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Abstract 

Autophagy is a degradation process that removes proteins and organelles and 

culminates at the lysosome to degrade its “cargo”. The three types of autophagy are 

macro, micro and chaperone-mediated autophagy. Macroautophagy is an 

indiscriminate degradation pathway that degrades defunct organelles and protein 

aggregates into recyclable components for reuse in metabolism and replenishes amino 

acid reserves. Its activity is shown to be minimal at basal levels within the cell and 

more commonly associated with an intracellular stressors such as nutrient 

deprivation, hypoxia and amino acid deficits. However, it also responds to 

extracellular insults such as chemotherapeutics and radiation. It was generalised as a 

survival mechanism that maintains cellular homeostasis by removing cellular debris 

that could lead to genotoxicity and or cell death. Therefore, it was surprising that this 

protective mechanism would be upregulated in the context of cancer. It has been 

agreed that its role is contradictory and has also been shown to be context-specific. 

The current dogma suggests macroautophagy prevents carcinogenesis in the non-

transformed cell, but once the cell has transformed, it provides support and even 

facilitates chemoresistance. The exact mechanisms of this activity have been 

examined in this study in relation to mutant RAS. Initial gene array data collected 

from MCF10A transformed with HRASV12 resulted in the upregulation of 

approximately 60 macroautophagy-related genes. Macroautophagy was examined in 

a panel of breast cell lines with different RAS expressions such as mutant, null and 

activated wild type. This panel included normal mammary epithelial cell MCF10A 

with ectopic expression of HRASV12, RAS mutant breast cancer cell lines HS578T 

and MDA-MB-231 and a model of RAS activation in MDA-MB-468 breast cancer 

cell lines through EGF treatment. It was found that the expression of the crucial 

macroautophagy marker LC3-II was increased at basal levels for all transformed cell 

lines, and with extracellular stress induction, there was an increase in the LC3-II 

marker as expected except in those breast cancer cell lines with mutant RAS where 

expression did not alter. 

Further functional analysis of autophagic flux determined that autophagic 

activity was present at the basal level. When the RAS mutant breast cancer cell lines 
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underwent autophagic induction, this activity was suppressed, suggesting that in the 

context of these RAS perturbations, mutant cell lines cannot respond to “normal” 

induction ques to activate autophagy. This reliance on autophagy in these more 

aggressive cell lines was reflected in the patient, demonstrating that high expression 

of the LC3 isoform LC3B correlates explicitly to poor prognosis. Interestingly this 

was in contrast to the LC3A and LC3C isoforms, with their increased expression 

correlating to a better prognosis, suggesting that the LC3B isoform is associated with 

a pathologic form of autophagy. 

Several autophagic inhibitors were utilised to examine the importance of 

autophagy in cancer survival and growth to extrapolate the significance of this role of 

macroautophagy in further supporting mutant RAS. Given that macroautophagy is a 

stepwise process, it has numerous points where it can “potentially” be inhibited, and 

this is still an area of ongoing development. Two stages of the process that can be 

inhibited are at the initial stages through the inhibition of PI3KC3/VPS34, of which 

three drugs were examined, and the final stage of the autophagic process, which was 

inhibited at the lysosome using the VTPase inhibitor Bafilomycin A1. All 

transformed cell lines were sensitive to growth inhibition and cell viability compared 

to the control non-transformed mammary epithelial cell line with high sensitivity to 

3Ma-IV of the VPS34 inhibitors and an even higher sensitivity to Bafilomycin A1. 

These results highlight the importance of autophagy to oncogenic cell lines and the 

significance of the lysosome.  

The lysosome, as previously mentioned, is a hub for all three autophagic 

processes, so the scope of the study was broadened to include chaperone-mediated 

autophagy, which has known crosstalk with macroautophagy. Chaperoned-mediated 

autophagy (CMA) differs from macroautophagy because it discriminates and targets 

specific proteins for degradation. The key effector of chaperone-mediated autophagy 

is Lamp2A, which resides on the lysosome. This study has shown that Lamp2A is 

expressed in all RAS mutant breast cell lines but demonstrated a clear trend based on 

molecular subtypes, which was observed to be significantly upregulated in the triple-

negative subtypes. The biological relevance of this increase in chaperone-mediated 

autophagy was examined with the development of a doxycycline inducible-shRNA 

against Lamp2A specifically. The functional studies examined the viability and 

metastatic potential in three oncogenic triple-negative subtypes and one normal. The 
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results demonstrated that chaperone-mediated autophagy activity has a pivotal role in 

the three oncogenic triple-negative subtypes cell lines compared to one normal, with 

all biological aspects significantly impacted by the knockdown of Lamp2A. This 

research has demonstrated the importance of chaperone-mediated autophagy and 

postulates that it targets specific substrates, directly regulating the cancer cell's ability 

to proliferate, migrate, invade and colonise. 

In summary, this research has demonstrated that macroautophagy supports RAS 

activity in the context of mutation and exposes itself as a viable biomarker for 

combination treatment with autophagic inhibitors. In concert with these findings, 

chaperone-mediated autophagy has also revealed itself to be a fundamental regulator 

in the metastatic phenotype. There are no viable treatment options to inhibit 

chaperone-mediated autophagy, but the development of these is warranted. 

Chaperone-mediated autophagy has also revealed itself  as a significant potential 

treatment target not only for breast cancer but also for metastatic disease 
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Chapter 1: Literature Review 

1.1 BREAST CANCER – THE CURRENT LANDSCAPE 

 

Breast cancer is the second most common cause of death among women; it is 

estimated that 1 in 7 women will be diagnosed with breast cancer, and an estimated 3102 

women will die from breast cancer in Australia in 2021 [1]. Furthermore, breast cancer is 

currently the most commonly diagnosed cancer in persons of all ages in Australia, with an 

incident rate of 67.8 per 100,000, ranking above prostate and skin cancer [1]. The 

development of metastatic breast cancer occurs in approximately 10% of patients who 

have been diagnosed with localised and regional diseases. The burden of disease is 

defined as the loss of life earlier than expected and the loss of healthy years due to disease 

and disability. Breast cancer ranked as the top and second to lung cancer in years lost to 

cancer or ‘years of disability’ [2]. The five-year relative survival rate has increased 

significantly over the last 60 years, from 25% to 100% with stage I, 94.6% at stage II, 

80.6% at stage III and a rapid decline to 32% at stage IV [1, 2]. These statistics are notable as 

approximately 5% of women are diagnosed at stage IV, and approximately 10% of 

patients who have been diagnosed with localised and regional diseases will develop 

metastatic breast cancer [1]. The breast cancer incidence rate has also increased and is 

forecast to continue to rise in the future [1]. This increase in diagnosis at the earlier stages 

of breast cancer development has resulted in a decline in cancer-related deaths. Current 

data from the Australian Institute of Health and Welfare (AIHW) has shown that 80% of 

breast cancer diagnoses were at stages I and II [1, 2]. This apparent increase in incidence 

may reflect the improvements in the sensitivity and population-based screening for breast 

cancer and, therefore, the associated rise in diagnosis. Enhanced community awareness of 

the problem, leading to increased numbers of women being screened, has subsequently 

contributed to the effectiveness of current breast cancer foundations and breast cancer 

screening initiatives. Collectively the improved survival rates at these earlier stages are 

reflective of, earlier diagnosis, which has led to more treatment options and combined 

with the improvement in available therapies for patients. 
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The financial cost of breast cancer to the Australian national health care system was 

more than $1,056 million per annum in 2020 and is predicted to increase. Other developed 

countries replicate these Australian figures; however, the survival rate in poorer countries 

is impacted by a lack of infrastructure to support early prevention programs, and, as a 

result, breast cancer survival rates are significantly decreased, for example, to 60% in 

India and 44% in Africa. These reduced survival rates in lower socioeconomic countries 

are of genuine concern as breast cancer is the most prevalent cancer globally and, in 2020, 

resulting in 685,000 deaths [3]. As many of these deaths are preventable, the World 

Health Organisation has started the Global Breast Cancer Initiative, a program to reduce 

breast cancer deaths by 2.5% per annum from 2020 to 2040, equating to a total of 2.5 

million deaths prevented [4-8]. The patient statistics indicate that the need for research in 

breast cancer, particularly metastatic disease, is still very much warranted as the number 

of patients with breast cancer continues to rise with our ageing population. 

 

1.2 BREAST CANCER BIOLOGY - AN OVERVIEW 

 

1.2.1 Carcinogenesis 

 

Breast cancer development is associated with several risk factors, including age. For 

example, people over 55 years are at higher risk. Females are one hundred times more 

likely to develop breast cancer than males and are twice as likely to get breast cancer if 

she has a female relative of the first degree that has been affected [9-13]. Other risk 

factors include obesity, a long menstruation life cycle due to beginning menarche before 

12 years old and late menopause after 55 [14-16]. Excessive consumption of alcohol, 

extended use of hormone replacement therapy for more than 15 years, contraceptive pill 

use and not having children or breastfeeding, previous history of breast hyperplasia and 

exposure to chest radiation are other common risk factors [17-25]. In addition, breast 

cancer can be inherited and is associated with mutations, this group accounts for 10% of 

all breast cancers, and of those, 25% are related to BRCA1 and BRCA2 gene mutations 

[26-28]. Thus, due to one or several risk factors, mutations will occur in a cell. By simple 
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definition, breast cancer results from genetic mutations in cells within the mammary 

tissue. The cancers themselves are identified by the cell they arose from, so carcinomas 

arise from epithelial cells in the lobules or ducts [29, 30]. In contrast, sarcoma arises from 

the connective tissue compartment’s stromal cells, including blood vessels and 

myofibroblasts [31, 32]. The pathological features further differentiate the cancer 

nomenclature. If the cancer is non-invasive, it is commonly referred to as ‘in situ’ because 

it has not moved beyond where it has arisen, whereas ‘invasive’ refers to the spread of 

cancer into neighbouring tissue and ‘metastatic’ refers to when the cancer cells have 

spread to secondary sites. Patient prognosis and treatment decisions will be guided by the 

intrinsic subtyping of the breast cancer and the TNM staging system. The TNM staging 

system is a clinical tool developed by the American Joint Committee on Cancer that 

enables clinicians to determine the patient cancer stage by tumour size (T), lymph node 

involvement (N) and metastasis (M) [33]. This system has been used for many decades, 

with the latest updates to the system made in 2018. Updates such as the inclusion of the 

intrinsic biomarkers ER, PR and HER2 as part of the evaluation process guide the cancer 

stage in conjunction with TNM [34, 35]. Breast physiology lends itself to being a 

transformation ‘paradise’ as it is an area of constant change and adaption, with changes 

observed in the breast during puberty, pregnancy and lactation. For these changes to 

occur, strong endocrine signals activate and maintain proliferation and growth pathways 

when the breast environment is victim to several genetic events resulting in genetic 

mutations. The consequence is activation of proto-oncogenes or the loss of tumour 

suppressor genes and usually a combination of both. These cells no longer have controls 

to regulate them, so they gain and accumulate attributes as defined by the ‘hallmarks of 

cancer’ to facilitate their survival and thrive [36]. 

 

1.2.2 Intrinsic breast cancer subtypes 

 

Breast cancer results from numerous genetic mutations, and clinically breast cancer 

has been grouped and classified by its intrinsic molecular characteristics, which have 

since been used in combination with TNM staging [37] to predict prognosis and direct 

treatment strategies [38-42]. The ability to determine a patient’s outcome based on 

cancer’s molecular profile mean that these attributes can be targeted for treatment, 
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explaining why triple-negative has the worst prognosis, as it lacks the expression of these 

targets. The initial molecular characteristics used to define breast cancers subtypes are the 

presence or lack thereof of estrogen (ER), progesterone (PR) and human epidermal 

growth factor receptor 2 (HER2). The breast cancer subtypes as classified clinically are  

Luminal A (LA), which is positive for ER, and PR and HER2 negative, which has the best 

prognosis. The Luminal B (LB) subtype is ER-positive, PR positive or negative and 

HER2 positive and has an intermediate prognosis. The HER2 subtype is ER, PR negative, 

and HER2 positive and has a poor prognosis, and the final subtype is in the triple-negative 

(TNBC) subtype, which has the worst prognosis and is negative for all receptors [41, 42] 

(Figure 1.1). These subtypes have been further stratified to include ‘Normal-like’, which 

has the same PR, ER and HER2 status as LA, but its gene expression profile is the same 

as normal breast profile and has an intermediate prognosis, making it slightly better than 

LB. The triple-negative subtype has been further divided into basal-like and claudin-low 

(often called basal A and basal B, respectively). Although both are negative for receptor 

presence, basal-like is observed to express EGFR receptors, and the claudin-low subtype 

is as described low in claudin with increased mesenchymal features, particularly vimentin 

expression [43, 44]. These molecular characteristics have proven to be indicators of 

relapse-free survival, overall survival, recurrence, and guide treatment options for 

clinicians [45].  

 It was later determined that this TNBC stratification was limited due to the high 

heterogeneity of TNBC. As a collective, TNBC has a poorer survival rate and is more 

common in younger women, making its correct treatment important. The older 

stratification system provided the information required to choose the most appropriate 

treatments. With specific cluster analysis of the TNBC tumour sample, a new group of six 

TNBC’s cellular subtypes were defined based on their particular gene expression 

signatures [46]. The six defined TNBC groups are: basal-like 1 (BL1), defined by 

upregulation of cell cycle, DNA repair and proliferation genes, and the basal-like 2 (BL2) 

group show an increase in growth receptor signalling pathways. The Immunomodulatory 

(I) group has increased gene expression of immune signalling pathways, and the 

mesenchymal-like (M) group demonstrate elevated cell motility and migration signalling. 

The mesenchymal stem-like (MSL) group has downregulation of proliferation markers 

but has an increase in stemness genes, and the luminal androgen receptor (LAR) group 

have an upregulation and activation of hormone receptor signalling.  
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There is still some conjecture regarding the current clinical and cellular TNBC 

subtyping, and much of the literature uses the subtyping interchangeably, with most 

retaining the old cellular subtyping of basal A and B, but there has been recent debate 

about the validity of basal B/claudin-low subtype [47]. The identification of heterogeneity 

suggests that the use of the old subtyping may not be as robust or clinically relevant as 

once considered. In combination with more recent studies, reclassifying the breast cancer 

cell into the six molecular subtypes indicate it will be more likely that the classification 

criteria for the TNBC subtyping will shift. Although there is still some debate on the 

current six subtypes and whether they could be refined to four, as described by Burstein et 

al. [48], who refined the groups after performing gene profiling into four groups. These 

four subtypes are luminal androgen receptors (LAR) with high androgen receptors and 

cell surface mucin. The Basal-like immunosuppressed (BLIS) subtype has a high VCTN1 

immune (TCell) inhibitor expression. The Basal-like immune-activated (BLIA) subtype 

has increased the expression of cytokine and STAT signalling molecules. The final 

subtype is the mesenchymal (MES), which has an upregulation of PDGFRα and cKit 

receptors. 

 More recently, the Fudan University Shanghai Cancer Center (FUSCC) 

classification, as described by Liu et al., has defined TNBC subtypes with mRNA and 

included lncRNA [49]. The four subtypes defined by FUSCC are: immunomodulatory 

(IM) subtypes, which have an increased expression of immune and cytokine signalling 

genes; the luminal androgen receptor subtype (LAR) subtype has a high expression of 

androgen receptor genes; the mesenchymal-like subtype (MES) subtype, which has an 

upregulation of growth signalling pathways; and, the final subtype which has basal-like 

and immune-suppressed (BLIS), increased DNA repair and cell cycle genes in 

conjunction with suppression of immune signalling gene. The inclusion of the lncRNA is 

suggested to provide a more robust subtype grouping that could lead to definitive 

biomarkers  [46], so it is hoped that there will be a decision about the grouping. The issue 

surrounding this shift is that the subtypes are based on mRNA expression and thus may 

not be reflective in immunohistochemical analysis. From a clinical perspective, gene 

expression profiling is currently not feasible, so either technology needs to advance to 

support personalised medicine in the clinic, or there need to be newly defined markers for 

these subtypes to be used for traditional immunohistochemical staining [50]. These 

changes in the subtypes have arisen from apparent discrepancies in the results of patients 
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based on the original basal A and basal B criteria. What has since been established is that 

the TNBC subtype is highly heterogeneous. As technology develops and the ability to 

examine gene and ontology profiles expands, we can identify the cellular populations 

within the TNBC.  This exploration of the TNBC heterogeneity has led to the refinement 

of Lehman’s grouping in Burstein’s model 2 of each of Lehman’s subtypes that are found 

within the one group. Liu’s subtyping expanded further to show that all the Lehman’s 

subtypes exist within a group but at different ratios, reflecting TNBC heterogeneity. To 

date, there is a need to find more specific biomarkers for the TNBC subtypes to group 

them by to accurately stratify patients and ultimately guide effective treatment [51-54]. 

 In respect to the cell lines used in this study and comparing Lehman et al. subtypes 

to the original grouping, basal-like/basal A is equivalent to basal-like 1/BL1-MDA-MB-

468 breast cancer cell lines, and claudin-low/basal B is equivalent to the mesenchymal 

stem-like/MSL -Hs578T and MDA-MB-231 breast cancer cell lines or mesenchymal-

like/M-BT549 breast cancer cell lines. To date, in respect to FUSCC classification, only 

the following cell lines have been classified as the MDA-MB-231instead are IM, and the 

Hs578T instead are LAR [46, 49, 55]  

Breast cancer biology is an ever-evolving field of knowledge that attempts to 

understand processes in play during transformation to oncogenesis and finally metastasis. 

After many decades of research, what has become apparent is that at each of the stages 

and subtypes is a different set of underlying processes and molecules at play, which varies 

again depending on the cell of origin. This complexity and heterogeneity have helped 

explain why treatment options have not applied to all breast cancers, as they are not alike. 

