fig 5.8). These results indicate that CQ-

treatment led to inactivation of general cathepsin activity, which may be why there 

was no detection of leakage into the cytosol.  

The above results were unexpected so further studies were needed to ascertain the 

optimal cytosolic extraction methodology, since digitonin concentration conditions 

required for efficient extraction of the cytosol vs. whole cell can differ depending on 

the cell type (Jaattela, 2015).  In other findings, the cytosol was extracted using a 

range of 25-50μg/mL and the whole cell fraction at 200-300μg/mL of digitonin.  

Thus, we detected escaped cytosolic cathepsin activity in CQ-treated cells using a 

range of digitonin extraction concentrations (Fig 5.9) at 16hrs. In the untreated 

samples, some cathepsin activity extracted by up to 50μg/mL digitonin was 

detected, which we interpret to represent cytosolic signals under basal conditions.  

Extraction with 200μg/mL or greater led to strong increases in activity, which 
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represent whole cell amounts including lysosomal contents. Consistent with earlier 

experiments, again there were total reductions in cathepsin activity (in both cytosolic 

and whole cell extraction conditions) upon CQ treatment, irrespective of nutrient 

availability. These data suggest that CQ therefore does not induce leakage of active 

cathepsin into the cytoplasm but rather has the opposing effect, a general 

quenching of degradative cathepsin activity.  

To further explore this further digitonin assays comparing CQ against the quinoline 

compounds, AQ and PQ, or alternatively the known LMP inducers, LLOME and CPX 

(Fig 5.10) were performed. Again there was a reduction in cathepsin activity in both 

whole cell and cytosolic fractions on CQ treatment. Conversely, PQ did not alter the 

cathepsin activity in either the whole cell or cytosolic fractions, whereas AQ strongly 

abrogated cathepsin activity in both cellular fractions. These results further highlight 

differences between the activities of equimolar quinoline compounds, summarised in 

Table 5.1 in the discussion. On comparison with known LMP inducing compounds, 

LLOME did not alter the cathepsin activity in either fraction; here an increase in the 

cytosolic fraction would have been an indicator of the induction of LMP. 

Interestingly, CPX decreased the whole cell fraction and increased the cytosolic, a 

pattern hinting towards induction of LMP, yet this compound showed no activity in 

clonogenic survival assays, lysosomal deacidification and lysosomal enlargement. 

The results of our digitonin assay showed that CQ-mediated reductions in cathepsin 

activity did not correlate with the LMP inducing compounds, in addition to no 

correlation being observed between CQ and LMP inducers activity in clonogenic 

assays, as described above. Therefore, from these data the mode of cell death 

induced by CQ cannot be identified, and alternative studies and methods are 

required to elucidate this.  
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Fig 5.8: CQ blocks cathepsin activity in a Digitonin extraction assay. 4T1 

cells were treated with full nutrient media (CTRL) +/- CQ, or starved of serum (-

SER), or serum and glucose (-SER-GLC) +CQ (25μM) for (A) 8hrs (B) 16hr 

and (C) 24hrs. Cytosolic vs. whole cell fractions were extracted with 25μg/mL 

(Cytosol) or 200μg/mL (whole cell) digitonin and cathepsin activity (RFU) 

measured as described in Methods. n=3 technical replicates, errors bars +/- 

SEM.  
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Fig 5.9: Inhibition of cathepsin activity by CQ was not dependent on 

Digitonin extraction concentrations. (A) 4T1 cells were treated with full 

nutrient media (CTRL) +/- CQ, or starved of serum (-SER), or serum and 

glucose (-SER-GLC) +CQ (25μM) for 16hrs. Cytosolic vs. whole cell 

fractions were extracted with digitonin concentrations as indicated and 
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Fig 5.10: Quinoline compounds do not replicate the results of LMP 

inducers, LLOME and CPX, in a digitonin extraction assay. (A) 4T1 

cells were treated with full nutrient media (CTRL) in comparison to CQ 

(25μM), PQ (25μM), AQ (25μM), LLOME (5mM), or CPX (150μg/mL) for 

16hrs. Cytosolic vs. whole cell fractions were extracted with 50μg/mL 

(Cytosol) or 300μg/mL (whole cell) digitonin and cathepsin activity (RFU) 

measured as described in Methods. n=3 technical replicates, errors bars 

+/- SEM.  
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5.3 Discussion 

5.3.i Chloroquine-mediated induction of classical cell death pathways does 

not impact overall viability. 

In this chapter, the mode of cell death induced by CQ in our cell model was 

examined. The broad range of published work discussed below would suggest the 

mechanism of cell death induced by CQ is varied between cell types, ranging from 

apoptosis, necrosis, and LMP. However, our experiments using inhibitors of the 

classical cell death pathways in clonogenic assays indicated these did not play a 

role in CQ-mediated loss of 4T1 cell viability. Based on these findings we utilised 

more focused approaches to examine the potential for CQ to induce LMP in our cell 

model and for this to be the contributing mechanism of cell death.  