Therefore, it is necessary to understand the different mechanisms that underpin breast 

cancer progression, metastasis and heterogeneity. In addition, identifying more specific 

targets will aid in the development of new treatments, improve the efficacy of current 

treatments and seek to reduce adverse side effects associated with such treatments. 
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Figure 1-1 Breast cancer intrinsic/molecular subtypes 
Breast cancer is divided into subtypes based on the presence or absence of defined 

biomarkers; Hormone receptors (HR) which include Progesterone (PR), Estrogen (ER) 
collectively, Human Epidermal growth factor receptor 2 (HER2), along with proliferation marker 
Ki-67, in conjunction with imaging techniques are used clinically to direct treatment strategies 
and estimate prognosis. As depicted above, the subtypes include: Luminal A, Normal-Like, 
Luminal B, HER2 and TNBC, ordered from best prognosis to worst prognosis due primarily to 
the fact that the expression HR and HER2 receptors have allowed for targeted treatment. The 
TNBC subtype continually evolves at a cellular level as specific biomarkers are determined. 
TNBC subtypes are Basal-like/TNBC and claudin-low/TNBC these are still clinically relevant. 
However, there is growing research into refining these TNBC subtypes further to reflect the 
heterogeneity of this group. So a model by Lehmann has identified six cellular subtypes [46]. 
Then Burstein refined this further, showing cellular subtypes that were combinations of 
Lehmann’s [48] and finally the FUSSC classification that expanded the gene expression profiling 
further to include lncRNA, which has also identified four cellular subtypes; interestingly, these 
four subtypes are shown to have varying ratios of all six of Lehmann’s subtypes [49]. 

                                                                  Adapted from “Intrinsic and Molecular Subtypes of Breast Cancer” by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates 

 

 

 

https://app.biorender.com/biorender-templates
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1.3 BREAST CANCER AND RAS - UNLIKELY ALLIES 

 

Regardless of where it has originated, cancer development is made possible and 

expedited by the incidence of driver mutations referred to as proto-oncogenes that result 

in a gain of function, or alternatively by tumour suppressor genes, which result in loss of 

function or both gain and loss. These gain of function attributes are associated with genes 

that regulate and drive cell growth and proliferation. Whereas tumour suppressor genes 

restrict cell growth cell cycle regulation and drive apoptosis. Mutations can be derived 

somatically, arising in a single cell and passed to its progeny and only that cell lineage. In 

comparison, germline mutations arise in gametes and are present in all cells and can be 

inherited and passed on to offspring. Mutations in breast cancer and cancers generally are 

somatic variants, and germline variants are less common [56]. Furthermore, it was shown 

that these differences might be correlated with age as there was found to be a higher 

expression of cancer-related genes affected by germline mutations in a younger age 

group. In contrast to the germline mutations observed in a younger demographic, these 

same increases in cancer-related genes effects were due to somatic mutations in the older 

age group [57]. These findings support clinical data where most of the younger women 

affected by breast cancer have BRCA1/2 germline mutation, though it is important to note 

that a BRCA1/2 can also be somatic [58]. This oncogenic transformation has been the 

focus of much research and has led to the discovery of numerous genuine oncogenes. For 

example, oncogenes often observed in breast cancer include ErbB2/HER2, c-MYC, 

PIK3CA, Cyclin D1 and Cyclin E. Some of the tumour suppressors commonly observed 

are RB, TP53, and PTEN, but not limited to these [59, 60]. Examining these oncogenes 

and identifying new ones has indirectly yielded insights into cancer mechanisms where 

these oncogenes are pivotal [61, 62]. 

In addition, there has been the identification of cancers that are suspectable due to 

their driver mutation, so in this respect, much work has focused on several targeted 

treatments for this scenario. An example is the epidermal growth factor receptor (EGFR). 

Activation of this receptor leads to intracellular signalling for proliferation and 

differentiation and, therefore, EGFR mutation leads to uncontrolled cell proliferation. 

This type of mutation is a frequent driver in lung cancer development and progression 

[63]. This knowledge has led to targeted therapy toward EGFR. Furthermore, it was 
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observed to be a favourable treatment for chemoresistance of the non-EGFR mutant lung 

cancer cell. The rationale for targeting EGFR in non-EGF mutated cells is that it was 

observed that in lung cancer that it becomes resistant to frontline treatment by gaining 

EGFR mutations, and therefore the use of EGFR inhibitors in this context, combined with 

first-line treatment, improves efficacy [63]. However, EGFR inhibitors have yet to be 

proven efficacious in breast cancer treatment. 

Another driver mutation is Rat sarcoma virus (RAS), which is a family of three 

genes that transcribe four proteins; Neuroblastoma RAS viral oncogene homolog 

(NRAS), Harvey rat sarcoma viral oncogene homolog (HRAS), Kirsten rat sarcoma viral 

oncogene homolog (KRAS), two isoforms KRAS4A and KRAS4B. Collectively all the 

RAS proteins function within the cell as a molecular switch responsible for activating 

many pathways involved in proliferation, cell cycle regulation and growth [64]. KRAS is 

a frequent driver mutation in pancreatic cancer, so theoretically, it should have responded 

to targeted treatment. To date, there is no specific treatment for RAS but rather targeting 

downstream effector pathways; however, most treatment responses have been obstructed 

by resistance [65, 66]. It has been suggested that a strategy to circumvent resistance is to 

simultaneously treat with multiple agents against different driver mutations [67, 68]. 

Curiously, breast cancer has limited mutations within the RAS oncogenes, including 

KRAS, HRAS and the NRAS isoforms. KRAS is observed more in breast cancer than 

HRAS, with NRAS being the least frequent. Although these incidences have been 

somewhat called into question, studies have shown there is a nominal frequency of KRAS 

mutations in TNBC as previously described [69]. Recently, the expression of mutant 

KRAS was shown to facilitate the epithelial cell differentiation to the mesenchymal 

claudin-low phenotype (TNBC) [70]. Furthermore, there is a recent suggestion that the 

presence of KRAS in TNBC is a favourable prognostic marker for breast cancer patients' 

overall survival and disease-free survival in all breast cancer and TNBC [71]. Moreover, 

the KRAS expression did not correlate with KRAS mutation and was observed equally in 

the high KRAS expression group compared to the low KRAS expression group; however, 

only the high KRAS conferred this survival advantage. This suggests that the upregulation 

of KRAS is independent of a mutation in breast cancer, and the effects are equal to or 

better than a mutation. Thus, the patient data confirms that RAS is not a driver mutation in 

breast cancer and is often hyperactive in many breast cancer cell lines resulting in the 

same upregulation as that seen with a KRAS mutation [72, 73]. However, this lack of 
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RAS mutation is not essential given that the RAS hyperactivation is an adequate 

substitute and possibly better as its presence is not as prominent but has the potential to be 

just as impactful if it increases to this level. In conclusion, patient data does suggest that 

treatments focused on downstream targets of RAS may be a therapeutic option in 

instances of RAS hyperactivation in breast cancer and therefore warrant further 

investigations [74]. 

 

1.4 BREAST CANCER METASTASIS - HOW THIS MOVES THE 

STORY 

 

Breast cancer survival is more likely at lower grades, such as stages I through to 

stages III, but once breast cancer progresses to stage IV, it has spread to a distant site 

referred to as metastasis and survival rates and prognosis are abysmal at approximately 

30% [1]. The rationale behind this decline is that metastatic disease is not receptive to 

most frontline chemotherapies and is further compounded by the consequence of the 

distant organ affected. The incidence of recurrence is correlated to breast cancer subtype, 

with HER2 and TNBC having the highest incidence of recurrence. HER2 was found to 

present with local recurrence, whereas TNBC was a regional recurrence. LA and LB 

subtypes returned after a protracted time frame [75]. Regarding breast cancer, the most 

common sites for organ tropism are observed to be bone, brain, liver and lungs. However, 

it is suggested that the subtypes can be associated with specific recurrence sites. It has 

been observed that overall, bone is the most common site of recurrence, particularly in the 

LB subtype, whereas visceral recurrence (including lung, liver, CNS, bone marrow and 

others) had the highest incidence in HER2 and TNBC, and nodal positivity was highest in 

TNBC and more commonly resulted in recurrence in CNS. Intriguingly there was an 

increase in visceral recurrence in the HER2 subtype in response to chemotherapy 

treatment higher than TNBC [76, 77]. It is worth noting that these findings were collected 

prior to the implementation of treatment with the adjuvant trastuzumab for the HER2 

subtype. However, when more recent data was reviewed, there was a significant increase 

in relapse free-survival (RFS), although some noted adverse effects with specific frontline 

treatment, particularly anthracyclines. Still, this drug family has grown to include the 

newer generation of pertuzumab. However, 25% of patients still relapse and resistance is 
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a problem, so this is still very much an evolving landscape with many promising 

interventions being tried [78-83]. Cancer development is a stepwise process, with each 

additional mutation adding further attributes to benefit its survival and progression [84]. It 

is essential that each step is fulfilled for cancer that seeks to spread beyond its boundaries 

and progress to metastatic disease. At the fundamental level, the cancer cell must gain 

enough attributes to move from the primary tumour into adjacent tissue, and adaptations 

are required to move to a distant site [83].  

An overview of the process (Figure 1-2) and the steps required for the metastatic 

process to occur highlights the attributes required by the cell to progress to a secondary 

site. In step one, the cancer cell disseminates, invading into local surroundings. This 

process requires the cell to make morphological changes to evade apoptotic cues in 

response to the breaking of epithelial junctions. Also, it needs to gain the ability to 

physically migrate and invade the surrounding tissues. The cell will gain these attributes 

by becoming undifferentiated and mesenchymal in the epithelial to mesenchymal 

transition. In step two, intravasation, cancer cells enter the blood and lymphatics vessels; 

this may be an existing nearby vessel or new vessels recruited to the tumour. In step three, 

cancer cells enter the lymphatic/blood circulation; of those that enter the vasculature, only 

a few will survive due to shearing force of the circulation fluid or destruction by an 

immune cell. The cancer cell has been shown to release factors that recruit platelets to 

aggregate around them to shield them, aid with extravasation by facilitating attachment to 

the endothelium, and release factors that aid cancer cell change and prepare the micro-

environment [85, 86]. In step four, the cancer cell leaves the circulation via a process 

referred to as extravasation. As mentioned previously, this is facilitated by the platelet 

aggregation or emboli to allow for attachment or occlusion of the blood vessel at a distant 

site. The cancer cell will secrete factors to enable it to extravasate the endothelial layer. 

The aspect that is not clearly understood is that this appears not to be a random event 

where the cancer cells extravasate, as there is definite organ tropism for each cancer, with 

breast cancer having a higher propensity for metastases to the lung, bone, brain and liver. 

There is evidence that this is facilitated by chemokine signalling with chemokine receptor 

and ligand interaction for the cancer cell to find its specific metastatic site. In breast 

cancer, the chemokine receptor CXCR4 is highly expressed and migrates to its ligand 

CXCL12, which is highly expressed in bone marrow, brain, lung and liver [87].  In step 

five, the cancer cell arrives at the distant site, which has been prepared for its arrival, with 
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the primary site releasing growth factors and integrins on their own or integrins within 

exosomes to the distant site to prepare the area for colonisation by cancer cells, referred to 

as the pre-metastatic niche [88, 89]. Finally, the cancer cell will go on to form 

micrometastasis. The cell may become dormant at this stage, resulting in a latency period 

and may not proliferate until a later date of even ten years or more after initial seeding 

[90, 91]. Alternatively, the micrometastasis may continue to proliferate to form clinically 

detectable macrometastases (Figure 1-2). It is apparent from the metastatic process 

outlined that the primary cancer cell is starkly different to the cell that has been able to 

fulfil this process, which is why much research is focused on understanding the 

mechanisms involved. To aid the development of targeted treatment, the biggest obstacle 

to date is that therapies for the primary tumour have limited to no efficacy on its 

metastatic derivative and may even exacerbate its growth and survival [83, 92-97]. One of 

the most necessary adaptions is cellular plasticity, EMT, and conversely mesenchymal to 

epithelial transition (MET), which is a necessary process, given that most cancers arise 

from epithelial cells (Figure 1-2). As a result, the epithelial cancer cell can change to a 

mesenchymal phenotype. The mesenchymal adaptation allows the cell to invade and 

migrate, essential capabilities for the cell to move to a distant site. In reverse, once the cell 

arrives at the secondary site, it will undergo MET as this phenotype is more advantageous 

for colonisation as it requires adherence and tight gap junctions to reach its growth 

potential [98, 99]. 
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Figure 1-2 Metastatic breast cancer 
The stepwise process of metastasis: Step 1- breast cancer cell begins to invade 

tissue; Step 2- breast cancer cell undergoes EMT to facilitate intravasation; Step 3- 
breast cancer cell enters systemic or lymphatic circulation to travel to a secondary site; 
Step 4- breast cancer cell extravasate the circulation to “pre-metastatic niche”; Step 5-
breast cancer cell undergoes MET to develop into micro/macrometastases. Organ 
tropism of breast cancer is brain, lung, liver and bone. 
                                                                                                                          Created with BioRender.com                                                                                                                                                                                                   
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Therefore, experimentally, invasion, migration and colonisation assays are used to 

study the major steps in metastasis; examples include wound healing, invasion outgrowth, 

colony formation and chemomigration assays. This thesis uses these and others for in 

vitro evaluation of metastatic cell attributes. In addition to these assays, numerous 

biomarkers can be examined, for example, in EMT biomarkers such as loss of E-cadherin 

and gain of vimentin, N-cadherin, with the reverse being an indicator of MET. In addition, 

changes to transcription factors that regulate these biomarker expressions, such as Zeb1, 

Snail and Slug, allow researchers to analyse a cell's capacity to fulfil the metastatic 

process or lack thereof. 

The focus on identifying biomarkers of metastasis has been an area of ongoing 

focus. As a means of preventing or treating metastatic disease through personalized 

medicine, for example, the increased gene expression of interleukin -1β occurs in breast 

cancer that metastasises to the bone [100]. Pertinent to this thesis, a recent study 

comparing matched sample pairs from the patient’s primary and metastatic sites examined 

the genetic profiles to identify novel markers for metastasis. One major pathway 

significantly altered was the autophagy pathway, which was significantly upregulated in 

the metastatic samples compared to the primary site [101]. Since nearly all breast cancer 

patients’ deaths are attributed to metastasis, it highlights the importance of identifying 

these novel targets and pathways to improve survival outcomes. 
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1.5 AUTOPHAGY - WHAT WE KNOW TO DATE 

 

Autophagy is a highly conserved process that translates to “self-eating” from Greek 

and represents a catabolic process where proteins, organelles, and other cellular 

components are degraded into recyclable units and released back into the cell. Currently, 

numerous forms of autophagy exist, including macroautophagy, which mediates the 

degradation of cellular components through the bulk engulfment of proteins, organelles, 

and macromolecules non-selectively. By forming the autophagosome around the “cargo”, 

it interacts and fuses with the lysosome, thus forming the autolysosome where the 

degradation occurs (Figure 1-3 and Figure 1-4). Furthermore, macroautophagy has 

specific variants dependent on the cargo, such as mitophagy, which is the select 

movement and degradation of the mitochondria. Ribophagy involves removing and 

degrading ribosomes, lipohagy is the removal of lipids and aggrephagy is the removal of 

aggregated proteins. Microautophagy involves selective proteins containing the KFERQ 

amino acid motif and or bulk degradation of protein and smaller molecules through 

endocytosis into endosomal multivesicular bodies that enter the lysosome or are secreted 

from the cell (Figure 1-3). Chaperone-mediated autophagy involves the selective targeting 

of proteins with a KFERQ amino acid motif, which is facilitated by the translocation of 

the protein across the lysosomal membrane (Figure 1-3 and Figure 1-6). With the 

identification of the various types of autophagy and the advancement of research within 

respective types, it is apparent that these processes have roles to play in many pathologies. 

So further understanding of the mechanisms underpinning their functions could lead to 

treatments for many pathological states [102-104]. 
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Figure 1-3 Types of  Autophagy 
Schematic overview of the different types of autophagy. (A) Macroautophagy is the 

bulk degradation of proteins and organelle indiscriminately with the formation of the 
autophagosome around the cargo, which fuses with the lysosome to enable cargo degradation. 
(B) CMA is the sequestering of proteins with a KFERQ motif targeted by HSC70 and its co-
chaperones, whereby they deliver the protein to Lamp2A at the lysosome membrane, where it 
is unfolded and translocated into the lysosome for degradation. (C) Microautophagy involves 
the collection of indiscriminate proteins or targeted proteins with the KFERQ motif that 
HSC70 delivers, and its co-chaperones all are encapsulated in the MVB to be taken to the 
lysosome for degradation, secreted in endosomes at the plasma membrane or fuses with the 
autophagosome to form an amphisome and delivered to the lysosome for degradation. The net 
result of all processes except endososmal secretion is to provide recyclable molecules back into 
the cell. 

 
                                                                                                                  Created with BioRender.com     
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1.6 MICROAUTOPHAGY- THE SMALLEST OF THEM ALL 

 

Microautophagy was described in mammalian cells half a century ago, but its 

identification in yeast has been more recent within the last two decades and has been 

instrumental in providing much of the knowledge in this area [105-107]. This autophagy 

differs from the other types in that it can facilitate targeted and indiscriminate protein 

degradation and is specific to proteins and smaller molecules. Also, it involves the late 

endosomal system encapsulating its cargo to form an endosomal multivesicular body 

(MVB) formed by the endosomal sorting complexes required for transport (ESCRT). 