As inferred to, the mechanisms of cell death induced by CQ are varied; one 

prominent model for CQ-induced death highlights a role for p53 and apoptosis.  In a 

range of glioblastoma cell lines, CQ was shown to directly stabilise the p53 protein 

and up-regulate pro-apoptotic target proteins such as Bax (Kim et al., 2010). 

Furthermore, knockdown of p53 in U87MG and G120 glioma cell lines significantly 

reduced CQ-induced caspase-3 activation, suggesting that CQ stimulated apoptosis 

in glioma cells through the p53 pathway.   

In this regard, we also observed caspase-3 activation upon serum deprivation and 

CQ treatment of 4T1 cells.  However, we identified this executioner step to be 

largely dispensable for cell death since inhibition of this proteolytic cleavage with a 

commonly used inhibitor did not rescue cell viability. In agreement with our data, 

other studies using a range of human glioblastoma multiforme cell lines, including 

U87 glioma, showed CQ-mediated cell death to be caspase-independent (Geng et 

al., 2010). In this work, the general caspase inhibitor, boc-aspartate 

fluoromethylketone strongly inhibited caspase-3 but could not block cell death 

induced by CQ. As such, the contribution for caspase 3 downstream of CQ-induced 

death remains unclear.   

In addition, studies on glioma demonstrated that p53-independent pathways also 

contributed to cell viability in response to CQ. Kim et al., 2010, noted that cell death 

was observed upon CQ treatment in p53 mutated, null, or wild-type cells, although 

WT p53 glioma cells were more sensitive. 4T1 breast carcinoma cells have been 
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shown to be p53 null (Yerlikaya et al., 2012), yet we observed sensitivity to CQ and 

induction of cell death, particularly on combination with serum starvation or other 

cellular stressors such as irradiation. This is in agreement with the previous studies 

findings that CQ can induce cell death in p53 null cell lines.  

While the p53 status of cancer cells can influence sensitivity to CQ, this 

lysosomotropic drug has also been shown to activate apoptosis through direct action 

on the pro-apoptotic protein, PUMA. Lakhter et al., 2013 found that CQ killed a 

range of melanoma cell lines and this correlated with levels of caspase 3/7 

activation (Lakhter et al., 2013). The mechanism here was attributed to CQ-

mediated stabilisation and accumulation of PUMA protein (but not at the transcript 

level). Furthermore, siRNA depletion of PUMA markedly reduced the percentage of 

apoptotic cells on CQ treatment.  Although, the data shown in these studies 

highlights how CQ can have direct interactions with essential pro-apoptotic proteins, 

p53 and PUMA, to induce cell death, there are caveats to these findings with CQ 

able to induce cell death in the absence of p53. This is particularly important with 

respect to our studies as we observe CQ-induced cell death in 4T1 cells, a p53-null 

cell line (Yerlikaya et al., 2012).    

Looking more broadly across the literature, one can note that some studies show 

that CQ can induce apoptosis as a single agent (Geng et al., 2010, Kim et al., 2010), 

while the majority of studies use CQ as part of a combination therapy to enhance 

the efficacy of other apoptosis inducing drugs (Shi et al., 2015, Avniel-Polak et al., 

2015, Park et al., 2016).  This range of evidence on responses to CQ highlights 

likely pleiotropic effects; furthermore, while the apoptotic machinery is engaged by 

CQ, it may not be the sole driver of cell death. Indeed, other programmed cell death 

pathways can act as alternatives to apoptosis, and are suggested to be targets for 

cancer therapy in situations where cancer cells avoid apoptotic cell death (Su et al., 

2016). As described previously, necroptosis is a form of regulated necrosis, 

dependent on the RIP1-RIP3-MLKL axis, typically downstream of the TNFR an 

inflammatory cell death pathway (Silke et al., 2015). However, there is some 

evidence linking CQ and necroptosis. For example, CQ has been shown to enhance 

necroptosis induced by ceramide in head and neck squamous cell carcinoma, but it 

did not activate necroptosis itself (Zhu et al., 2014). Despite this, we were able to 

discount necroptosis as a contributing mechanism of cell killing in our cell model, as 
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the RIP1 inhibitor, Necrostatin-1 did not alter cell viability in serum deprived, CQ-

treated cells.  

So far, we have found that two of the classical programmed cell death pathways, 

apoptosis and necroptosis, were not the driving mechanisms behind the cell killing in 

our experimental system. In addition to these processes, ROS have been implicated 

in cell death pathways, specifically linking with apoptosis (Fleury et al., 2002). CQ 

has been shown to induce ROS formation in human astroglial cells for chemokine 

expression suggesting that a similar pathway could be killing 4T1 cells in our hands 

(Park et al., 2004).  Moreover, CQ has been shown to synergistically promote ROS 

production alongside HDAC inhibitors in CML cell lines, and this was linked to a role 

in induction of cell death via apoptosis (Carew et al., 2007). Importantly, in this cell 

system, the ROS scavenger NAC reduced the percentage of apoptotic cells.  In 

contrast to these points, our data suggest that ROS free radical species are not 

involved in CQ-mediated killing; NAC was not able to rescue any cell viability in 

serum-starved and CQ treated cells. At present, it remains unclear if cell specific 

differences are the main basis behind these conflicting findings.   

In conclusion, our studies investigating mechanisms of cell death have shown that 

CQ-mediated killing in our 4T1 cell model was independent of apoptosis, 

necroptosis and ROS production. Based on these data and our observations of 

lysosomal enlargement upon CQ treatment, we next hypothesised that cell death 

may be caused by the lysosomal membrane permeabilisation pathway. 

 

5.3.ii CQ-mediated induction of alternative cell death pathway, lysosomal 

membrane permeabilisation.  

The lysosome has long been known to be involved in degradation of endocytic 

cargo and macromolecules, including those sequestered by autophagosomes. The 

degradation of waste material transported to lysosomes is mainly carried out by 

hydrolytic proteases and lipases. The best studied of the proteases are the 

cathepsins, divided into cysteine, aspartate, and serine proteases. As well as protein 

turnover within the lysosome, these enzymes are now understood to be related to 

cell death pathways such as apoptosis and LMP (Droga-Mazovec et al., 2008, 

Oberle et al., 2010, Aits and Jaattela, 2013).   
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During LMP, lysosome homeostasis is impaired and the contents of these acidic 

organelles are released into the cytosol leading to abnormal degradation of cell 

constituents and activation of cell death pathways. The most common endpoints 

from LMP are osmotic lysis of the lysosome, where the lysosome bursts due to an 

excess of water in the process releasing these hydrolytic enzymes, or alternatively 

direct permeabilisation of the membrane, creating pores for cathepsins to leak into 

the cytosol (Repnik et al., 2014). The release of hydrolytic cathepsin proteases 

during this process can be a fatal event for the cell, triggering cell death pathways 

as adhered to previously through events such as the activation of apoptotic effector 

proteins, the caspases (Droga-Mazovec et al., 2008, Conus et al., 2008). 

Alternatively, LMP has been shown to trigger cell death through a series of 

mitochondrial events such as mitochondrial membrane permeabilisation (MMP) and 

to directly affect the conformation of pro-apoptotic proteins Bax and Bak (Boya et al., 

2003).  

One challenge has been that LMP has been characterised to display both necrotic 

and apoptotic-like features, making it difficult to definitively discern as a mechanism 

of cell death. In chapter 4, we presented evidence of CQ-induced lysosomal 

enlargement across multiple cell types. Indeed, this type of change has been shown 

to precede LMP in breast cancer cell lines (Hasan, 2008) supporting our hypothesis 

that LMP was involved in CQ-mediated cell death. Furthermore, CQ has been 

shown to induce LMP in other cancer cell systems, including breast cancer (Liang et 

al., 2015), neuroblastoma (Seitz et al., 2013), and lung carcinoma (Enzenmuller et 

al., 2013).  

Although CQ-induced lysosomal swelling and damage are entirely with the notion of 

LMP, our further work comparing the effects of CQ and two known LMP inducers on 

clonogenic cell survival and lysosomal enlargement highlighted marked differences. 

Our main effect has been CQ induced lysosomal enlargement and cell death in 

combination with serum starvation. In contrast, the compound LLOME did not lead 

to similar lysosomal swelling, even though the lysosome acidification was clearly 

being targeted in treated cells.  

This clear difference between CQ and LLOME action was surprising to us. LLOME 

has been shown to induce lysosomal damage in MEF and murine macrophage cells 

at concentrations 5-fold lower than that which we used (Maejima et al., 2013). In this 

report, up to 1mM LLOME induced release of cathepsin D into the cytosol, indicating 
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damaged lysosomal membranes; and furthermore, the number of Galectin3-positive 

puncta (marker for damaged lysosomes), increased dose-dependently with LLOME 

treatment. Other papers using LLOME as a standard stimulant of LMP have used 

doses lower than 5mM, and found this lysosomotropic drug to be strongly active 

(Aits et al., 2015b).  

As another reported compound from the literature, CPX has also been shown to 

induce LMP at concentrations lower than that which we used. For example, 

Cathepsin D was shown to have leaked and distributed throughout the cytosol of 

MCF-7 cells following 10μM CPX treatment (Liang et al., 2015). However, while 

CPX induced LMP in this study, it did not induce swelling of the lysosome. In 

contrast, LMP induced by CQ was accompanied by lysosomal enlargement. In an 

alternative study, CPX (30μM) was also shown to induce LMP in HeLa cells, as the 

translocation of Cathepsins B and D from lysosomes to the cytosol (Boya et al., 

2003). In contrast our experiments using 0.45mM CPX did not mimic the findings of 

previous publications. CPX did not show any activity in our hands at: reducing 

lysosomal acidity, inducing lysosomal swelling, or inducing cell death.  As such, 

these data sets indicated that CQ was more potent at inducing lysosomal swelling 

and cell killing with a set of effects distinct from other compounds previously 

characterised to trigger LMP. 

Because we saw unexpected different profiles of lysosomal activity, we performed 

further classical biochemical assays to more directly detect LMP in our cell model. 

We utilised a widely described digitonin extraction assay (Groth-Pedersen et al., 

2007, Jaattela, 2015) in which low concentrations of this detergent would 

permeablise just the plasma membrane to extract a cytosolic fraction.  Cathepsins 

should not normally be detected in the cytosol, but are expected to be present in the 

cytosol following LMP.  High concentrations of digitonin are also used to 

permeablise all intracellular membranes to obtain whole cell reference readings.  