From here, there are a few routes the MVB can follow, including fusing with the 

lysosome to enable content degradation, or the MVB can fuse with the autophagosome to 

form an amphisome that is subsequently taken to the lysosomes. It is worth noting that 

these functions have more recently been termed endosomal-microautophagy (eMI) [108]. 

When the contents are secreted from the MVB in endosomes at the plasma membrane, 

this is an exocytosis function, specifically not an autophagic process [109, 110]. 

Microautophagy can also sequester proteins specifically with the assistance of HSC70 as 

the co-chaperone with the protein targeted by its KFERQ motif. Although, the similarity 

shared between microautophagy and chaperone-mediated autophagy (CMA) regarding 

protein targeting would suggest some redundancy between the processes. It has been 

observed that the two can be discriminated, as microautophagy does not require the 

molecule Lamp2A, which is needed for CMA. Moreover, initial studies have noted that 

microautophagy will also uptake aggregates and proteins that will not unfold upon entry, 

unlike CMA, where the proteins are unfolded and then pass across the lysosomal 

membrane. It was observed that the presence of the KFERQ motif alone was insufficient 

to target it to be sequestered by microautophagy, so it would indicate there are other 

requirements which will be identified as research in this area progresses [105, 108, 110]. 

The research into microautophagy is still limited, but it has been observed that it similarly 

responds to starvation as macroautophagy but is independent of MTORC1 inactivation. Its 

role in this context was to replenish essential macroautophagy components required for 

autophagic processing, such as receptor proteins P62 and NRB [111-113].  
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On the other hand, a similar study in yeast showed that MTORC1 inactivation was 

responsible for the activation of microautophagy, and in this context, it was observed to 

recycle vacuole proteins for degradation and, as such, is vital in vacuole biogenesis [114]. 

In addition, it was shown that microautophagy facilitates the secretion of GAPDH into the 

plasma membrane surface and extracellular matrix during starvation to capture iron. It is 

further suggested to be a means by which microautophagy rids the cell of toxic proteins 

[115]. Another recent observation suggests that CMA, microautophagy and exosome 

release are under the same regulators as their activity was found to be mutual to 

protect/maintain the cell's proteostasis. However, it should be noted that the 

microautophagy in focus was targeted, not indiscriminate [116]. There is some 

preliminary evidence to date that it presents a beneficial process in maintaining neuronal 

health and may prevent degeneration related to Alzheimer’s disease [117]. However, as 

more research is still to be undertaken in microautophagy, the current landscape is likely 

to change. 

 

 

1.7 MACROAUTOPHAGY-THE INDISCRIMINATE MEMBER 

Macroautophagy (hereafter referred to as autophagy) is the most researched of all 

the autophagic processes. This has been aided by the fact that it is highly conserved 

between yeast and mammals. An indiscriminate degradation process involves de novo 

synthesis of a double-sided membrane called the phagophore that extends around its cargo 

to encapsulate it and form the autophagosome. The formation of the autophagosome 

makes it distinguishable from the other autophagic processes, although, to date, it is 

acknowledged to be involved in multiple pathophysiologies, including cancer,  

neurodegeneration [118-120], ageing [121-123], metabolic syndrome [124, 125], 

myopathies [126, 127], infectious disease [128-130], immunity [131-133], 

cardiomyopathies [134, 135], to name just a few. Its relationship to many of these disease 

states is related explicitly to its dysfunction. The current findings concerning cancer will 

be the focus of this chapter and will be discussed later. To understand its role in disease, 

the type of autophagic pathways being utilized and the molecular mechanisms involved in 

its activity need to be identified; currently, the activation pathways can be grouped as 

either canonical or non-canonical. 
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Figure 1-4 Schematic overview of macroautophagy 
Schematic overview of the autophagic process excluding molecular mechanism: 

Phagophore develops around cargo (1) and fuses to form the autophagosome (2) the 
autophagosome and lysosome fuse (3) to form the autolysosome (4) facilitating cargo degradation 
and (5)recycled molecules released back into the cell. 

                                                                                                                                                                                                                                                                Created with BioRender.com.        
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1.7.1 Canonical Pathway 

 

The fundamental role of autophagy is to maintain homeostasis within the cell by 

removing cytotoxic protein aggregates, defunct organelles and pathogens. In addition, it 

responds to nutrient deprivation by providing an alternate nutrient reservoir by degrading 

non-essential cellular contents. This ‘normal’ autophagic response is activated by 

autophagy-related proteins (ATG) in a hierarchical process called the canonical pathway. 

The canonical pathway begins with the development at the phagophore, also referred to as 

the phagophore assembly site (PAS), or omegasome, in yeast and mammalian systems, 

respectively. Although the membrane components of the phagophore have been suggested 

to be derived from numerous sources [136], including the endoplasmic reticulum–Golgi 

intermediate compartment (ERGIC) [137, 138],  plasma membrane [139], endoplasmic 

reticulum (ER) [140], mitochondria -ER [141],  endosome [142, 143] and ATG 9 

recruitment [144], in reality, it is most likely a combination, and it varies depending on 

the cellular context [145].  

The process is stepwise with the initial activation of the unc-51-like autophagy 

activating the kinase (ULK1/2) complex, which includes focal adhesion kinase family 

interacting protein of 200 kDa (FIP200 RB1CC1), autophagy-related protein 13 (ATG13), 

and autophagy-related protein 101(ATG101). The activity of this complex is inhibited by 

the mammalian target of rapamycin (MTORC1) or specifically MTOR complex1 through 

phosphorylation of ULK1/2. MTORC1 is involved in cell growth and proliferation, and 

its downstream targets are eukaryotic initiation factor (eIF), 4E-binding protein 1 (4EBP1) 

and ribosomal S6 protein kinase 1 (SK61). Its activity is sensitive to stress signals, 

particularly nutrient deprivation or chemical inhibition with rapamycin directly or 

indirectly via other molecules such as AMP-activated protein kinase alpha subunit 

(AMPKα) activation, which block MTORC1. All result in releasing the inhibitory effects 

of MTORC1 and facilitating autophagy activation through the ULK1/2 complex [146-

149]. The activated ULK1/2 complex interacts with the phagophore and PI3K complex. 

Note that there is evidence of interaction between these complexes, and the phagophore is 

maintained by autophagy-related protein 9 (ATG 9). ATG9 is also responsible for all 

membrane trafficking to the growing autophagosome; furthermore, it has been observed 

that the activity of ATG9 is dependent on ULK1 and PI3K complexes [150-153]. The 

PI3K complex consists of beclin1 (BECN1), phosphatidylinositol 3-kinase catalytic 
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subunit type 3 (VPS34 or PI3KC3), vacuolar protein sorting 15 (VPS15) and autophagy-

related protein 14 (ATG14). As a consequence of its activation, it recruits 

phosphatidylinositol 3-phosphate (PI3P) to enable the elongation of the autophagosome 

and allow binding to WD-repeat protein interacting with phosphoInositides (WIPI). This 

facilitates the recruitment of the autophagy-related 16-like gene (ATG16L) complex. The 

ubiquitin-like system forms the ATG16L complex, and the conjugation of autophagy-

related protein 12 (ATG 12) to autophagy-related protein 14 (ATG 5) by autophagy-

related protein 7 (ATG7) acts as E1. Then autophagy-related protein 10 (ATG10) acts as 

E2 releasing ATG7 and binding  ATG5, facilitating ATG16L binding to form a complex 

recruited to the autophagosome. The other ubiquitin-like system in this process is 

Microtubule-associated protein 1A/1B-light chain 3 (LC3) is cleaved by autophagy-

related protein 4 (ATG 4). It is lipidated with the conjugation of 

phosphatidylethanolamine (PE) by autophagy-related protein 3 (ATG 3) and ATG 7; the 

result is the formation of LC3-II. With the assistance of the ATG16L complex, LC3-II is 

attached to the luminal side of the autophagosomal membrane [154, 155]. LC3-II can 

interact and bind P62, which binds ubiquitin-tagged protein aggregates. The 

autophagosome completes its maturation and fuses closed. The removal of PI3P and 

ATGs from the outer surface coincides, but the exact mechanisms or relationship of this 

final step in maturation is yet to be elucidated in the mammalian system, but in yeast, it is 

facilitated by ATG4. Soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors (SNAREs) and RAS-related protein in brain (RAB) are responsible for fusing 

the autophagosome to the lysosome. The regulation of this activity is shown to increase 

when UV radiation resistance-associated (UVRAG) binds the PI3K complex, or 

conversely, the binding of rubicon (RBCN) inhibits it [156-158]. The final step in the 

degradation process is the release of hydrolase enzymes from the lysosome into the 

autophagosome, where the contents are broken down to their constituents and then 

exported through the autolysosome membrane to the cytosol. Then the autolysosome is 

degraded with lysosomal components stored for the development of lysosomes at a later 

stage [159-165] (Figure 1-5). 
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Figure 1-5 Autophagy Canonical Pathway 

Schematic of the canonical pathway in autophagy is a  stepwise process as detailed 
above: Stressors such as starvation induce AMPK to become activated, it can either inhibit 
MTOR complex I, which results in the release of its inhibition on  ULK1/2 complex. 
Alternatively, AMPK can act directly on ULK1, and once ULK1 is actioned, it acts on the 
initiation complex. The initiation complex recruits PI3P to initiate and nucleate the 
phagophore, elongation and maturation are regulated by the ATG12 conjugation system, and 
the LC3 system involves the formation of LC3-II, which is the only ATG to be embedded in 
the membrane. P62 bound to protein aggregates can either bind LC3 or the autophagosome 
membrane. After the membrane closes to form the autophagosome, it fuses with the lysosome 
to form the autolysosome with the assistance of RAB and SNAREs. PI3 K complex bound by 
UVRAG can activate this fusion, or PI3K complex bound by RBCN can inhibit it. The 
contents of the autolysosome are degraded into their constituent molecules and released back 
into the cell to be recycled into metabolic substrates. The lysosomal membrane is also recycled 
into components for later lysosomal biogenesis. 

                                                                                                                                                                                                                                                                Created with BioRender.com. 
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1.7.2 Non-Canonical Pathways 

 

Canonical is the focus pathway in this thesis as it is relevant to treatments utilised 

within these studies. However, for clarity, non-canonical is defined as autophagic activity 

that does not require the hierarchical ATGs and other regulators such as BECN1 PI3K for 

initiation and or elongation. In respect to initiation stages, the activation of autophagy has 

been observed independent of BECN1 presence in the PI3K complex. This particular 

pathway has been shown to occur in response to various treatments such as resveratrol 

[166],  Z18 [167], cobalt chloride-induced hypoxia [168] and staurosporine [169]. These 

are just a few studies that have identified BECN1-independent autophagy in different 

cellular contexts, though it would be interesting to determine if the common feature is the 

activity of these treatments with B-cell lymphoma-2 (BCL-2) family members, as this 

autophagy was found to cause cell death. Ulk1/2- independent autophagy therefore, the 

necessity for MTOR and or AMPKα is circumvented. This autophagic activity has been 

observed to occur in response to hypoxia [170], hyperosmotic stress [171] and ammonia 

generated through glucose deprivation [172]. Leading on from that study, there was 

evidence demonstrating that during glucose deprivation, FIP200 can interact with 

ATG16L without ULK1/2 [173]. Regarding the elongation stage of the autophagic 

process, ATG5/7 independent autophagy was observed in vivo and absent for LC3-II and 

shown to involve Rab9 for autophagosome-lysosome fusion [174]. In addition to these 

findings, it has been shown ATG5 independent activity is responsible for mitophagy 

[175]. More recently, ATG5 independent autophagy was responsible for the clearance of 

inactivated proteasomes [176]. At the very least, these findings demonstrate that 

autophagic activity occurs in the absence of traditional regulators. These ‘non-canonical’ 

activities have been observed in cells with the genetic loss of ATG5/7 but in the wild type 

too. This suggests that it may not be one or the other and that all are present and work 

collectively within the cell to meet its needs. This ability of autophagic activity to 

progress, albeit of core regulators, does highlight the complexity of autophagy and the 

problems that will arise or have as a treatable target.  
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1.8 AUTOPHAGY - FRIEND, FOE OR BOTH? 

 

Autophagy has been shown to have paradoxical roles in cancer. This review focuses 

on autophagy in transformed cells, which has been identified to facilitate pro-survival 

mechanisms by facilitating resistance towards anticancer therapies and providing an 

alternative nutritional pathway within the tumour microenvironment, which often lacks 

sufficient nutrients due to decreased vascularization. However, on the other side of this 

paradox is the benefits of autophagy that should be highlighted. For example, it is shown 

to prevent oncogenic transformation by tumour protein P53 (TP53) due to an upregulation 

of transglutaminase 2 (TGM2)[177] . Further evidence shows that P62 regulates DNA 

damage repair between autophagy and P53. However, in pathologies, particular chromatin 

remodelling complexes are involved, and there was a reduction in P62, which condenses 

autophagy and increases the DNA damage leading to a senescent and ageing phenotype 

[178]. This link between DNA damage and autophagy was also observed in response to 

ionizing radiation, where DNA damage worsened when autophagy was inhibited. There 

was also an accumulation of reactive oxygen species (ROS), leading to increased cellular 

injury and death [179]. This loss of autophagy and increase in DNA damage would 

increase the potential of spontaneous mutations, which will lead to oncogenic 

transformation. There are extensive reviews on autophagy in inflammation and its 

beneficial role in immune survival  [175] and a cytoprotective role in specific tissues in 

response to systemic infection [180].  Although these are not specific to cancer, there are 

well-defined links between the inflammatory process and oncogenesis, and these findings 

may lend insight to autophagy and cancer development. 

Furthermore, a clear connection is identified in metabolism, particularly in obesity 

[181, 182] and endocrine signalling [183], which are all intimately linked to 

carcinogenesis when dysregulated.  Autophagy has a significant role in cellular 

homeostasis from reducing DNA damage, maintaining metabolism, effective cellular 

signalling, immunity and protection against pathogens and inflammation. Consequently, it 

prevents mutational events and aberrant cell survival. This protective effect can all be 

associated with all attributes that need to be circumvented or suppressed for a cell to 

transform and attain the hallmark of cancer.  Although it is protective in nature toward the 

non-transformed cell by preventing the aggregation of proteins, accumulation of defunct 
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organelles or damaged DNA and or mutated DNA can lead to oncogenic transformation 

[184-189].  

 

1.9 AUTOPHAGY AND BREAST CANCER - CURRENT FINDINGS 

AND CONTRADICTIONS  

 

A current area of interest in cancer therapeutics that has resurfaced is metronomic 

treatment, which is chemotherapy administered over an extended time at a low dose 

[190]. It has been witnessed that patients with hormone receptor (HR) positive breast 

cancer had an increased expression of autophagic and apoptotic markers in metronomic 

chemo-endocrine treatment. This correlated with improved responses to treatment 

compared to endocrine therapy on its own, although there were autophagic markers 

present but lacked functional studies [191]. As this paper was limited by its design in that 

it used tissue samples, which does not allow for the interpretation of autophagic activity, 

so the expression of LC3 and Beclin-1 observed may be related to suppression autophagy 

processing. Furthermore, these results may be counterintuitive as a meta-analysis, and 

systematic review of LC3B and BECN1 found LC3B was a poor prognostic marker, 

whereas BECN1 was an indicator of favourable prognosis [192]. Their mere presence in 

these patient samples warrants further investigation into the role of autophagy in this low 

dose regiment, as this suggests it may reduce its resistance effect or even heighten them. 

BECN1 has significant roles in the canonical pathway, but interestingly it is found 

to have altered expression in cancer. Particularly in breast cancer, where BECN1 can have 

altered expression due to haploinsufficiency, and its loss is thought to drive oncogenesis 

[193, 194]. A recent description of the tumour suppressive role of BECN1 was attributed 

to its regulation of E-cadherin on the plasma membrane allowing for its epithelial 

functioning, so with the loss of BECN1, there is reduced E-cadherin localisation to the 

plasma membrane, consequently facilitating loss of E-cadherin function at the plasma 

membrane which is to limit cell growth and metastasis [195]. 

 Autophagy’s role in facilitating chemoresistance has been well documented in most 

treatment scenarios [196-201].  However, this landscape has changed depending on the 

context due to the heterogeneity of the tumour. The current premise is that a distinct 
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population of cells, the CSC cells is responsible for treatment resistance as well it is 

suggested to be accountable for metastatic spread. This population of cells are stem-like in 

that they have high expression of stemness markers CD44, ALDH1, CD24 and orCD133, 

and more that have been described in detail and are colloquially referred to as cancer stem 

cells (CSC)[202-204]  In variation to this it should be noted that breast cancer stem cells 

are observed to express high CD44 and low CD24. 

Earlier research has shown a clear relationship of chemoresistance facilitated by 

autophagy, and in accordance with this, current research has supported these findings and 

defined them further. Current research has shown that the CSC population is responsible 

for the chemoresistance and has shown high autophagy activity on which they appear to 

be dependent. Commonly, the general term hormone receptor (HR) is used to describe the 

presence or absence of ER and PR in cancer cells clinically. The role of autophagy has 

been demonstrated in a recent trial that focused on CSC in HR negative breast cancer 

patients receiving Reparixin, an inhibitor of C-X-C Motif Chemokine Receptor 1 

(CXCR1), the receptor found overexpressed in breast cancer CSC’s. The study evaluated 

autophagy as a measure of the tumour microenvironment and resistance, the level of  P62 

was found to decline, so it suggested that there are autophagic changes, but further 

experimentation is required to delineate what these are [205]. There was further evidence 

relating breast cancer with brain metastasis being facilitated by astrocytes secreting C-X-

C Motif Chemokine Ligand 12 (CXCL12), resulting in the inhibition of KISS-1 

Metastasis Suppressor (KISS1), an inhibitory regulator of autophagy. Its subsequent 

blockade by the astrocyte allows the circulating breast cancer cells to proliferate and form 

brain metastases [206]. 

The CSC’s are an area of great interest at the moment as it has been shown that this 

group of the cell population facilitates metastasis and chemoresistance, particularly in 

breast cancer. This role of autophagy in CSC’s was further explained to maintain 

stemness. Stemness is defined as the ability of the CSC to self-renew and produce 

differentiated progeny. Therefore, the CSC’s potentially present a target in the battle to 

treat metastasis and prevent chemoresistance. These studies relating to autophagy and 

CSC have been guided by several earlier studies where the alteration of autophagic 

markers has significantly impacted CSC.  For example, a paper by Maycotte et al. 

demonstrated that when ATG7 or BECN1 was knocked down in breast cancer cells, there 

was a subsequent reduction in the CSC population. The mechanism underpinning this 
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regulation of CSC by autophagy was found to be due to autophagic control of cytokine 

secretion, expressly interleukin 6 (IL6). It should also be noted that this was found to be 

context-dependent in nature [207]. These findings were in line with an earlier study where 

the BECN1 and autophagy were required for the survival of the CSC population[208]. 

This study did show there was an increased autophagic flux at basal and starvation-

induced conditions within the CSC population [208]. Other studies have demonstrated 

this increased autophagic flux in the CSC population and using treatments that inhibit 

autophagic resulted in a more significant apoptotic effect on these populations. However, 

cell death was still present in the other population, not to the extent of the CSC’s [209, 

210]. 

Furthermore, a study of breast cancer CSC using RNAi screen found ATG4 

essential in maintaining the CSC population and was further shown to facilitate 

tumourigenicity in vivo [211]. Also, there has been observed that cerebellar degeneration-

related protein 1 transcript (CDR1) induces autophagy and regulation of autophagic genes 

in the CSC population [212]. It was also shown in another study that CSC tumorigenic 

potential was diminished with the reduction in autophagy through the removal of  FIP200 

and when combined with Signal Transducer And Activator Of Transcription 3 (STAT3) 

or Transforming growth factor-beta (TGF-β) inhibitors, induced CSC death and prevented 

cell growth [213]. It has been suggested that autophagy is activated in response to the 

extracellular matrix rigidity with increased firmness, and a concomitant increase in 

autophagy suggests that autophagy responds to the microenvironmental cues. These 

findings also show that the CSC’s presence was abundant in the softer matrix, conflicting 

with the increased autophagy activation. Like numerous studies, the data indicate there is 

an increase in autophagosome formation but does not include the data to determine actual 

autophagic activity, which may reveal that although there may be increased LC3-II 

expression, there could be an overall suppression in activity [214].  

The tumour micro-environment reveals itself as a significant regulator in 

maintaining stemness, and it has been demonstrated that cancer associated fibroblasts 

(CAF’s) signalling to breast cancer to maintain stemness is facilitated by autophagy [215]. 

Furthermore, it was also revealed nutrient-deprived CSC upregulate autophagy and 

release factors to protect the tumour environment [216]. The breast cancer CSC area is 

promising and further emphasises the validity of autophagy as an adjuvant therapy in 

cancer treatment. However, it may not be only in the context of inhibition; it is 
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hypothesised that autophagic activation in the highly active autophagic cell will lead to 

lethality and may explain the finding of Rotterlin treatment which was observed to induce 

autophagy resulted in increased apoptosis in the CSC population [217]. Furthermore, this 

autophagic induction and cell death were also observed in breast cancer stem cells treated 

with resveratrol [218]. 

 

1.10 AUTOPHAGY AND METASTASIS-IS THERE A CONNECTION 

 

The role of autophagy has been identified to have a role in breast cancer metastasis. 

In addition, the autophagic function has been attributed to its role as an alternative 

nutrient source, mainly when the cell is metastatic and or dormant. However, the current 

dogma surrounding metastatic growth is that it is not a linear model whereby the cell 

leaves the primary, moves to the secondary site and proliferates. Instead, the patient data 

and advances in research reflect an interrupted model whereby the metastatic cell 

undergoes a period of cellular dormancy. Dormancy in cancer cells collectively is still an 

area of active research. What is observed in these cells is that they are in a state of cell 

cycle arrest, yet they are not observed to be senescent and can re-activate from this state. 

Furthermore, when these types of cells gene expression profiles were examined, it was 

similar to the quiescence of stem cells [219-221]. A recent study of breast cancer 

dormancy found these dormant cells to be highly autophagic active, and these dormant 

cells demonstrated a higher metastatic burden than control cells. The autophagic 

mechanism underpinning this activity was independent of BECN1 and the non-canonical 

pathway involved along with ATG 7. 

Moreover, the requirement for autophagy was related to increased turnover of 

mitochondria or specifically mitophagy and is speculated to protect the cell from toxic by-

products of mitochondrial damage [222]. Similar results were observed in another study 

where increased metastasis and poor patient survival were facilitated by autophagy 

through ATG7 but regulated by circular RNA CircCDYL[223]. However, in contrast to 

these findings, it has been observed that the inhibition of autophagy resulted in increased 

metastasis due to the accumulation of neighbour to BRCA1 (NBR1) [224] . It is suggested 

that these observed differences may be a reflection of context or, as was eluded to by 
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Vera-Ramirez et al., where inhibition of autophagic activity was only effective at the time 

of seeding of dormant cells, it is speculated there is a temporal aspect to autophagy that 

needs to be explained to achieve better treatment efficacy [222]. Finally, concerning bone-

specific breast cancer metastasis, autophagy was observed to increase its activity in a 

transcription factor Runx2 dependent manner, where it is proposed that autophagy 

facilitates the metabolic and osteolytic effects of Runx2 [225]. 

 

1.10.1 Epithelial to Mesenchymal transition and Autophagy 

 

An essential attribute for a cancer cell to acquire is the transition from an epithelial 

to mesenchymal phenotype, allowing the cell properties that are required to invade and 

migrate. There is evidence to indicate autophagy has a role in this process. An earlier 

study has suggested that EMT results in a concomitant increase in autophagy and immune 

evasion [226]. The immune invasion was specific to CTL-mediated death and was 

directly attributed to autophagy or, more specifically, canonical autophagy [226]. In 

contrast, data reveals that the loss of autophagy results in the accumulation of P62, which 

can bind to Twist Family BHLH Transcription Factor 1 (TWIST1), which results in EMT 

and other tumourigenic changes [227]. In contradiction to the previous study from Qiang 

et al., Saxena et al. showed that TWIST1 is regulated by phosphorylated AMPKα and 

resulted in EMT, although this study did not examine autophagy specifically, the 

downstream effector of AMPKα is autophagy [228]. It is put forth that the accumulation 

of P62 prior may have been reflective of dysfunction rather than inhibited autophagic 

activity. Although both studies show TWIST1 is responsible for EMT activation, the other 

difference may also be due to the cellular contexts used. A similar study demonstrated 

that the inhibition of P62 specific autophagy by tripartite motif 59 (TRIM59), which then 

enabled the activity of programmed cell death protein 10 (PDCD10) and facilitated the 

transition to the mesenchymal phenotype through suppression of RAS homolog family 

member A (RhoA) and Rho-associated protein kinase (ROCK). It is of interest that P62 is 

not always involved in autophagy; its specific role is to bind ubiquitinated protein 

aggregates and deliver them to the autophagosomes. The downregulation of P62 does not 

indicate inhibition of autophagy and the data shows that with P62 loss, LC3 was present. 
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It is worth noting that P62 has other roles that would warrant investigation in this context 

[229].  

In summary, autophagy has a role in breast cancer, particularly in facilitating 

metastatic potential, although it is also apparent that there are many contradictions 

regarding this. It is suggested that it may not be a case of one being correct over the other, 

but instead, all are valid, and the contradictions are a reflection of heterogeneity and that 

specific cell populations within the tumour may have reduced autophagic activity while 

others upregulate theirs in response to cellular needs. There are apparent conflicts in the 

literature and a strong suggestion that these variables may also be temporal and spatially 

regulated, which adds to the complexity and highlights an aspect that still requires more 

research to determine and explain. Research into these contradictions will be aided by 

further advances in the experimental methods available to examine and identify 

dormancy, heterogeneity and specific types of autophagy and their activity. 

 

1.11 RAS AND AUTOPHAGY - IS THERE A RELATIONSHIP? 

 

An area of particular interest relates to autophagy and its relationship with RAS, 

observed in RAS-driven cancers. It is shown that cell with activated RAS utilise 

autophagy to remove the increase in toxic by-products due to its hyperactivity when 

mutated in the context of cancer [230], also observed to regulate metabolism [231] and 

facilitate the secretion of tumourigenic supporting factors such as IL6 [232]. A 

preliminary study has suggested that autophagy can be involved in the degradation of 

RAS-GTPase, leading to some future insight into how autophagy regulates RAS pathways 

[233]. There are many cancer types where this co-dependence between RAS mutation and 

autophagy have been observed including in glioblastoma[234], renal cell [235], ovarian 

[236] and melanoma [237, 238]. Furthermore, in recent studies in RAS driven colorectal 

cancer, there is evidence to suggest the concomitant increase in autophagic activity with 

RAS. It was further determined to be regulated by the Wingless-related integration site 

(Wnt)β-catenin and AKT pathways which are also known to interact with each other 

through the Glycogen synthase kinase-3β (GSK3β) [239] .  Although in KRAS specific 

mutations, MAP kinase kinase (MEK)/ extracellular signal-related kinase (ERK) 
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pathways were observed to regulate the autophagic activity, suggesting disparities 

between the autophagic induction and the RAS isoform [240-242].  

Lung cancer has also shown that autophagy supports KRAS as an alternate 

metabolic reservoir [243]. Similar findings have been observed in other studies showing 

KRAS mutations dependent on autophagy. However, it was recently proposed that copper 

binding with ULK1/2 is the mechanism involved in the activation of autophagy [244]. 

Intriguingly when there is an up-regulation of RAS by DEPPC1, it has an inhibitory 

effect on autophagic activity, but this was observed in mutant RAS [245]. For example, 

gastric cancers have been observed to facilitate dormancy and even can result in cell death 

through the endogenous RAS inhibitor RAS family member 3 (DIRAS3)[246] ; similar 

findings were observed in ovarian cancer but observed in family members DIRAS1 and 

DIRAS2 [247, 248]. Furthermore, autophagic induction was also observed with the RAS 

inhibitor Aplasia RAS homolog member I (ARHI) in glioblastoma [249]. These findings 

demonstrate how in one context, autophagy can act in a pathological manner when 

induced by RAS mutation, but when induced by RAS inhibition, it can be cytoprotective; 

this is put forth cautiously as dormancy may not be a positive result depending on the 

context. 

The most highly researched cancer concerning autophagy and RAS mutation is 

pancreatic cancer and the KRAS mutation. Furthermore, despite some differences 

observed between mutations at different locations, the upregulation of autophagy and 

MEK/ERK is consistent [250]. Importantly, autophagic induced chemoresistance is a 

common feature of gemcitabine treatment in KRAS mutant lines. It is suggested that other 

mechanisms are responsible for this resistant activated autophagy through Vacuole 

Membrane Protein 1 (VMP1), but it is specific to the KRAS mutant cell line [251]. This 

relationship between RAS and autophagy in pancreatic cancer has been demonstrated in 

the recent bio-informatic analysis used to develop a prognosis predictor [252].  

Much research has focused on targeting autophagy in the context where RAS driven 

cancers are being targeted by inhibitors of MEK/ERK, which have not been as efficacious 

as expected, ironically due to autophagic activity[253]. So, therefore, combining an 

autophagic inhibitor with these treatments has been an area of great interest and has 

shown promising results clinically. For example, MEK inhibitor trametinib combined 

with autophagic inhibitor hydroxychloroquine has proven efficacious in pancreatic cancer 
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[65, 254]. In contrast, a phase II trial with gemcitabine and nab-Paclitaxel with 

hydroxychloroquine showed no significant difference with or without hydroxychloroquine 

[255]. A recent preliminary study in breast cancer cell lines showed some efficacy, 

although the study did not use RAS mutant lines, and the basal line, which had the 

increased sensitivity (SUM190), had the lowest levels of RAS expression. However,  this 

study was done in combination with Fluorouracil, and these results might also reflect the 

off-target effects of hydroxychloroquine as it is not a specific autophagic inhibitor[256]. It 

has since been shown in an MCF-10A model with HRAS mutation that chloroquine had a 

synergistic effect with HDAC inhibitors and had increased efficacy in the HRAS mutant 

cell compared to control [257]. It should be noted that a recent study used a combination 

siRNA platform to examine RAS pathway interactions. To establish an effective treatment 

strategy for KRAS mutation in colorectal and pancreatic cancers, then inhibiting v-RAF 

murine sarcoma viral oncogene homolog B1 (BRAF) or C-Raf Proto Oncogene 

Serine/Threonine Protein Kinase (CRAF) and ATG7 was predicted to be an effective 

cytotoxic combination with limited adverse effects [242].  

The RAS mutation literature highlights the paradox of autophagic activity and the 

benefits of its inhibition, and the challenges. It has enormous potential in some treatment-

refractory cancers such as pancreatic, lung and glioblastoma. However, many questions 

still need to be answered for autophagy to be targeted effectively in this context; firstly, 

does upregulation of RAS mimic the behaviour of oncogenic RAS, and if so, would 

cancers within this context be suited to autophagic inhibition? Secondly, what would be 

the repercussion if the protective autophagy is lost? Thirdly, wherein the autophagic 

process would inhibition be consistent and effective? These questions and many more 

require elucidation before the true potential of autophagic inhibition can be realised. This 

thesis seeks to address these questions. 

 

1.12 CHAPERONE-MEDIATED AUTOPHAGY - WHAT IS KNOWN 

 

Chaperone-mediated autophagy (CMA) is a specific type of autophagy responsible 

for the removal and degradation of targeted proteins. Unlike autophagy, which is not 

specific and is capable of engulfing larger molecules such as organelles, CMA shares 



 

Chapter 1: Literature Review 33 

some commonalities with microautophagy, as shown in Figure 1-3 Microautophagy also 

utilises the HSC70 complex and KFERQ motif to target proteins; however, CMA requires 

Lamp2A to facilitate targeted proteins delivery directly into the lysosome where 

microautophagy does not [258, 259]. Lamp2 has three transcript variants: Lamp2A, 

Lamp2B and Lamp2C, which all vary at their cytosolic tail and transmembrane domain 

but retain homology at the luminal tail. Lamp2A is the only variant that can bind CMA 

substrate, so there are no redundancies between the variants [260]. (Figure 1-6) 

The identification of CMA is a more recent discovery, and much is still to be 

learned regarding the molecular mechanisms involved. CMA still utilises the lysosome, 

but selected proteins are translocated across the lysosomal membrane. Chaperone-

mediated autophagy aims not to degrade proteins and organelles indiscriminately as in 

macroautophagy; instead, it involves the degradation of molecules with a specific 

targeting motif of, which is speculated to account for approximately 40% of all proteins 

[258]. From a physiological perspective, CMA provides amino acid pools during 

exposure to stressors and is responsible for the cellular environment through its 

discriminative degradation of proteins such as enzymes, transcription factors and 

substrates. This function of CMA suggests that it maintains proteostasis but can 

potentially shape the cellular responses and features through protein regulation [261-263]. 

The KFERQ motif consists of a five invariable amino acid sequence (KFERQ) with the 

binding capacity resulting from the amino sequences is the most critical component of the 

motif, which must comprise glutamine (Q) at either the start or the end of the motif. Up to 

two positively charged amino acids such as arginine (R) and lysine (K), one negatively 

charged amino acids such as glutamic acid (E), aspartic acid (D) and one or two 

hydrophobic amino acids such as isoleucine (I), valine (V), leucine (L) or phenylalanine 

(F). Including numerous amino acids within each group shows the options for which 

amino acids can be substituted with other amino acids with the same properties, and hence 

the number of amino acid combinations could constitute a KFERQ motif. For example, 

lysine is positively charged and could be substituted for arginine, also positively charged 

[262, 264]. As research has developed in this area, it has become apparent that acetylation 

and phosphorylation of proteins can also result in the targeting motif, and this has 

expanded the possible proteins that are potential targets of CMA. Kirchner et al. have 

developed a KFERQ motif tool that allows researchers to search proteins with this 

software to identify if the KFERQ- motifs are present and denote if it is canonical or 
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result of post-translational modifications [264]. In contrast, a protein with a targeting 

motif is not targeted by CMA as the conformation of the protein may be such that HSC70 

and its co-chaperones can not access it for binding. So, it is predicted that research 

relating to the CMA process will be propelled forward by this advancement, but it will 

still require experimentation to validate that a particular protein is a ‘bona fide’ target of 

CMA. 

This motif of the substrate protein is bound by the heat shock-cognate 70 (hsc70) 

chaperone and its co-chaperones that include  hsc70-interacting protein (HIP),  hsc70-

hsp90 organizing protein (HOP), Bcl2-associated athanogene 1 protein (BAG1), heat 

shock protein of 40 kDa (HSP40) and heat shock protein of 90 kDa (HSP90) [265, 266] . 

The role of these chaperones is that they facilitate binding of HSC70 with KFERQ motif, 

attachment, release and unfolding at the lysosomal membrane where the CMA substrate 

bound by HSC70 and co-chaperones is delivered. Here HSC70 aids the binding of the 

CMA substrate to the cytosolic tail of lysosome-associated membrane protein type 2A 

(Lamp2A) monomer, noting that the HSC70 bound substrate can only bind to Lamp2A as 

a monomer. However, upon binding to the substrate, Lamp2A forms a multimeric 

translocation complex as substrates can only be translocated into the lysosome via a 

multimeric Lamp2A complex. During the formation of this complex, the stability of  

Lamp2A is maintained by heat shock protein 90 (HSP90) located both at the luminal and 

cytosolic sides of the lysosome membrane [258, 267]. The role of HSP90 in this context 

has strengthened recently as the literature has shown CMA processing to be inhibited by 

HSP90 inhibitor 17AAG and geldanamycin [268, 269]. The targeted protein is unfolded 

and prepared for translocation during this assembly, and the exact mechanisms are yet to 

be elucidated [267, 270]. It has been shown that for a protein to be translocated across the 

lysosomal membrane via the Lamp2A complex, it requires the involvement of a 

lysosomal form of hsc70 (lys-hsc70)[271] . Hydrolase enzymes degrade the target protein 

upon entry into the lysosomal lumen. 