This digitonin extraction approached could detect cathepsin leakage into the cytosol, 

for example as initially described in ME-180as human cervix carcinoma cells 

stimulated with TNFα (Foghsgaard et al., 2001). Furthermore, this assay has been 

used to detect leakage of cathepsin activity in response to chemotherapeutic drugs, 

such as Vincristine, in MCF-7 breast carcinoma cells (Groth-Pedersen et al., 2007); 

and in response to siramesine in U-87MG glioblastoma cells (Cesen et al., 2013).  
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In our studies, we unexpectedly could not observe increases in cytosolic cathepsin 

activity upon CQ treatment, either alone or in combination with nutrient starvation. In 

fact, the overwhelming effect with CQ was an apparent quenching in overall whole 

cell cathepsin activity. In addition, CQ targeted cathepsin activity under full nutrient 

and all nutrient starvation conditions, even after serum-glucose withdrawal which 

blocks CQ induced lysosomal swelling and cell killing.   Our data thus suggest that 

CQ inhibits cathepsin activity rather than promoting leakage of these enzymes into 

the cytosol, raising questions on the assumption that cathepsin activity was driving a 

LMP-related cell death pathway.  

To further understand LMP, some insights were gained by comparison of CQ effects 

vs. those from LMP inducers, LLOME and CPX.  LLOME has been previously 

shown to induce LMP by measuring cathepsin distribution in the cytosol through 

fluorescence microscopy (Maejima et al., 2013) However, in our hands, we could 

not detect any increased cathepsin activity in cytosolic fractions following LLOME 

treatment.   However, we could detect increased levels of cathepsin activity in the 

cytosol following CPX treatment.  As such, this compound was able to induce some 

degree of LMP signal in the digitonin assay, despite showing no activity in lysosomal 

deacidification, lysosomal enlargement, or cell death assays.  

As we showed in chapter 4, CQ also displayed differential properties in cell killing, 

lysosomal enlargement and lysosomal deacidification (summarised in Table 5.1) to 

the alternative quinoline compounds AQ and PQ. Thus we also compared the 

potential of CQ, AQ and PQ to inhibit cathepsin activity. Interestingly, AQ mirrored 

the effects of CQ in abrogating both whole cell and cytosolic cathepsin activity, 

whereas PQ had no effect. These data could reflect our observations that both CQ 

and AQ induce strong lysosomal deacidification and cell death, whilst PQ only mildly 

de-acidified the lysosome and showed no efficacy in clonogenic assays. Although 

oppose to our hypothesis of CQ-induction of LMP, this pattern of results could imply 

that 4T1 cell death arises from deacidification of the lysosome and inhibition of 

cathepsin activity. However, the caveat to this is the observations that in contrast to 

CQ, AQ did not induce lysosomal swelling.  
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Table 5.1: Summary and comparison of results for alternative quinoline and 

LMP inducing compounds. The conclusions from cell death and lysosome activity 

assays when using quinoline compounds and LMP inducers in comparison to CQ 

are summarised below. 

Compound 
Cell 

death 

Lysosome 

enlargement 

Glucose 

rescue 

Lysosome 

de-acidification 

Cathepsin 

activity 

CQ (25μM)      

AQ (25μM)      

PQ (25μM)     (mild) No change 

LLOME 

(5mM) 
    No change 

CPX 

(0.4mM) 
     

 

Based on these inconclusive outcomes further work is required here to dissect the 

role of LMP in CQ-mediated cell death and any potential differences in cell death 

mechanisms between the alternate quinoline compounds.  

Alternative assays available for the detection of LMP include measuring cathepsin 

enzymes in the cytosol through western blotting or immunofluorescent imaging 

(Maejima et al., 2013), or use of a Galectin3 probe which labels damaged 

lysosomes. The galectin3 assay is suggested to offer more sensitive detection of 

LMP, and was shown to be a general marker of leaky and damaged lysosomes, 

irrespective of the agent used to initiate membrane disruption (Aits et al., 2015b). 

During this assay, galactin3 translocated from a diffuse cytosolic staining pattern in 

control cells to punctate structures which co-localised with lysosomal markers, such 

as LAMP1 and 2, under conditions which promoted LMP. We propose further 

experiments using the Galectin3 assay would detect if CQ does indeed induce LMP 

in our cell model.  
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5.4 Conclusions 

In conclusion of our data described here, we have shown the mechanism of cell 

death induced by CQ to be independent of classical apoptosis, necroptosis, and 

ROS-driven pathways. Based on our observations of CQ-mediated lysosomal 

enlargement, an event suggested to precede lysosomal membrane permeabilisation 

(Hasan, 2008), we hypothesised LMP to be the mechanism of cell death induced in 

our experimental model. CQ has been shown to induce LMP in a range of 

alternative cancer cell lines (Liang et al., 2015, Seitz et al., 2013, Enzenmuller et al., 

2013), providing rationale for this argument. Despite these published findings, we 

observed stark differences between CQ and two known LMP inducing drugs, 

LLOME and CPX, in both clonogenic and lysosomal staining assays. Furthermore, 

marked differences between these compounds were also detected during digitonin 

extraction cathepsin activity assays, a method often used to detect LMP induction. 

At odds with studies using alternative methods of LMP detection (Galectin3 assays), 

in our hands both LLOME and CPX did not induce detectable LMP in digitonin 

extraction experiments. Based on the data presented here we cannot conclude CQ-

mediated cell death is directly driven by LMP and further work is required to fully 

elucidate the mode of cell death driving the loss of viability in our 4T1 cell model.  
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6.1  Main findings and implications 

6.1.i Aims and Importance  

CQ has been shown to be a potential beneficial therapeutic strategy for targeting 

autophagy in a cancer setting, leading to sensitisation to a range of cellular 

stressors and ultimately reducing cancer cell viability (Amaravadi et al., 2007, 

Bellodi et al., 2009, Cufi et al., 2013, Wang et al., 2014). Because of this, there are 

now more than 50 clinical trials worldwide examining the potential of CQ or its 

derivative HCQ in cancer (from clinicaltrials.gov). Despite the clearly defined 

rationale for using CQ, questions still surround its specific mechanism of action.  

Considering this, the objectives of this thesis were to examine the potential of 

autophagy inhibition via CQ to sensitise an aggressive metastatic breast cancer cell 

line to a range of cellular stressors, including radiation, chemotherapeutic 

compounds, and metabolic deficiencies. Furthermore, we aimed to ascertain the 

mechanism by which CQ sensitised to cellular stress.  

6.1.ii  CQ action is autophagy-independent 

Autophagy has been shown to be cancer promoting (Hu et al., 2012, Kim et al., 

2015, Strohecker et al., 2013, Guo et al., 2013) in a range of settings supporting 

clear rationale for targeting autophagy in well-established tumours. Indeed, CQ is 

widely described as an autophagy-lysosomal inhibitor, inhibiting late stage 

autophagy flux rather than formation of autophagosomes (Pasquier, 2016).  

The work outlined here examined the potential of CQ to sensitise to cellular 

stressors in a 4T1 metastatic breast carcinoma cell model. In concert with previous 

studies, we found that CQ could strongly sensitise to radiation, PI3K inhibition, and 

growth factor depletion, to drive cell death.  This clearly reflected the rationale for 

use of CQ in pre-clinical, and importantly, clinical studies as an adjuvant cancer 

therapy. We hypothesised the beneficial effects of CQ to be driven by inhibition of 

autophagy according to the wider dogma. However, despite CQ showing clear 

evidence of autophagy inhibition, genetic ablation of autophagy did not mimic the 

effects of CQ in clonogenic assays. Our data showing CQ to be acting 

independently of autophagy were in concert with other more recent studies 

(Maycotte et al., 2012, Eng et al., 2016).  As such, the mechanism of CQ as a 

cancer therapeutic is not as straightforward as originally proposed. Considering this, 
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the results of clinical trials should be reviewed with these insights as any beneficial 

properties of CQ may not be arising as a result of autophagy inhibition. Indeed, the 

emergence of more specific ULK1 and VPS34 inhibitors (Egan et al., 2015, 

Petherick et al., 2015, Ronan, 2014 #617, Dowdle et al., 2014)} will provide further 

insight into the potential of targeting autophagy pharmacologically in pre-clinical and 

possible future clinical trials. As such, this work supports rationale for autophagy-

independent based anti-cancer treatments.  However, there is clearly rationale for 

more specific autophagy inhibitors to help kill cancer cells.  In principle, these 

strategies could be further combined. 

6.1.iii  CQ efficacy is intricately linked to glucose availability 

In analysing the sensitisation properties of CQ, we examined its potential to 

sensitise to different nutrient and energetic conditions as typically found with a 

tumour mass (Reid and Kong, 2013). In doing these studies, interesting and 

unexpected interrelationships between CQ action and glucose metabolism were 

uncovered.  

In general, cancer cells have long been noted to have an altered metabolic profile in 

comparison to normal, healthy cells (Warburg et al., 1927, Warburg, 1956), 

preferentially relying on glycolysis as the main ATP production pathway. However, 

my findings here are seemingly at odds with this predominant addiction to glucose -- 

while CQ and serum starvation induced cell death, further withdrawal of glucose 

conferred protection against this response. In further support of these findings, the 

upstream glycolysis inhibitor 2-DG, also rescued cell death induced by serum 

starvation and CQ. However, more late-stage inhibitors of glycolysis (DCA and 

gossypol), did not confer the same protective advantage.  

Taken together, our studies suggested that early-stage inhibition of glycolysis 

interfered with the ability of CQ to target the cell. We have thus uncovered a 

previously undocumented glucose-dependent resistance mechanism to CQ.  Our 

finding also raises questions as to whether targeting the glycolytic pathway could 

really be a beneficial treatment strategy for all cancer contexts (for example, not 

recommended in combination with CQ).   