The multimeric Lamp2A from the cytosol surface of the lysosome membrane is also 

stabilised by glial fibrillary acidic protein (GFAP), which stabilises HSC70 binding to 

Lamp2A and prevents disassociation. However, it is also present in its phosphorylated 

form pGFAP, bound by elongation factor 1α (EF1α). In the presence of Guanosine-5'-

triphosphate (GTP), EF1α  is released from pGFAP, which recruits non-phosphorylated 

GFAP from the Lamp2A complex initiating disassembly [272]. The negative regulation of 
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GFAP through its phosphorylation is AKT Serine/Threonine Kinase 1 (AKT1) dependent 

which is under the control of MTORC2 and results in the inhibition of Lamp2A 

multimerisation. Conversely, activation of Lamp2A multimeric formation is through 

pleckstrin homology domain, and leucine-rich repeat protein phosphatase 1 (PHLPP1), 

which inhibits AKT1, increasing GFAP (non-phosphorylated), and this increase 

stimulates Lamp2A multimerisation [258, 271, 273]. Disassembly of the multimeric 

Lamp2A complex is dependent on HSC70 [274]. After disassembly, there are numerous 

fates for Lamp2A. It can be retained as a monomer for further complex formation. If it has 

entered the lysosomal lumen, it can be reinserted back into the membrane and degraded 

by cathepsin A. Notably, Lamp2A is the rate-limiting factor in the CMA process, so it can 

regulate Lamp2A availability through renewal by de novo synthesis and or changes to 

Lamp2A half-life which are essential in times of need  [275-278]. There is still limited 

research on the molecular mechanisms that activates CMA, although the retinoic acid 

receptor α(RARα) and calcineurin–nuclear factor of activated T cells (NFAT) have been 

identified as playing a role [279, 280]. More recently nuclear factor, erythroid derived 2, 

like 2 (NRF2) has been shown to regulate Lamp2A and thus CMA activity at basal and 

during oxidant stress conditions [281, 282]. 

Chaperone-mediated autophagy is known to be induced by stress, including 

starvation, ROS, hypoxia and toxicities (protein, genetic, chemical). However, it should 

be acknowledged that starvation-induced CMA is at a substantially later time-point than 

autophagy, four and 10 hours, respectively, and lasts longer, for up to three days. 

Crosstalk and or a co-operation between autophagy and chaperone-mediated autophagy 

have been postulated in the literature. Massey et al. observed that through the selective 

knockdown of CMA, there is a concomitant increase in macro autophagy. Even though 

protein degradation was sufficient to maintain the viability of cells during starvation 

conditions, these cells were found to be more susceptible to other stressors such as 

oxidation and ultraviolet light exposure [283]. Conversely, when autophagy was blocked, 

CMA was observed to be upregulated and rescue its function [284].  These findings 

suggest that although there are compensatory mechanisms in place, autophagy cannot 

wholly substitute the CMA role and its selective functions, although the opposite appears 

to be true in autophagy loss, this may relate to differences in the studies and contexts 

[283, 285]. Recently it has been identified that CMA degrades ULK1/2 showing a direct 

link between autophagy regulation by CMA [286]. 
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Since CMA’s discovery less than 30 years ago, it has been identified in ageing and 

disease. There was earlier identification of the Lamp2 gene total rather than transcript 

variants in Danon's disease. This disease is due to dysfunction of the Lamp2 gene, but it is 

suggested that the phenotype is reflective of Lamp2A loss, but Lamp2B is the 

predominant variant associated with this disease [287]. Similar to autophagy, CMA or, 

more specifically, Lamp2A, is observed to decline in the lysosomal membrane with 

ageing, resulting in cellular damage reflected by the ageing process and in this context, it 

is shown to be cytoprotective in function. Intriguingly studies have found that the rescue 

of Lamp2A rectifies the age-related changes explicitly observed in the retina and liver of 

animals of these studies [288, 289]. Nephropathies have also been associated with CMA 

either directly or indirectly. Nephropathies are a consequence of toxicity whereby the 

CMA process is overcome and accumulates toxic products [290]. For example, in 

diabetic-induced renal hypertrophy, CMA is downregulated and contributes to the 

pathology of renal hypertrophy [291].  

The area of most interest and research has related to CMA’s role in 

neurodegenerative diseases. Neurodegenerative diseases phenotypically relate to an 

accumulation of protein aggregates resulting in proteotoxicity. For example, in 

Alzheimer's disease, CMA is downregulated, and amyloid-beta precursor protein (APP) is 

a target of CMA. Through CMA loss, amyloid plaques develop, as does the disease 

pathogenesis [292]. Furthermore, it has been shown in a recent study that the 

phosphorylation of TAU protein prevents its targeting by CMA, resulting in the 

propagation of TAU proteins and disease pathology [293].In Parkinson's disease, there is 

a reduction in CMA activity, leading to increases in α-synuclein and the formation of 

Lewy bodies [294]. Research is currently seeking to activate CMA activity in many 

previously mentioned diseases. For example, a study identified humanin protein as 

activating CMA in neuronal cells and cardiomyocytes [269]. Although, in contrast, it has 

been shown in Huntington’s disease that CMA is upregulated in response to autophagic 

inhibition, CMA is suggested to be inadequate to compensate for autophagy, and as such, 

the disease progresses [295]. A more recent area of active research is CMA in cancer, 

which has been of interest and will be focused on in more detail later in this chapter. The 

potential for CMA to be a significant regulator of the cellular phenotype has been 

highlighted in a paper demonstrating that CMA targeted protein regulation controls the 

pluripotency of embryonic stem cells [296]. However, this area of research into CMA and 
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its role in ageing and disease is still evolving, and there is still much to discover and 

understand. 

 

 

Figure 1-6 Chaperone-Mediated Autophagy  
Chaperone-mediated autophagy process: (1) Stress results in a protein with the 

KFERQ motif to be targeted as CMA substrates. (2) HSC70 and co-chaperones bind 
KFERQ motif and deliver it to Lamp2A. (3) Lamp2A is located as a transmembrane 
protein at the lysosome. (4) HSC70 and substrate bind Lamp2A cytosolic tail causing the 
Lamp2A to multimerize with the assistance of lysosome HSP90, and unfolding of 
protein begins. (5)The multimeric Lamp2A complex is formed, allowing the unfolded 
protein to be translocated with the aid of lysosome HSC70. The Lamp2A complex is 
supported by not just HSC70 and co-chaperone but also GFAP.GFAP is phosphorylated 
by AKT1 who is activated by MTORC2 to form pGFAP, causing it to be bound by 
ELFα, inhibiting the function of GFAP. Alternatively, AKT1 inhibition by PHLPP1 
releases GFAP to bind to Lamp2A, encouraging CMA activity.) (6) HSC70 and release 
of GFAP cause multimer disassembly, and Lamp2A monomer can be retained or re-
inserted for later use or degraded by cathepsin A. (7) Lamp2A monomers are synthesised 
and enter the lysosomal membrane within lipid microdomains 
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1.13 CHAPERONE-MEDIATED AUTOPHAGY - WHERE DOES IT 

FIT IN THE CANCER STORY? 

 

Chaperone-mediated autophagy has only recently been examined in the context of 

cancer, with this area still evolving, as are the techniques to facilitate research growth 

[297]. Nevertheless, CMA presents itself as a pivotal regulator in cancer and is in line 

with other types of autophagy to have both cytoprotective and pathologic functions. An 

example of its cytoprotective role was observed in the targeted degradation of several of 

the mutant variants of P53, specifically mutations R248Q, R273H and R175H, which are 

often present in aggressive cancers. However, CMA did not target wild type P53, only the 

previously mentioned mutant forms. Acting as a cellular mechanism by which gain of 

function mutations of p53 can be removed from the cell with preferential maintenance of 

wild-type p53 to ensure cellular integrity [285]. 

Moreover, CMA was also observed to target oncogenic MYC and stability substate 

C330027C09Rik/KIAA1524/CIP2A (CIP2A), which, when removed, causes 

ubiquitination of MYC for degradation in the normal cell, preventing oncogenic 

transformation both direct and indirectly [298]. Resistance to tamoxifen treatment and the 

use of fulvestrant in the treatment of estrogen-positive breast cancer was shown to arise 

due to the prevention of targeted degradation of MORC family CW-type zinc finger 2 

(MORC2), a usual CMA target. However, by its phosphorylation, it can no longer be 

bound by HSC70 and is suggested to be phosphorylated in response to treatment [299]. In 

addition, CMA has a role in maintaining the genomic stability of the cell through its 

regulation of cell cycle checkpoint kinase 1 (Chk1), consequently keeping DNA repair 

mechanisms constrained [300]. It has also recently been identified that CMA is involved 

in inducing ferroptosis through its removal of GPX4 [30]. The recent examination of 

ovarian, breast and lung cancer cell lines found various translation factors for proliferation 

and growth as CMA target substrates, such as eukaryotic translation initiation factor 4H 

(EIF4H) and more, found to upregulated in all cancers alike. This suggests a significant 

role in facilitating carcinogenesis and demonstrates a potential focus for treatment in this 

context, as these models may benefit from CMA activation [301]. Moreover, CMA has 

been shown to target pro-apoptotic factors such as  BCL2 binding component 3 (BBC3) to 

maintain tumour cell survival  [302]. In addition, recent data shows that translationally 



 

Chapter 1: Literature Review 39 

controlled tumour protein (Tpt1/TCTP) is targeted by CMA when acetylated. Intriguingly, 

it is found to be upregulated in many cancers and increased CMA, suggesting 

deacetylation mechanisms in play that may be reducing CMA targeting of 

Tpt1/TCTP[303]. Furthermore, a study by Li et al. has shown that deacetylation of the 

tumour suppressor mammalian STE20-like kinase 1 (MST1) causes it to be targeted by 

CMA and suggested to be the reason why MST1 levels are reduced in breast cancer [304]. 

When CMA is commonly observed to be pathologic in its role, it is observed as 

upregulated, or at least its markers are. This upregulation was observed in colorectal 

cancer, where Lamp2A was increased in patient samples and replicated in vitro and in 

vivo. The removal of Lamp2A significantly reduced cell survival by inducing apoptosis 

and inhibiting cell proliferation, although exact mechanisms are yet to be elucidated 

[305]. In a study of non-small cell lung cancer, upregulation of Lamp2A was preferential 

in the aggressive phenotypes with invasive and survival capacity lost with knockdown of 

Lamp2A. It was also found to increase sensitivity to cisplatin treatment [306], where 

similar findings in human lung cancer xenografts were observed in an earlier study [307]. 

Moreover, oesophageal cancer showed decreased proliferation and cisplatin sensitivity 

with Lamp2A loss [308]. In gastric cancer, Lamp2A presented itself as a prognostic 

marker and facilitated cancer cell proliferation through the target substrate Rho Family 

GTPase 3 (RND3) [309] . Breast cancer patient samples were shown to have high 

expression of Lamp2A and in vitro studies found CMA activity to correlate with 

increased cell survival and its inhibition sensitised cells to doxorubicin treatment [310]. 

Furthermore, it was shown that Lamp2A levels correlated with breast cancer grade 

in patient samples. The cause of this correlation was described as a consequence of 

autophagy inhibition with the targeted degradation of ATG5 by CMA. The results 

indicate that there is still autophagic flux with or without Lamp2A. Therefore, it is 

suggested that lysosomal identification of ATG5 needs to be ascertained to confirm it as a 

bona fide target. Also, levels of the other ATG’s associated with ATG5, such as ATG12, 

would be of interest to ascertain if this targeting occurs while bound in the ATG5-ATG12 

complex or whilst it is on its own, which warrants further investigation [311]. In addition, 

research has shown that glioblastoma cells can signal to the surrounding pericytes to 

activate CMA to regulate immune suppression and protect the glioblastoma cells from 

immune destruction [312]. 
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There has been direct evidence in a study by Lv et al. that CMA substrates 

regulation can support tumour growth. This study indicates that CMA targets the pyruvate 

kinase M2 isoform when it has been acetylated at lysine 305. This acetylation caused an 

accumulation of glycolytic substrates and NADH, which was shown to promote tumour 

growth, while CMA controlled this activity [313]. A study by Xia et al. demonstrates that 

the CMA target Hexokinase II (HKII) could be manipulated through the chemical 

activation of CMA, leading to its increased degradation by the inhibition of stress-induced 

autophagy resulting in CMA causing a metabolic crisis in leukemic cell and subsequent 

cell death [314, 315]. 

The literature to date, although not expansive, indicates that CMA has a significant 

role in cancer. It is shown to be anti-tumourigenic and pro-tumourigenic dependent on the 

cellular contexts, with the latter being the most important. Curiously, in respect to cancer, 

it is upregulated rather than downregulated, as observed in ageing and the many diseases 

mentioned earlier. However, there is still much to be learned and understood about why 

CMA is upregulated in the context of cancer, the essential proteins it regulates to support 

survival and metastatic potential, which are common attributes lost in the context of 

cancer. By answering these questions and the mechanism that controls CMA activity, this 

process would have greater potential as a therapeutic target. 

 

1.14 AUTOPHAGIC REGULATION - THE CURRENT STATE  

 

The current research has led to the discovery of some of the pathways that regulate 

autophagy and CMA, and as such, the substrates that induce and inhibit its activity have 

been identified. This understanding has allowed research to continue and result in the 

development of new targeted therapeutics or the repurposing of existing agents. There is 

some cross over in the activator and inhibitors between autophagy and CMA. Those that 

will be addressed are relevant to this study, and it should be noted that others have not 

been included in this review. Notably, autophagy and CMA can be activated indirectly by 

specific chemotherapeutic agents to facilitate resistance.  
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1.15 AUTOPHAGIC ACTIVATORS 

 

Collectively autophagy and CMA are stress responses, and their role is to provide 

recyclable macromolecule and amino acids for use in metabolism and protein synthesis 

during times of deprivation. Therefore, the most well-described treatment to activate 

autophagy is nutritional deprivation, mainly starvation. Experimentally, this can include 

glucose withdrawal, amino acid deprivation, or non-supplemented growth media. 

Autophagic activity is observed in vitro to be induced by nutritional and amino acid 

deprivation within 3-4 hours and 10-12 hours for macroautophagy and CMA, respectively 

[316]. Hypoxia (0.5-1% Oxygen) is also observed to induce macroautophagy and CMA at 

8hr and up to 24 hours [317, 318]. In addition, genotoxic damage, protein aggregates and 

oxidative stress will induce autophagy and CMA. There is currently little evidence 

regarding the chemical induction of CMA, although there is some evidence that HSP-90 

inhibitor (geldanamycin) and antimetabolite (6-aminonicotinamide) can indirectly activate 

this pathway; however, results have not been consistent between cell types [268, 316]. A 

recent study suggests that PI3K class I inhibitors but not class III can also activate CMA 

[319]. 

In contrast, several pharmacological agents can induce autophagy by inhibiting 

negative or activating positive regulators within the canonical pathways.  These have 

included AMPK activation through agents such as metformin, quercetin, and resveratrol. 

Alternatively, MTOR inhibition is the most commonly used experimentally rather than 

nutritional deprivation. Regarding this research, nutritional deprivation for CMA and 

autophagy and Rapamycin was included as another means to induce autophagy. 

 

1.15.1 Rapamycin 

Rapamycin is an antifungal metabolite produced by 

Streptomyces Hygroscopicus which is a bacterium that 

resides in soil. It was observed that rapamycin binds 

to12-kDa FK506-binding protein (FKBP12) to form a 

complex that binds to MTORC1 and inhibits its activity. 

It has been shown to have activity against MTORC2 with 
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prolonged use but does have greater specificity for MTORC1 [320]. MTORC1 directly 

controls protein synthesis and regulates metabolic pathways, particularly glycolysis. Since 

identifying MTORC1, it has been demonstrated to play a significant role in numerous 

diseases such as neurodegenerative metabolic disease and cancer. In many cancers, 

MTORC1 is observed to be upregulated, and this is often a consequence of mutations or 

hyperactivation of upstream regulators AKT, PI3K and RAS or suppression of inhibitory 

regulators such as liver kinase B1 (LKB1), phosphatase and tensin homolog deleted on 

chromosome 10 (PTEN) and tuberous sclerosis proteins 1 and 2 (TSC1/2). Therefore, the 

potential for inhibiting MTORC1 with rapamycin was a promising cancer therapeutic; 

however, it was found not a feasible option due to solubility issues and kinetics. Since 

then, there has been the development of analogues with improved solubility and kinetics, 

which have included temsirolimus and everolimus; these analogues are approved by the 

Food and Drug Administration (FDA) in USA for treatment  in angiomyolipomas, HER2-

negative breast cancers, pancreatic neuroendocrine tumours, renal cell carcinomas and 

subependymal giant cell astrocytomas and are currently being, or have been tested, in 

numerous cancers in various clinical trials [321]. However, despite the promising 

improvement in the analogues for treatment use, their efficacy has been disappointing due 

to resistance, and off-target effects of MTORC1 inhibition has been problematic 

[322].Rapamycin inhibition of MTORC1 to induce autophagy in yeast and most 

mammalian cells has resulted in it being a staple in the laboratory as it is used extensively 

within the experimentation of autophagy. It is expected that researchers should use 

different methods to validate the presence of autophagy [316, 323].  