Indeed, advances in cancer metabolism have highlighted that tumour cells can be 

heavily reliant on alternative nutrient sources, such as glutamine, often termed 
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‘glutamine-addiction’, especially in glucose-low conditions (Le et al., 2012, Yang et 

al., 2009). Here, it was further confirmed that glutamine is an essential nutrient 

source maintaining cell viability under glucose-starved conditions. Interestingly, 

reliance on glutamine is correlated with increased expression of the oncogenic 

protein c-myc (Wise et al., 2008, Gao et al., 2009). 4T1 cells have been shown to 

have elevated c-myc levels over their less metastatic sibling cell lines (Tao et al., 

2008). Therefore it stands to reason that 4T1 cells would be more reliant on 

glutamine for cell survival. Based on our data and others showing glutamine 

addiction in certain cancer settings, there is further rationale to target glutamine 

metabolism alongside CQ treatment.  

6.1.iv  CQ-induced damage to the lysosome drives cancer cell death 

After determining that CQ action was intricately linked to nutrients, experiments 

were designed to identify the specific mechanism of resistance under glucose-

starvation. Possible roles of activating classical cell survival pathways including 

AMPK and AKT were ruled out. While there were observed increases in AMPK 

signalling after glycolysis inhibition, pharmacological activation of AMPK could not 

mimic the rescue on cell death. This was at odds with published work identifying 

AMPK to prolong cell survival under energetic stress and maintain cell viability under 

glucose-depleted conditions (Jeon et al., 2012, Chaube et al., 2015, Song et al., 

2014). We concluded that AMPK was not a major part of the resistance to CQ. 

Our work also determined AKT signalling to be a general survival signal but 

activation of this was not the basis of the specific glucose starvation-driven 

resistance. Our conclusion here was unexpected and in contrast to Gao et al., 2013, 

who demonstrated AKT was phosphorylated and activated in cells subjected to long-

term glucose starvation as a key survival signal (Gao et al., 2013). Comparison of 

our data summarised above with published work showing AMPK and AKT to be key 

survival signals under energetic stress highlights the wide variety of different 

mechanisms that can be hijacked by cells to endure and circumvent cytotoxic 

insults.  

Importantly, in exploring the mechanism of cell survival induced by glucose 

starvation, it was identified that CQ-mediated cell death was closely associated with 

lysosomal enlargement and damage. These studies demonstrated that CQ had a 

significant and conserved impact on lysosomal morphology and this was abrogated 
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by inhibition of glycolysis. Observations of CQ-induced lysosomal damage in both 

autophagy-competent and -deficient MEF supported our conclusions that CQ effects 

were not mediated through autophagy, but rather through lysosomal targeting. The 

specific glycolytic event that mediates cell survival has not as yet been fully 

determined. Targeted CRISPR knockout of HK2, the isoform of hexokinase shown 

to be up-regulated across multiple cancers (Coelho et al., 2015, Zhang et al., 2016), 

could not protect against CQ-induced lysosomal enlargement. It is possible that 

there were compensatory effects from other HK isoforms, and inhibition of all 

isoforms (as with 2DG) is required for full HK inhibition.   

We had hypothesised that under glucose starvation, CQ could no longer target the 

lysosomes and this could be the potential mechanism for cell survival and lysosome 

protection. Interestingly, the presence of glucose has been shown to be intimately 

linked to assembly of the v-ATPase pump, an essential component involved in 

lysosome acidification (Kane, 1995, Dechant et al., 2010, Sautin et al., 2005). 

Therefore, our initial rationale was that glucose deprivation could disrupt the acidic 

gradient and block CQ to access the lysosomal lumen. However, our studies using 

lysotracker dye showed that CQ still exhibited its de-acidification activity at the 

lysosome in all nutrient conditions, irrespective of glucose availability. This 

demonstrated that CQ targeting to the lysosome lumen was not affected by glucose 

starvation and thus was not the mechanism of survival promoted by glucose 

withdrawal.  

Taken together, our results from cell viability and lysosomal assays support a model 

whereby CQ enters the lysosome leading to rapid de-acidification and enlargement 

(damage). Further cellular stress, such as serum starvation, cooperates with the 

cytotoxic damage from lysosomal proteolytic enzymes leaking into the cytoplasm, 

together triggering a cell death pathway. Under glucose-depleted conditions, while 

CQ still rapidly de-acidifies the lysosome, swelling and leakage does not occur to 

contribute to cell death (Fig 6.1). This model highlights the unexpected nutrient-

dependent resistance mechanism to CQ.  In addition, this scheme begins to shed 

light on the mechanism of action linked to CQ anti-cancer activity.  
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Stress 

LMP 

Lysosome 

CQ Cell Death 

 Glucose flux 
Resistance 

CQ 

Lysosome 

Fig 6.1 A proposed model of CQ-mediated cell death and the potential 

for glucose starvation to promote resistance CQ leads to rapid 

deacidification and enlargement of the lysosome, and event which correlates 

with reduction in cell viability. However, in glucose-depleted conditions, the 

lysosomal swelling induced by CQ is abrogated, despite evidence of CQ 

activity at the lysosome. This protection of lysosome morphology correlates 

with a cytoprotective response in clonogenic assays. Thus our model 

suggests the glucose withdrawal inhibits CQ-mediated cell death, potentially 

through interfering with the process of LMP or lysosomes.  