 

1.16  AUTOPHAGIC INHIBITORS 

 

The inhibition of autophagy and CMA has been a greater area of growth than 

activation as it is not as easy to control with simple environmental changes such as 

nutrition. It has become apparent that autophagy and CMA do upregulate in response to 

stressors, but they are still active at basal levels. As previously mentioned, only the drugs 

used in this thesis will be detailed, but it is worth noting that many inhibitors have been 

developed, and many more are being developed as both autophagy and CMA play a role 

in disease and present themselves as significantly targetable. Autophagic inhibitors have 
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gained much attention, so several available inhibitors focus on developing molecules 

towards PI3KC3/VPS34, ULK1/2 and Bcl-2. Within these groups, there are many 

compounds that are being trialled in the adjuvant setting in various cancer types [324]. 

Currently, CMA does not have any specific inhibitors, but its activity can be halted 

by the genetic knockdown of Lamp2A or inhibiting lysosomal function. Similarly, 

autophagy can be halted with the VTPase inhibitor Bafilomycin A1, the weak bases 

Ammonium Chloride, Chloroquine and hydroxychloroquine.  

 

1.16.1 PI3KC3 Inhibitors 

 

The PI3KC3 complex is an integral modulator of the canonical pathway in 

autophagy. There have been specific inhibitors developed to many of the molecules 

within the complex, but predominantly they have focused on PI3KC3, hereafter referred 

to as VPS34. There has been continual development of VPS34 inhibitors as they have 

been shown to have limited specificity for VPS34, and most have displayed activity 

against other PI3K family members. The PI3K family is divided into classes I, II and III, 

with numerous isoforms within classes I and II. PI3K class I isoforms form part of the 

AKT MTOR axis and regulate growth, metabolism, cellular movement and protein 

synthesis. PI3K class II isoforms are involved in endocytosis, mitosis and cell migration. 

The class III enzyme is involved in autophagy and extra vesicle trafficking and is the only 

nutrient sensor and PI3K that is conserved from yeast to mammals [325-327]. 

 

1.16.2 3-Methyladenine (3Ma) 

The most commonly used autophagic inhibitor over the last 

decade has been 3Ma. 3Ma inhibits VPS34 by binding to its ATP 

binding site, but this binding is conserved amongst some of the 

isoforms. Consequently, this particular agent is observed to have a 

binding affinity with P110γ, an isoform of the PI3K class I group, 

so its use will inhibit autophagy and block growth, survival and 

motility signalling. A study by Wu et al. showed that the 

autophagic activity of 3Ma was observed to have transient binding 
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to VPS34 whilst it binds constant with p110γ. Although the inhibitory concentration 

showed disparities between them with IC50 of 25µM for VPS34 and 60µM for p110γ. 

There are also temporal differences with VPS34 inhibition observed at forty-eight hours, 

whereas activity towards p110γ was from eight hours [328, 329]. Although later studies 

have shown autophagic inhibition beyond 24 hours, particularly in the context of cancer 

cells [330]. The dual activity has not been limited regarding potential clinical use as 

p110γ is often aberrantly expressed in most cancers, which may add to its efficacy. 

However, the problem has been its poor solubility, which has limited its use in many 

settings. As a result, Wu et al. has developed several 3Ma derivatives, of which compound 

18 (3Ma-IV) is commercially available and used in this thesis. It was shown that there 

was improved solubility of 12.06 mg/ml to 62.58mg/ml in water for 3Ma compared to 

3Ma-IV, respectively. Furthermore, the specificity has been improved with 3Ma-IV 

shown to have no inhibitory effects on PI3K class I or p110γ [331].  

A few recent studies have proven to be efficacious in treating colorectal cancer cells 

in hypoxic conditions with 3Ma causing apoptosis [332]. Another has shown that 

treatment in head and neck cancers with reactivation of p53 and induction of tumour cell 

apoptosis (RITA). The treatment potential of RITA has been limited to date due to 

resistance which was overcome with the addition of 3Ma [333]. Curiously, both studies 

presented LC3 levels to represent autophagy but did not show any PI3K class I activity to 

ascertain if this pathway had a role. Concerning the newer derivative 3Ma-IV, it focused 

on 3Ma as the most effective at reducing cell viability across cell lines compared to 3Ma-

IV, SAR-405 and lysosomal inhibitors. However, it was shown that 3Ma induced DNA 

damage resulting in subsequent cell death. It was also shown that 3Ma had a minimal 

inhibitory effect on PI3K class I downstream targets. In contrast, both 3Ma-IV and 

SAR405 had no effect on the PI3K class I targets [334]. 

 

1.16.3 SAR-405 

SAR-405 is a first in class ATP-competitive inhibitor of 

VPS34 and was identified through high throughput small 

molecule screening. Its activity is specific to VPS34 inhibiting 

autophagy and late endosome to lysosome trafficking [335, 336]. 

Curiously, it has been shown that SAR-405 IC50 significantly 
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decreases when an MTOR inhibitor induces autophagy. Therefore, a study into the 

combination of SAR-405 and MTOR inhibitor everolimus showed increased cytotoxicity 

in renal cancer cell lines [336, 337]. More recently, it has been shown to induce 

inflammation within the tumour and provide an environment for the successful use of 

immunotherapeutic agents in vivo in melanoma and colorectal cancer models [338]. There 

is evidence to show that SAR405 ameliorates radiotherapy-induced mitophagy and results 

in improved tumour refraction when radiotherapy is combined with SAR405 in head and 

neck cancer in vivo [339]. 

 

1.16.4 VPS34-INI 

     VPS34-INI is a specific and potent VPS34 inhibitor, and its 

mechanisms of action are suggested to be through its PtdIns(3)P-

binding PX domain but are yet to be fully elucidated [340]. A 

recent study showed improved efficacy of Ceritinib with VPS34-

INI in treating non-small cell lung cancer cells reduced cell 

survival. It was also suggested that VPS34-INI and SAR-405 

offered more significant treatment potential due to their specificity [341]. Recently, 

VPS34-INI has been shown to have promising effects in Acute myeloid leukaemia (AML) 

cells, with increased cell death observed in response to treatment [342]. 

 

1.16.5 Lysosomal Inhibitors 

 

The lysosome offers a broad spectrum effect compared to the PI3KC3 inhibitor as 

the lysosome does not just facilitate a degradation vessel for autophagy but includes 

CMA, microautophagy, immune signalling and endocytic pathways [343]. It is a critical 

centre for removing and supplying cellular contents to recyclable constituents. This 

process indirectly regulates all cellular processes within the cell. In the context of cancer, 

lysosomal biogenesis generally increases, so it offers an effective treatment option. 

However, the conundrum is how to target such a pivotal organelle as research advances? 

It is becoming apparent that not all lysosomes are alike, and that may present an 

opportunity to generate a more specific targeting option. The research into several 

lysosomal disorders has given greater insight into lysosomal functions and demonstrated 
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options to circumvent its loss, such as administering enzymes that can correct some loss 

of lysosomal function. The lysosomal inhibitors currently act to reduce the internal 

lysosomal acidity rendering them inactive. However, these agents work by either acting as 

weak bases or interfering with proton pumps, and as it suggests, these mechanisms of 

action are not very specific and often yield undesirable off-target effects [344-350]. 

1.16.6 Bafilomycin A1 

     Bafilomycin A1, produced by Streptomyces griseus, is a 

macrolide antibiotic that inhibits the vacuolar H+ ATPase 

(V-ATPase). Bafilomycin A1 binds the V0 component of 

the VTPase pump, preventing its activity and inhibiting 

proton exchange. The loss of the proton pump prevents the 

maintenance of lysosomal luminal acidity and thus the activation of lysosomal enzymes 

and degradative functions [351]. Through this inhibition, autophagic processing is halted, 

and there has been evidence to suggest autophagosome and lysosome fusion is prevented 

and was proposed to be due to the lysosomal VTPase pumps. However, it has since been 

demonstrated that the changes in intracellular calcium concentrations prevent the 

lysosome autophagosome fusion, and the calcium dysregulation is due to off-target 

binding of other VTPase’s [352].  It has also been shown to be a potassium carrier to 

mitochondria, resulting in mitochondrial swelling and dysfunction; this activity was 

observed at nanomolar concentrations [353]. It has been suggested that Bafilomycin A1 is 

not feasible due to toxicity, although interestingly, claims of toxicities have not been 

supported by data, and on the contrary, there are studies, at least in leukaemia, that have 

shown no toxicity in vivo [354, 355]. The toxicity is potentially related to the off-target 

effect mentioned previously, and there is evidence to suggest these would be reduced in a 

dose-dependent manner, and the efficacy has been proven at the lower doses in vivo for 

some cancer types [354, 356, 357]. 
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1.16.7 Chloroquine 

The most well recognised and clinically relevant 

autophagic inhibitor is chloroquine, or its less toxic derivative 

hydroxychloroquine. First discovered as an anti-malarial, it 

prevents the conversion of heme to haemozoin in protozoan 

infections [358]. They have a potent immunomodulatory effect 

resulting in a reduction of cytokine and inflammatory mediators, 

and it is commonly used to treat rheumatoid arthritis, systemic 

lupus erythematosus and several clotting disorders. In addition, 

they are lysosomotropic and accumulate with acidic vessels, 

particularly the lysosome, where their weak base formula reduces 

lysosome acidity and function, although the exact mechanism is yet to be elucidated. 

However, at high concentrations, they will cause the membrane of the lysosome to 

permeabilise and rupture, with the lysosomal contents being released into the cell, causing 

cell damage or death, which has been attributed to the retinopathy observed in patients. 

Other adverse effects reported are myopathy and cardiovascular cytotoxicity and 

arrhythmias, though retinopathy is the most predominant, with medical guidelines of the 

prescribed dose to limit this [359-361]. The exact mechanism on how these agents block 

autophagy was recently highlighted by Mauthe et al., who observed that autophagosome-

lysosome fusion was inhibited by treatment with chloroquine and hydroxychloroquine. 

This blocked fusion was attributed to the observed autophagic failure rather than direct 

changes in the lysosomal. It was further suggested to be caused by Golgi and endoplasmic 

reticulum (ER) stress. So it is worth noting that the stress observed with the ER and Golgi 

may be attributed to some of the clinical results rather than just autophagic inhibition 

[362]. Most of the current clinically relevant trials and use of an inhibitor to block 

autophagy for cancer treatment involve using hydroxychloroquine. A systematic review 

and meta-analysis of all cancer trials that have been undertaken using chloroquine or 

hydroxychloroquine for cancer treatment were then analysed to determine efficacy. The 

review assessed the use combined with gemcitabine, doxorubicin, radiation, 

temozolomide and single therapy with hydroxychloroquine. Cancers included were 

glioblastoma, non-Hodgkin's lymphoma, pancreatic, metastatic non-small cell lung cancer 

and metastatic breast cancer. The meta-analysis demonstrated that the overall response 

rate was significantly higher with the inclusion of hydroxychloroquine or chloroquine 

than without [363]. 
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1.17 CONCLUSION 

 

The literature highlights autophagy and CMA as areas of importance in the context 

of cancer. However, this has been complicated by the paradoxical role of autophagy in 

that it can be both anti-tumorigenic and pro-tumourigenic, and while autophagy research 

has advanced significantly, many questions are still to be answered. Until there is an 

insight into the regulatory mechanisms, particularly in cancer, to explain why autophagy 

becomes pathologic, the development of effective treatments which target its activity will 

be limited. The initial treatment options have shown promise but have been limited by 

off-target effects and a lack of specificity. This thesis aims to contribute to the body of 

knowledge of autophagy and CMA in breast cancer and breast cancer progression to 

eventually aid the development of better-targeted treatments towards autophagy and 

CMA. 
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1.18 PROJECT RATIONALE & OBJECTIVES 

1.18.1 Rationale 

 

The literature, as discussed previously, has shown autophagy to provide a 

supportive role to oncogenic RAS. The observations to date have led researchers to focus 

on this as a targetable weakness. However, the research has primarily focused on RAS-

driven cancers such as pancreatic and non-small cell lung cancer. In addition, the research 

has shown the inhibition of autophagy to increase first-line treatment efficacy and 

attenuate chemoresistance, which has been demonstrated in vitro, in vivo and clinically. 

However, this has not been investigated in breast cancer as it is not recognised as a 

predominantly RAS-driven cancer. Nevertheless, it can present with RAS mutations, 

although it is more common to have an upregulation of RAS activity in the absence of 

oncogenic mutations, particularly in the metastatic phenotype. This gap in the literature 

led to the investigation of autophagic activity in the presence of oncogenic RAS and or 

RAS activity to delineate if breast cancer is dependent on autophagy in the context of 

RAS (Chapter 3). 

As highlighted in the literature review, there have been great expectations of using 

an autophagic inhibitor to treat cancer, but these have been fraught with inconsistencies 

and disappointments. This quandary has led to an influx of autophagic inhibitors, but 

there is evidence lacking for their feasibility. To determine if breast cancer would be 

responsive to targeted treatment with an autophagic inhibitor was undertaken, and drugs 

for the same target were compared and contrasted to determine feasibility within varying 

breast cancer cell contexts. (Chapter 4) 

Autophagy is not alone in the degradation pathway to the lysosome. It is a hub for 

microautophagy and CMA. Furthermore, evidence suggests there is crosstalk between at 

least autophagy and CMA, which is suggested to help overcome any losses of either 

pathway. Therefore, to effectively target autophagy, the role of CMA needs to be 

understood and vice versa. This study set out to define the role of CMA in breast cells and 

breast cancer cell lines and identify a potential role in breast cancer progression. (Chapter 

5) 
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1.18.2 Objectives 

 

The underlying hypothesis of this research is: 

 

“Autophagy has an integral role in breast cancer cell biology concerning its survival, 

proliferation, metastatic potential and is sensitive to its inhibition”. 

  

The specific aims of this study are: 

 

-To examine the presence of autophagy in breast cancer subtypes and                   

progression (Chapter 3) 

 

-To explore the relationship between autophagy and RAS in breast cancer cells 

(Chapter 3) 

 

-To investigate the sensitivity of breast cancer cell lines to the chemical inhibition of 

autophagy (Chapter 4) 

 

-To compare the efficacy of PI3K inhibitors in breast cancer cells (Chapter 4) 
 
-Examine CMA in breast cancer progression (Chapter 5)  

 

-To determine the functional importance of CMA in breast cancer cells (Chapter 5) 
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Chapter 2: Material and Methods 

2.1 MOLECULAR CLONING 

 

2.1.1  Bacterial cell cultures 

Bacterial cells were cultured for cloning or plasmid DNA generation in Terrific 

Broth (T.B.) (1.2% tryptone, 2.4% yeast extract, 0.5% glycerol and 10% TB-B) or Luria 

Broth (L.B.) (1% tryptone, 0.5% yeast extract and 1% NaCl). The suspended bacterial 

cells were grown in appropriate broth at 37°C on an orbital shaker at 225 revolutions per 

minute (rpm). Colony selection was undertaken by culturing bacterial colonies on L.B. 

agar plates (1% tryptone, 0.5% yeast extract, 1% NaCl and 2% agar) in an incubator at 

37°C. As prescribed, antibiotics were included in growth media, most commonly 

ampicillin (100µg/mL) and zeocin (25µg/mL). All broths and agar were sterilised in the 

autoclave for 20 minutes at 121°C before use. 

 

2.1.2 Bacteria transformation 

 

2.1.2.1 Preparation of competent E.Coli 

Preparing chemically competent Escherichia coli (E.Coli) cells was performed as 

described in detail by Nakata et al. and Liu et al. (1997 and 2018) [364, 365]. E. coli cells 

DH5α were made competent by chemical methods as briefly described below. Firstly, the 

DH5α were thawed, streaked onto L.B. agar plates and grown with plates inverted in an 

incubator at 37°C until colonies formed. Next, colonies were used to inoculate 5ml of 

L.B.  and incubated overnight at 225rpm. Then 1mL of this was added to 99mL of fresh 

L.B. and grown at 37°C for approximately 2-3 hours or until OD 0.4-0.6 was reached. 

Cells were then incubated on ice for 20 minutes and centrifuged (4°C) at 4000 rpm for 10 

minutes to pellet cells. Cells were then resuspended in 20mL of ice-cold 100mM CaCl2 

and incubated on ice for 30 minutes, after which they were centrifuged (4°C) at 4000rpm 

for 10 minutes, and the pellet resuspended in 5mL of an ice-cold storage solution 
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(100mM CaCl2   and 15% glycerol). Finally, the competent bacterial stock was aliquoted 

into cryotubes at 100µL volumes for later use and stored at -80°C for three months. 

2.1.2.2 Plasmid transformation 

Competent DH5α E.Coli cells (as described above) were thawed on ice, and up to 

100ng of plasmid was added to 100µL of cells. This was incubated on ice for 30 minutes 

and then heat shocked by placing into a water bath at 42°C for precisely 45 seconds and 

immediately cooled on ice for 2 minutes. An addition of 200µL of L.B. or T.B. was added 

to cells to dilute, and the resulting dilution was shaken at 225rpm on an orbital shaker for 

1 hour at 37°C. Then 100µL of the transformed cell dilution was added to L.B. agar plates 

with the prescribed selection antibiotic (ampicillin at100µg/mL and zeocin at 25µg/mL). 

The bacterial culture plates were inverted and incubated overnight. Control plates were 

included with all experiments, which contained L.B. agar plates with no antibiotic. 

2.1.2.3 Bacterial glycerol stock 

Bacterial colonies were selected and inoculated into a 5mL tube with L.B. and 

incubated at 37°C in an orbital shaker at 225 rpm overnight. Glycerol stock was made 

with 800µL of bacterial culture grown in L.B. overnight and 200µL of glycerol (sterile). 