??? 
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6.1.v  Glucose starvation blocks autophagy  

Separate from our data analysing CQ, we also identified intriguingly that glucose vs. 

amino acid starvation differentially regulated the autophagy pathway. While amino 

acid starvation appeared to activate proper autophagic degradative flux, glucose 

starvation induced biochemical signals that conversely indicated a block in 

autophagic flux. In examining acidification of the lysosome, we demonstrated that 

while serum or serum and amino acid starvation led to marked lysosomal 

acidification, glucose withdrawal did not activate the lysosome. These data fit with 

published work showing glucose is necessary for formation of the v-ATPase pump 

and proper activation of autophagy (Sautin et al., 2005, Dechant et al., 2010). Taken 

together, our data lead us to conclude that glucose starvation blocks autophagy flux 

in contrast with dogma (for example: evidence for glucose starvation inducing 

autophagy through AMPK signalling (Kim et al., 2011)).  However, other studies 

have also highlighted that glucose starvation in fact blocks autophagy flux (Ramirez-

Peinado et al., 2013, Moruno-Manchon et al., 2013). Our work in combination with 

others challenges the current prevalent model in which amino acid and glucose 

starvation represent alternate types of nutrient deprivation that both promote 

autophagy. 

6.1.vi  Quinoline compounds may be better re-purposed anti-cancer agents 

CQ belongs to a wider family of quinoline anti-malarial compounds. Therefore, the 

anti-cancer potential for these alternative quinoline drugs and whether they were 

also susceptible to nutrient dependent resistance was examined.  Both AQ and PQ 

have been suggested to be effective anti-cancer agents in vitro. AQ has been shown 

to block autophagy, impair acidification, and enhance cisplatin and amino acid cell 

killing in human A375 melanoma cells (Qiao et al., 2013). In oral squamous cell 

carcinoma KB, PQ demonstrated sensitisation capabilities to vinblastine (Kim et al., 

2013b). Interestingly, these compounds (despite similar parent chemical structure) 

displayed quite different profiles across the mechanistic assays used in this thesis 

(as summarised in Table 5.1). Equimolar concentrations of CQ, AQ, and PQ 

induced differential effects on the lysosome and cell death.  These clear differences 

point towards potent structure-activity relationships. Importantly, it was established 

that AQ was a more potent anticancer drug irrespective of nutrient supply and 

therefore may represent a better option for repurposing drugs in the quinoline 
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classification.  In this respect, AQ has a large aromatic ring (not present in CQ and 

PQ) attached to the central amine group, which may be driving different interactions 

in the cell.   

6.1.vii  CQ-induced cell death is a distinct form of LMP  

While CQ is being used in patients to help kill cancer cells, this compound so far has 

been linked to pleiotropic mechanisms of cell death (Lakhter et al., 2013, Zhu et al., 

2014, Liang et al., 2015). Therefore, we aimed to better define the pathway of action 

for CQ, for example, in relation to autophagy, lysosomes and glucose utilisation. 

Above, lysosomal damage and leakage was proposed as the key event for cell 

death (Figure 6.1). Exploration of classical cell death pathways through a series of 

experiments utilising pharmacological inhibitors of apoptosis, ROS-linked death and 

necroptosis aimed to confirm this.  The outcome of cell death assays concluded that 

CQ-mediated death did not rely on canonical apoptotic pathways. Thus, although 

speculative, if CQ was promoting alternative forms of cell death distinct from 

apoptosis, this could be further clinical potential for treating tumour cells with 

mutations to bypass apoptosis, for example, categories lacking p53 or other pro-

apoptotic machinery.  

If CQ was not driving apoptosis, it could be hypothesised that cell death induced by 

CQ in our system was closely linked to, or directly, LMP (Hasan, 2008).  Indeed, CQ 

has been linked to LMP in multiple cancer cells, including breast, neuroblastoma 

and lung (Liang et al., 2015, Seitz et al., 2013, Enzenmuller et al., 2013). However, 

in our studies, CQ induced a distinct set of responses that did not match those of 

other characterised LMP-inducing compounds (see Table 5.1). CQ induced severe 

lysosomal enlargement while both LLOME and CPX did not. In lysotracker assays, 

CQ and LLOME both rapidly de-acidified the lysosome, whereas CPX showed no 

activity in this assay. Furthermore, while CQ mediated lysosomal enlargement and 

de-acidification correlated with clonogenic cell death, LLOME treatment only 

induced cell death in combination with glucose starvation, despite no effects on 

lysosomal swelling. This is in contrast with our findings whereby glucose starvation 

confers a cytoprotective effect to CQ. As such, the LMP cell death triggered by 

LLOME was not dependent on any nutrient specificity. 

Due to the distinct patterns obtained using CQ and LMP inducers, we aimed to 

directly measure any changes or leakage of cathepsin activity after CQ treatment. 
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Using a digitonin extraction assay, it is expected that cathepsin activity leaking into 

the cytosol upon LMP would be detected (Groth-Pedersen et al., 2007, Jaattela, 

2015). However, with CQ treatment we observed an overall overwhelming 

quenching of cathepsin activity throughout the whole cell. In concert with the effects 

of CQ on lysosomal de-acidification, this reduction in cathepsin activity occurred 

independently of nutrient starvation. Further insight was gained by comparing CQ to 

LMP inducers in the digitonin assay. Again distinct patterns of results were observed 

across all compounds tested. These data indicated that CQ was not inducing LMP, 

at least not by classical markers of the pathway or by a mechanism similar to other 

established LMP inducing compounds.   