The glycerol and bacterial culture were gently mixed with vortex or pipette (1000mL) and 

placed into cryotubes and stored at -80°C as per IBC guidelines in a secure box within the 

freezer. 

2.1.2.4 Plasmid Extraction 

Crude extraction was performed to confirm the presence of the plasmid of interest 

in transformed colonies. Ten colonies were collected and cultured overnight (as described 

in 2.3.1.) in 5mL of L.B. on an orbital shaker at 225 rpm. Cells were pelleted by 

centrifugation (4°C) at 4000 rpm for 7 minutes. The pellet was then resuspended in the P1 

buffer (50mM Tris HCl pH 8.0, 10mM EDTA, and100μg/ml RNase A). Then, cells were 

lysed with 250µL of P2 buffer (200nM NaOH, 1% SDS), and the tube was inverted five 

times before a 5 minute incubation at room temperature (R.T.). To stop lysis, P3 buffer 

(3M KOAc, pH 5.5) was added and gently mixed with the pipette. Next, the sample was 

centrifuged at 14000 rpm for 10 minutes to remove cell membrane and debris, following 

this, approximately 700µL of supernatant was extracted and transferred to a new 

microcentrifuge tube. After adding 490µL of isopropanol, the tube was inverted several 

times before centrifugation (4°C) at 14000 rpm for 30 minutes. The supernatant was 

removed, leaving the plasmid DNA pellet, which was washed with 70% ethanol and 
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centrifuged at 13000 rpm for 10 minutes. Ethanol was removed, and the pellet was left to 

dry at R.T. before being resuspended in T.E. buffer (10mM Tris-Cl, pH 8.0). 

For large-scale extraction of Plasmid DNA for mammalian cell transfection or DNA 

sequencing and plasmid validation, the commercially available Plasmid Midiprep kit 

(Invitrogen, California, USA) (cat. K210004) and Plasmid Miniprep kit (Qiagen, California, 

USA) (cat.27104)  were used as per manufacturer’s instructions. 

2.1.2.5 Restriction enzyme digestion 

When restriction digestion was performed for diagnostic purposes, 1µg of DNA 

was used in a 10µL reaction. For molecular cloning protocols, 10-15µg of DNA was 

digested in a 50µL reaction. All enzyme restriction digestion reactions included enzymes 

buffers from NEB (New England Biolabs, Massachusetts, USA), bovine serum albumin 

(BSA), and DNA. Double digestion was performed with buffers of 100% efficiency and 

was determined using the NEB online tool platform. All restriction enzyme digestion 

protocols were determined online and followed as per the manufacturer’s instructions. 

The resultant DNA samples underwent agarose electrophoresis as described in 2.3.7. 

2.1.2.6 Ligation reaction 

The ligation reactions were performed as prescribed by NEB protocols. In brief, a 

10µL reaction with T4 DNA ligase, buffer, plasmid backbone and DNA of interest was 

inserted at a 1:3 molar ratio respectively and incubated at R.T. for 30 minutes. Following 

that, 4-5µL was used to transform competent E.Coli. for amplification for plasmid 

selection. 

2.1.2.7 Agarose gel electrophoresis 

The agarose gel was made at 1% for DNA larger than 500 base pairs and up to 2% 

for anything less than 500 base pairs. The agarose was combined with TAE buffer (40 

mM tris-acetate, 1 mM EDTA, pH 8.3) and heated until dissolved with the addition of 

Syrbr Safe (1µL/mL) for DNA visualisation. Gels were then poured and left to set at 

room temperature. Agarose gels were loaded with DNA samples, which were mixed with 

6X loading dye, and an appropriate DNA ladder was included for size estimation. The gel 

was electrophoresed at110V for 50 minutes and covered to protect from light. The DNA 

bands were observed and captured using the U.V. illuminator in the Fusion F.X. (Vilber 

Lourmat, SAS, France). When DNA was required for further cloning, fragments were cut 

out using a U.V. transmitter and cutting pipette. This gel section could also allow further 
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DNA purification when processed using a DNA gel extraction kit (Qiagen, California, 

USA) (cat.28704) as the manufacturer's protocol prescribes.  

2.1.2.8 DNA sequencing 

To confirm the identity of shRNAmir within the Tripz Plasmid DNA, the Plasmid 

DNA from two clones resulting in a total of 10 samples was collected. DNA was 

extracted as described in 2.3.2.5 using a Qiagen miniprep kit (cat.27104), and DNA purity 

and weight were validated by agarose gel electrophoresis[366]. Samples were aliquoted in 

20µL volumes at a concentration of 300-450ng along with 50µL of Tripz primers at 5µM 

as required by Micromon (Monash University, Clayton, Australia) sanger sequencing.  

2.1.2.9 Generation of retroviral vectors targeting Lamp2A  

The Lamp2A knockdown model developed constructs with shRNAmir directed 

towards Lamp2A. The protocol was similar to that outlined by Paddison et al. and others 

[367-370]. In brief, the DSIR platform was used 

(http://biodev.extra.cea.fr/DSIR/DSIR.html) to design a 21-mer siRNA sequence to 

Lamp2A with an algorithm described in detail by Vert et al. [371]. The top five rated 

Lamp2A siRNA sequences determined by the DSIR program were chosen for further 

development. The siRNA sequences were entered into the Cold Springs Harbour online 

platform (http://katahdin.cshl.org//siRNA/RNAi.cgi?type=shRNA) to design a 97-mer 

shRNA oligonucleotide as detailed in table 2.1. These oligo sequences were sent to Sigma 

Aldrich (Sigma Aldrich, Missouri, USA). to synthesise the required sequences. On 

arrival, they were amplified with mir30 primers, as detailed in Table 2.2. The mir30 

forward and reverse primers contained restriction sites for XHOI and MLUI, respectively. 

The restriction sites were then used to ligate the Lamp2A shRNA into the Tripz vector 

backbone (open biosystems, Heidelberg, Germany) (Fig.2.1). All five constructs were 

transformed into competent E.Coli as described in 2.3.2.2 and cultured. Finally, the 

plasmid DNA was extracted and sent for DNA sequencing as described in 2.1.2.8.  Two 

of the shRNAmirs chosen to be used were shRNAmir2 with the highest knockdown 

efficiency and shRNAmir5 as a non-targeting control. As an additional negative control, 

the study used a Tripz-shRNA-Renilla, previously developed by the lab, which targeted 

renilla lucifeRASe. 

http://biodev.extra.cea.fr/DSIR/DSIR.html
http://katahdin.cshl.org/siRNA/RNAi.cgi?type=shRNA
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Table 2-1 LAMP 2A shRNAmir sequences 

Table 2-2 Table of mir30 primers 
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Figure 2-1 Schematic of the Tripz vector map (A) and Tripz restriction sites(B) 
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2.1.2.1 Generation of stable cell lines expressing inducible Lamp 2A knockdown 

Generation of the stably transfected lentivirus cell lines was carried out using the 

Tripz vector with Lamp2A shRNAmirs cloned in this study (as described in 2.3.2.10), 

although the Tripz vector itself was developed by Prof. Hannon whilst at Cold Spring 

Harbour Laboratory (CSHL) in conjunction with Prof. Elledge from Harvard [372, 373]. 

The protocol was similar to that detailed in the technical manual for Inducible 

Dharmacon™ TRIPZ™ Lentiviral shRNA (note that Dharmacon now owns the 

previously detailed open biosystems).In brief, the virus production was carried out using 

the HEK293T cell line. First, cells were plated at 5.5 × 106 cells in growth media as 

described in 2.3.2 in a 100mm culture plate. Cells were then incubated at 37 °C with 5% 

CO2 overnight, and 2 hours before transfection, media was changed with growth media 

minus antibiotic/antimycotic. Finally, the lentivirus particle was produced with the 

addition of Plasmid DNA (Lamp2A) with 3rd generation packaging system 

pMDLg/pRRE, pMD2.g and pRSV-REV at a ratio of 4 (plasmid DNA); 2 (packaging 

pMDLg/pRRE); 1(envelope pMD2.g); 1 (pRSV-REV). 

Lipofectamine LTX with PLUS transfection reagents (Invitrogen, California, USA) 

were used to facilitate plasmid transfection of the HEK293T according to the 

manufacturer's protocol using the above-described ratios. The transfection mixture was 

added dropwise with the plate gently rocked to evenly disperse the complexes. After 16 

hours, transfection media was removed and replaced with harvesting media. Harvesting 

media (culture media with reduced  [2%] or serum-free and no antibiotic/antimycotic) 

was left for 48 hours and then removed. The virus media was filtered with a 0.45um filter 

before being used for transduction or stored at -80°C for later use. 

 A serial titration of virus particles was undertaken with a fivefold dilution of the 

stock virus. First, it was added to HEK293T in a 24-well plate for 4 hours, and then the 

virus titration mix was removed and replaced with growth media with 1µg/ml of 

doxycycline and the cells were returned to the incubator for 72 hours; after which the well 

was examined under the fluorescent microscope for positive RFP cells which were 

counted and used to determine the Transducing units per millilitre (T.U./mL). These 

numbers were used in the following formula to determine TurboRFP positive colonies 

counted × dilution factor × 40 = T.U./mL. 

Transduction of human cells and human breast cancer cell lines required them to be 

seeded at 1.5 – 2 x106 cells in a 25cm flask one day before infection. The following day, 
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media was replaced with fresh media, including the correct volume of virus particles to 

obtain an MOI = 0.3. Polybrene (hexadimethrine bromide) was also included in the media 

at a concentration of 5-10 µg/ml depending on the cell line to increase transduction 

efficiency. The cells were incubated in transduction media for 24 hours before adding 

new media for a 24-hour recovery period before puromycin selection. Puromycin was 

added at a concentration between 2-4 µg/ml as predetermined by a puromycin kill curve 

determined for each cell line. The puromycin media was refreshed and maintained on the 

cells for 10-15 days. After selection, cells were grown and underwent cryopreservation. 

In conjunction to this, 1 X 105 cells were plated in six-well plates and treated with a 

doxycycline titration for 72 hours to capture images of positive RFP cells before cell 

lysate collection and western blot analysis to confirm knockdown of the protein of 

interest (Lamp2A) and the optimal doxycycline concentration to be used. 

2.1.2.1 Generation of cells stably expressing HRASV12  

MCF10A cells expressing mCherry (control) or HRASV12 retroviruses produced 

from MSCV-mCherry and MSCV HRASV12 mCherry retroviral vectors, respectively 

(kindly provided by Dr. Patrick Humbert, Peter McCallum Cancer Center and La Trobe 

University, Victoria, Australia) [374]. These vectors were used to stably transfect the 

MCF10A cell line previously in the lab by Dr. Chau Nguyen to produce MCF10A 

mCherry and MCF10A HRASV12 cells. Briefly, the virus infection was performed in the 

presence of 10μg/ml polybrene, and the cells were sorted twice by FACS to select for 

those expressing mCherry (specific detail are described in the paper by Nyguen et 

al.[375] . In addition, western blot analysis was performed to confirm the ectopic 

expression of HRASV12 and validated again for these experiments. 
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2.2 CELL CULTURE AND CELL LINES. 

 

The human immortalised mammary epithelial cell line MCF-10A and human cancer 

cell lines T47D, ZR-75-1, MDA-MB-361, MCF-7, SKBr3, MDA-MB-453, BT-474, 

MDA-MB-468, BT549, Hs578T and MDA-MB-231 were obtained from American Type 

Culture Collection (ATCC; Manassas, VA, USA). All cells were grown in cell culture-

approved humidified incubators set at 37°C at 5% CO2, with regular decontamination and 

all water pans filled with sterile water treated by reverse osmosis (R.O.) and disinfectant 

such as Incuwater-Clean at 1 in 100 dilutions (VWR, Tingalpa, Australia). 

 MCF-10A were cultured and maintained as described by Debnath et al., in growth 

media containing Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

(DMEM/F12) supplemented with 25% horse serum, 20ng/ml epidermal growth factor 

(EGF), 10μg/ml insulin human recombinant, 100ng/ml cholera toxin, 0.5μg/ml 

hydrocortisone and 1% antibiotic/antimycotic)[376]. Cells were rinsed with versine 

(sterile) twice, and then 2ml of Trypsin (hereafter referred to by trade name Tryple) was 

added and rolled over the cells briefly before removing 1.5ml of triple to leave a thin coat 

over the cells. Cells were placed in the incubator for approximately 15 minutes or until 

rounding; all cells were lifted by mechanical agitation. Resuspension media was added 

(DMEM/F12, 20% horse serum and 1% antibiotic/antimycotic) at 10mL for a 75cm flask. 

The cell suspension was pipetted into a 15ml tube and centrifuged at 1200rpm for 5 

minutes. Resuspension media was discarded, and the cell pellet was resuspended in 

growth media and seeded at the required density. 

HEK293T, ZR-75-1, MDA-MB-361, MDA-MB-453, BT-474, MDA-MB-468, 

BT549, Hs578t and MDA-MB-231 cell lines were maintained in Dulbecco's Modified 

Eagle's Medium (DMEM) (Life Technologies, Grand Island, NY, USA) containing 10% 

fetal bovine serum (FBS; Thermo Fisher Scientific, Rockford, IL, USA), 1% 

antibiotic/antimycotic (Life Technologies). T47D, BT549 cell lines were maintained in 

Roswell Park Memorial Institute (RPMI) containing 10% fetal bovine serum (FBS; 

Thermo Fisher Scientific, Rockford, IL, USA), antibiotic/antimycotic (Life 

Technologies). MCF-7 were grown in DMEM containing 10μg/ml insulin human 

recombinant, 10% FBS and 1% antibiotic/antimycotic. The SKBr3 cell line was cultured 

in McCoys 5A modified medium (Life Technologies, Grand Island, NY, USA) in 

addition to 10% FBS and 1% antibiotic/antimycotic. All cells were lifted per the same 
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method, culture media removed, and the flask rinsed twice with PBS (sterile); then Tryple 

was added at 1ml for 75cm flack, 500µl for 25cm flask and 2ml for 175cm flask. The 

flask was returned to the incubator for 2-3 minutes or until cells had rounded up and lifted 

upon mechanical agitation. Respective cultured media was added to the flask to neutralise 

Tryple, and cells were diluted at the appropriate rate and plated into the new flask. 

Cell culture assay media also included Hanks' Balanced Salt Solution containing 6 

mmol/L glucose (HBBS//starvation medium) (Life technologies). Serum-free media is 

any culture media described above minus the serum such as FBS. Fibroblast conditioned 

media (FbCM) is collected from Fibroblast cells grown to near confluence and rinsed 

before adding fresh DMEM with 10% FBS. After 48 hours, culture media is collected and 

centrifuged at 15000 rpm for 20 minutes. The supernatant (FbCM) is aliquoted and stored 

at -80°C. 

All cell lines were never passaged beyond passage ten, and all tested negative for 

mycoplasma infection. Mycoplasma testing was undertaken regularly using the Lonza 

myco alert as prescribed by the manufacturer (MycoAlert; Lonza, Basel, Switzerland). 

2.2.1.1 Cryopreservation of cell lines 

The cells were lifted at approximately 70-80% confluence, as detailed above 2.3.2, 

and the cell resuspension was centrifuged at 1500rpm for 5 minutes. Next, cells were 

resuspended in freezing media that had been kept on ice. The MCF10A cell line freezing 

media consisted of 70% growth media, 20% horse serum and 10% DMSO, while all other 

cell line freezing media consisted of 90% FBS and 10% DMSO. After cells were 

resuspended in freezing media, they were aliquoted as 1ml volumes into cryotubes, which 

were adequately labelled and then placed on ice for 5 minutes. Afterwards, the cryotubes 

were placed in the freezing container (Mr. Frosty™, Thermo Scientific) for temporary 

storage at -80°C for no longer than eight weeks before being relocated to long-term liquid 

nitrogen storage. 

2.2.1.2 Cell morphology observations 

Cells were examined regularly under the microscope during treatments and before 

collection. Images were taken using bright field and phase contrast at 40X and 100X 

magnification on the Olympus IX81inverted fluorescent Microscope. 

2.2.2 Compounds 

Rapamycin, 3-methyl-6-(3-methylpiperidin-1-yl)-3H-purine (3MaIV), vacuolar 

protein Sorting 34 Inhibitor- SAR405 (VPS-SAR405), vacuolar protein Sorting 34 
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Inhibitor – IN1 (VPS-INI) and Bafilomycin A1 were all obtained from Millipore Sigma 

(Burlington, Massachusetts, United States). Chloroquine was obtained from Enzo life 

sciences (C/O: United BioResearch Products, Dural, Australia). All compounds were 

reconstituted at the highest concentration with DMSO, then aliquoted and stored along 

with the same DMSO used for reconstitution to be used as a vehicle control. 

 

2.3 IN VITRO EXPERIMENTATION 

 

2.3.1 Three-dimensional acini formation 

MCF10A cells were grown in 3-D on a basement membrane matrix ( referred to as 

trade mark name Geltrex; note this product has replaced Cultrex) culture by an overlay 

method, as described previously [376]. Geltrex LDEV-Free Reduced Growth Factor 

Basement Membrane Matrix (Thermo Fisher Scientific) was thawed on ice, and 80μl was 

added to each well of an eight-well chamber glass slide (Millipore, Massachusetts, USA) 

and spread evenly. The geltrex was solidified by incubating at 37°C for 20 minutes. 