Our data from lysotracker and digitonin assays indicate that acidification of the 

lysosome is intricately linked to overall cathepsin activity. Drugs which induced 

lysosomal de-acidification did not cause any detectable leaked cathepsin activity 

indicative of LMP (CQ, AQ, LLOME), whereas those drugs which did not de-acidify 

the lysosome (CPX) gave some increases in cytosolic cathepsin activity, akin to 

LMP. Whether these data show that: 1) CQ does not induce LMP; or 2) that LMP 

cannot be detected because of dominant effects from CQ on lysosomal pH; needs 

further dissection. Alternative approaches are available for more sensitive detection 

of LMP.  

6.2  Future work 

As inconsistencies were observed when comparing CQ with the other known LMP 

inducers, further questions revolve around clarifying LMP as the mode of CQ-

dependent cell death in the 4T1 model. A recently described Galectin 3 approach 

(Aits et al., 2015b) may offer an alternative and more sensitive approach for 

detection of LMP. Here, stably expressed Galactin 3 translocates to leaky and 

damaged lysosomes e.g. during LMP. Alternatively, translocation of cathepsin 

enzymes from the lysosome to the cytosol can also be visualised by imaging (Boya 

et al., 2003, Maejima et al., 2013). Future studies would propose to next probe the 

interplay between CQ and LMP using these alternative methods.   

A question still also remains over the exact mechanism driving resistance to CQ 

under glucose-depleted conditions. We hypothesise the basis of this mechanism lies 

within metabolic switching of the cancer cells, and propose further work using 

additional glycolytic inhibitors to tease out the key stages of metabolic switch-over. 
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So far, early inhibition of glycolysis via glucose starvation or hexokinase inhibition 

promoted lysosomal functionality and cell survival. However, it should be considered 

that these metabolic steps also lie upstream of the pentose phosphate pathway 

(PPP) (Patra and Hay, 2014). Therefore, increased cell survival could be caused by 

a depression of the PPP, glycolysis, or both. This could be elucidated using 

inhibitors of PPP under the alternate nutrient conditions, for example, inhibition of 

the PPP rate limiting enzyme glucose-6-phosphate dehydrogenase. Two 

compounds dehydroepiandrosterone and 6-aminonicotinamide were recently 

evaluated as potent inhibitors of this enzyme (Preuss et al., 2013). Here, if cell 

survival was controlled by the PPP, blocking the PPP pathway using one of these 

drugs might offer same levels of protection to CQ as 2-deoxyglucose.    

In this regard, it would be intriguing to determine the metabolic pathway supporting 

survival in glucose-deplete condition. We would hypothesise this to be mitochondria-

dependent as we have already shown glutamine reliance for cell survival.  

Glutaminolysis has been shown to drive ATP production through direct access to the 

mitochondrial TCA cycle (Le et al., 2012). Furthermore, mitochondrial uncoupling 

has been shown to re-direct energy pathways towards glycolysis (Si et al., 2009). 

Therefore, it stands to reason that inhibition of glycolysis in cancer cells with 

metabolic plasticity would lead to increased mitochondrial metabolism.  

A potential study to confirm this would be to utilise TCA uncoupling compounds 

under glucose-deplete conditions, and then to examine the effect of these on 

lysosomal functionality and cell death. Examples of standard uncoupling compounds 

could be carbonilcyanide m-cholorophenylhydrazone (CCCP) (Hirose et al., 1974), 

carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (Benz and Mclaughlin, 

1983, Lou et al., 2007), or more direct TCA cycle enzyme inhibitors for instance α-

ketoglutarate dehydrogenase inhibitor, succinyl phosphonate (Bunik et al., 2005). 

Alternatively, use of a radio-labelled glutamine (as in (Le et al., 2012)) could be used 

to track increases in TCA cycle intermediates derived from glutamine under both 

glucose replete and deplete conditions.  

Based on the outcomes of in vitro studies outlined and discussed, further in vivo 

work exploring the translation of in vitro results to an in vivo setting is warranted. To 

examine the potential of upstream glycolytic inhibition to protect against CQ-induced 

cancer cell death in an in vivo 4T1 mammary fat pad model (Tao et al., 2008) two 
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potential lines of experimental methodology are proposed. Withdrawal of glucose 

conferred protection against CQ-mediated cell death in vitro, therefore to mimic 

these conditions in vivo a calorie restricted or low sugar diet may be utilised (to limits 

as allowed within ethical guidelines of animal work). Alternatively, a more direct 

method would be to use the glycolytic inhibitor 2-DG as used in in vitro studies; here 

if in vitro outcomes were to be translated in vivo, expected outcomes of these 

mouse models would show CQ to decrease tumour size while combination with 2-

DG would show no changes in tumour sizes.   
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