MCF10A cells were grown to 70% confluence, lifted and then resuspended in assay 

media (DMEM/F12 supplemented with 2% horse serum, 10μg/ml insulin from bovine 

pancreas, 5μl/ml hydrocortisone and 1% antibiotic/antimycotic) at 25,000 cells/ml. The 

cell suspension was mixed with stock assay media containing 10ng/ml EGF and 4% 

Geltrex at a 1:1 ratio to obtain cells in final assay media containing 5ng/ml EGF and 2% 

Geltrex. The mixture (400μl/5,000 cells) was added on top of the solidified Geltrex layer 

in each well of the chamber slide. Cells were grown in a 5% CO2 humidified incubator at 

37°C for 14 days. Assay media containing 5ng/ml EGF and 2% Geltrex was replenished 

every four days. 

2.3.2 Xcelligence RTCA DP System 

The Xcelligence RTCA DP system is a real-time analyser used to determine the cell 

index based on cellular impedance. Impedance is the resistance to electrical conduction 

between the electrodes within the well plate, which is converted by the systems software 

(RTCA software) to a representative cell index [377-379]. The cell's adherence to the well 

surface directly impacts the conductivity between the electrodes; thus, an increase in cell 

number within the well will correlate with an increase in cell index. 
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2.3.3 Real-Time Cell Analysis of cytotoxicity induced by autophagic inhibition 

The Xcelligence RTCA DP system (Agilent Technologies, California, USA) was 

used for real-time analysis of the cytotoxic effect of autophagic inhibition on mammary 

epithelial cell line MCF10A MCF10A+HRASV12 and breast cancer cell lines T47D, 

Hs578T, MDA-MB-231, MDA-MB-468 and MDA-MB-468 +EGF (50ng/ml). The 

following treatments were administered in independent experiments and repeated in 

triplicate for the following drugs, at a 10-fold dilution of 3MaIV from 0.15 M to 15 mM, 

VPS-SAR405 from 100 pM to 10 µM and VPS-INI from 25 pM to 250 nM with vehicle 

controls added. This analysis was performed with cell lines that were seeded at a density 

to reach confluence at 24 hours in 150 µL of complete growth medium per well in a 16 or 

96-well E-plate (OLS; Bremen, Germany) before the addition of the previously 

mentioned compounds, which were refreshed every 24 hours for 100 hours[380].  Data 

analysis was performed using the RTCA Software v2.0 to calculate the half-maximal 

inhibitory concentration (IC50) for 72 hours of treatment. 

2.3.4 Cell viability 

The Alamar blue reagent (Thermo Fisher Scientific) was utilised as described by 

the manufacturer to determine cell viability for drug treatments and proliferation for 

genetically modified cell lines. Cells were seeded at a density for cytotoxicity to result in 

90% -100% confluence the following day. Cells were treated at concentrations as 

mentioned in 2.3.2.3 with the inclusion of vehicle control, no treatment and media alone 

with no cells. The treatment was removed after 24 hours and replaced with media 

containing Alamar blue for 1 hour, at which time the Alamar blue media was pipetted into 

an opaque plate for fluorescent reading in the Varioskan Flash (Thermo Fisher Scientific) 

at Excitation/Emission of 560/590 nm. The seeding density for Alamar blue experiments 

were established by performing a cell number titration for each cell line of 10000-80000 

cells generating a proliferation curve, and the seeding number was determined to best 

achieve cell viability for 96 hours. The cells were seeded at this determined number after 

24 hours, and media was replaced with either growth media plus doxycycline at 1µg/ml 

or growth media alone. Finally, Alamar blue was applied after 72 hours and readings 

were performed after 1 hour.  

2.3.5 Epithelial to Mesenchymal Transition (EMT) 

The EGF treatment was carried out as described previously [381, 382]. EMT was 

induced by adding the EGF ligand to the growth media of the MDA-MB-468 cell line. 
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EMT was specifically achieved by growing the cells as a monolayer, then serum-starving 

them for 24 hours before being treated with 50 ng/mL EGF in DMEM supplemented with 

10% FBS (Bio-Strategy, Melbourne, Victoria, Australia) for 72 hours, unless otherwise 

specified.  

2.3.6 Autophagic Flux assay 

Cells were grown to semi-confluence before the addition of treatments which 

included serum starvation for 4 hours, refreshing complete media and the additional 

inclusion of the positive control rapamycin (4µM) and negative controls of chloroquine 

(5µM) or 3-methyladenine (3-MA) (3mM) for 5 hours within each respective media. 

CYTO-ID® Autophagy Detection kit (Enzo Life Sciences, Inc.) was used according to 

the manufacturer's protocol. Briefly, cells were stained with CYTO-ID for 1 hour at 37°C 

in the dark and treated with the agents above. Next, cells were grown in the monolayer to 

60-70% confluency, lifted by Tryple and resuspended in 1X PBS at approximately 1x107 

cells/ml before being subjected to the fluorescence analysis using a FACS DIVA (B.D., 

California, USA). Data was analysed using Weasel software V3.2.1 (Frank Battye, 

Australia). Autophagic flux was determined using Δ Mean fluorescent intensity (MFI) 

Cyto-ID = MFI Cyto-ID (+CQ) - MFI Cyto-ID (-C.Q.).  

2.3.7 Wound healing assay 

The Xcelligence RTCA MP 96 well plate system (Agilent Technologies, California, 

USA) along with AccuWound® 96 scratch tool (cat.380601420) performed wound 

healing. The protocol was followed as detailed by the manufacturer. In summary, cells 

were seeded in 96 well plates at a density to reach 100% confluence within 24 hours. 

When confluence was reached, and cell index had plateaued on the RTCA software, the 

plate was removed, and the scratch tool was used to make a wound. The wound was 

generated where the electrodes are positioned, so the impedance signal is removed by the 

scratch resulting in loss of cell index. However, it returns as the cells move to fill the gap 

and adhere to the surface of the electrodes generating an impedance signal. This signal is 

continuously monitored and recorded by the RTCA software until or if the wound is 

healed. 

2.3.8 Anchorage-dependent clonogenic survival and growth assay 

The anchorage-dependent survival and growth assay was carried out as described 

by Kattan et al.[383] . In short, cells were seeded at a low density (100-200 cells per well) 

and at a high density (1000 cells well plate) and cultured until colonies had formed (10-12 
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days) with media refreshed every 2-3 days. At completion, colonies were fixed with 

methanol and stained with Diff-Quick dyes (Fronine Lab Supplies, New South Wales, 

Australia), Quickdip I for 1 minute and Quick dip II for 2 minutes. The inducible cell lines 

underwent a "pre-treatment" where doxycycline was added at 1µg/ml for 72 hours before 

seeding with doxycycline administration maintained during the colony-forming period. There 

was also the inclusion of a "post-treatment", whereby cells were seeded as described above, 

but doxycycline was only added at 1µg/ml 24 hours after seeding, after which doxycycline 

was maintained for the duration of colony formation. After staining, the plates were allowed 

to dry and then scanned with the Epsom dual-lens photo scanner (V700 Photo, Epsom). The 

images were then analysed by the colony-counting macro and or manually using FIJI 

(software National Institutes of Health (NIH) Bethesda, Maryland, USA). 

2.3.9 Microchemotaxis Migration Assay 

The migration assay was undertaken in the Xcelligence RTCA DP system with the 

RTCA CIM Plates (Agilent technologies cat. 5665825001). RTCA system and CIM 

plates were prepared and run per manufacturers protocol and described by Bird et al. and 

Limame et al. [384, 385]. The inducible cell lines were pre-treated with doxycycline for 

72 hours before the assay, and 24 hours prior, the media was changed to 0.1% BSA with 

no serum. The cells were also pretreated with Mitomycin C at 10µg/ml to prevent 

proliferation prior to preparation, and all other reagents were followed as described by 

Kouspou and Price [386]. Briefly, cells were lifted non-enzymatically with versene and 

resuspended at 5x105 cells/ml to 2x106 cells/ml for highly migratory and least migratory 

cells, respectively. The CIM plate's bottom chamber was filled with fibroblast 

conditioned media (FbCM) with 0.1% BSA, and as a negative control, base growth media 

with 0.1% BSA was included. The cells were loaded into the CIM plate, and the RTCA 

software performed continuous readings (15-minute intervals) for 24 hours. The data was 

analysed using the RTCA software and setting the cut-off time across all cell lines as 

consistently 4-5 hours. 

2.3.10 Invasion Outgrowth Assay 

The invasion outgrowth assay was performed as previously described [387]. The 

overlay method was utilized as this was the most consistent method for the studied cell 

lines. The eight chamber slides from Merck Millipore (Millicell™ EZ Slides cat. 

PEZGS0816) were used with Geltrex™ LDEV-Free Reduced Growth Factor Basement 

Membrane Matrix (Thermo Fisher Scientific cat. A1413202 ), which was used to coat the 

bottom of the wells and allowed to set at 37°C for 30 minutes. Cells were lifted and 
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resuspended in Geltrex™ at a concentration of 4 x105 cells/ml, this suspension was 

overlayed onto the set Geltrex™. The Geltrex™ cell suspension containing the cells was 

allowed to set for 30 minutes at 37°C before growth media was added and replenished as 

required. (Note that the doxycycline-inducible cell lines were treated with dox after 

seeding.) The outgrowths were imaged with each media change for 10-12 days with the 

Olympus IX81inverted fluorescent Microscope at 100X and 40X magnification with a 

bright field filter. 

2.3.11 Immunofluorescence of adherent cells  

Cells were cultured in chamber slides for 24 hours, washed thrice with Phosphate-

buffered saline (PBS), and then fixed using 4% paraformaldehyde in PBS at room 

temperature (R.T.) for 25 minutes, followed by three washes of PBS. Next, cells were 

incubated for 30 minutes in permeabilisation/blocking solution (0.2% powdered skim 

milk, 0.1M Glycine, 1% BSA, 1% BSA in PBS) and rinsed with PBS three times. Next, 

cells were incubated with primary antibody diluted in dilution buffer (filtered 0.1% BSA 

in PBS) overnight at 4°C. Cells were washed with washing buffer (0.001% tween and 

PBS) and incubated with secondary antibody diluted in dilution buffer for 1 hr at R.T. 

followed by three washes in washing buffer. Chamber slides were dried and mounted on a 

coverslip (22mmX 60mm) using Fluoromount-G (Life technologies) mounting media. 

Cells were imaged on a Nikon C1 confocal microscope with x40 or x60 magnification. 

Images analysis and processing used FIJI software [388]. 

2.3.12  Staining of MCF-10A acini 

The MCF10A acini were grown in the ibidi chamber slide with the coverslip bottom 

glass at 1.5 H (Lochhamer Schlag, Gräfelfing, Germany) (cat.80807) for improved 

imaging. The acini were stained for viable cells with Hoechst (Thermo Fisher Scientific) 

(cat.33342); this was performed in living cells as prescribed by the manufacturer. In short, 

the Hoechst powder was dissolved to make a 10mg/ml stock solution, media was 

removed, and Hoechst solution diluted in PBS at 1 in 200 was added for 30 minutes 

before removal and replaced with fresh assay media as described in 2.3.2.2. Images were 

taken with the Nikon C1 confocal microscope with the 60x objective, and images were 

taken on a single plane or as Z-stacking sections. In addition, ethidium bromide was 

utilised for cell death analysis as described by Debnath et al. [376]. In brief, the media 

from the acini was removed and washed with PBS, and then ethidium bromide (1µM) in 

PBS was added and incubated for 30 minutes. Images were then captured with the Nikon 



 

Chapter 2: Material and Methods 66 

C1 confocal microscope with the rhodamine channel with the 60X objectives in both 

single plane and Z stacking. 

2.3.13 Western Blot Analysis and Antibodies 

Cell were lysed at 4 °C in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 

0.5% sodium deoxycholate, 0.1% SDS, 0.5% Triton X-100, freshly supplemented with 

phosphatase and protease inhibitor cocktail 2 (Sigma Aldrich). According to the 

manufacturer's protocol, cell lysate concentration was determined using Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific cat. 23227). The cell lysate was used at a 

concentration of 15µg; this was mixed with laemmli buffer and heated at 95 °C for 10 

min. The whole-cell lysate was loaded in the Novex NuPAGE 4-12% Bis-Tris 

(Invitrogen) and then transferred on 0.45 μm PVDF membranes using the iBlot 2 Dry 

Blotting System (Thermo Fisher Scientific) on setting P0. Membrane blocking was 

performed with 3% skim milk in TBS-tween for 1 hr at R.T. Membranes were incubated 

with primary antibodies overnight at 4 °C, washed, and then incubated with secondary 

antibodies for 1hr at R.T. Detection was performed with chemiluminescence method as 

prescribed by the manufacturer in the Fusion F.X. (Vilber Lourmat, SAS, France). Data 

analysis was performed with the Fusion-Capt Advance software. All primary and 

secondary antibodies are listed below with the supplier and dilution. 

2.3.14 Lysosome Enrichment 

The lysosome enrichment protocol was developed for this study but is modified 

from Hao et al. and several other studies [301, 389, 390]. Cells were cultured to achieve a 

cell number of 5-10 x107, which were lifted and centrifuged at 600 g/rcf (G-force 

/Relative Centrifugal Force) for 5 minutes, then washed twice with cells PBS. The pellet 

was resuspended in 1 ml of lysis buffer (0.25M sucrose1 mM EDTA,20 mM HEPES-

NaOH, pH 7.4) for 10 minutes on ice. The cell suspension was then sonicated with a 

probe sonicator (Bandelin Sonoplus HD 2200) at 3x 10% (duty cycle-percentage of 

power during pulse rate) at 1x75% (duty cycle) for 15 seconds, and the sequence was 

repeated twice in the cold room. A 50µl sample was taken and treated as per 2.3.2.2 as the 

whole lysate (W.L.) comparison. The remainder of the sample was centrifuged at 1000 

g/rcf at 4°C for 5 minutes, then the supernatant was removed to a new tube and 

centrifuged at 5000g/rcf at 4°C for 5 minutes. The supernatant was transferred to an 

ultracentrifuge tube and placed in the Thermo Scientific ultracentrifuge (Sorvall MTX 

150) at 20000 g/rcf for 30 minutes at 4°C. A sucrose gradient was made with iodixanol 
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made of equal parts of OptiPrepTM (Sigma Aldrich cat. D1556) and OptiPrepTM diluent 

(0.25 M sucrose, 2 mM EDTA, 40 mM HEPES-NaOH, pH 7.4). An iodixanol gradient of 

15%, 17%, 20%, 23%, 27% and 30% was made with iodixanol and lysis buffer. The 

gradients were overlayed with 30% up to 15% in the ultracentrifuge tube. The 15% 

gradient was used to resuspend the pellet before being overlayed. The gradients were 

placed in the ultracentrifuge and spun at 150000g/rcf at 4°C for 3 hours. After 

completion, the lysosome fraction within the first 1ml was removed or alternatively was 

collected in fractions of 500µl, diluted with 3ml of lysis buffer, and centrifuged in 

ultraltracentrifudge for 30 minutes at 100000g/rcf at 4°C. The pellet was resuspended in 

50µl RIPA buffer for western blot analysis (as per 2.3.2.2) and stored at -80°C. 

2.3.15 Microarray analysis 

The result were previously generated within the Price lab, and a list of differentially 

expressed genes were provided from these experiments. Briefly, total RNA was extracted 

from acini formed by the MCF10A and MCF10A HRASV12 cell lines using an RNA 

extraction kit (Qiagen, California, USA), with the Geltrex being dissolved in RLT buffer 

(Qiagen cat. no. 79216). RNA was diluted to 50ng/μl and submitted to Agilent 

Technologies (The Ramaciotti Center, New South Wales, Australia) for microarray 

processing.  

2.3.16 Statistical analysis. 

Results are shown as mean ± standard deviation (S.D.) and the number of biological 

replicates in figures (n=). Graphs were created, and statistical analysis was performed 

using GraphPad Prism (v7.0). All the tests were performed using either a t-test or one-

way ANOVA with Tukey’s post hoc test or two-way ANOVA with Sidak’s post hoc test. 

P-values less than 0.05 were considered significant, with specific p values indicated in 

graph figures. 
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2.4 MATERIALS 

 

2.4.1 Plasmid constructs utilised in this study 

 

PLASMIDS SOURCE 
MSCV Ha-RASV12 mCherry  
 

Patrick Humbert, Peter MacCallum 
Cancer Centre, Victoria, Australia  
 

MSCV mCherry  
 

Patrick Humbert, Peter MacCallum 
Cancer Centre, Victoria, Australia  
 

pTRIPZ-Renilla  
 

Dr Chau Nguyen and Dr Ben Lang 
 

pTRIPZ-Lamp2AshRNAmir(1) This study 
pTRIPZ- Lamp2AshRNAmir(2) This study 
pTRIPZ-Lamp2AshRNAmir(3) This study 
pTRIPZ-Lamp2AshRNAmir(4) This study 
pTRIPZ-Lamp2AshRNAmir(5) This study 
pMDLg/pRRE Addgene (12251) 
pMD2.g Addgene (12259) 
pRSV-REV Addgene (12253) 

 

2.4.1.1 Cloning primers 

 

Name Direction Primer Sequence  
HUMAN 
5'-miR30-
XHOI-F 

FORWARD 5'-
CAGAAGGCTCGAGAAGGTATATGCTGTTGACAGTGAGCG-
3'   

HUMAN 
3'-miR30-
MLUI-F 

REVERSE 5'-CTAAAGTAGCCCCTTACGCGTTCGAGGCAGTAGGCA-3'           
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2.4.1.2 Cloning reagents 

Reagent Catalogue No. Supplier 
10mM dNTP  F-506L  Thermo Fisher Scientific 
1kb DNA ladder  
 

G5711  
 

Promega  
 

Ampicillin  A-2804  Merck 
Bacto Yeast Extract  212750  BD Bioscience 
BactoTryptone (Pancreatic 
Digest of Casein)  

211705  
 

BD Bioscience 

Gel loading dye(6X) 4ml B7021S New England Biolabs 
High-grade DNA agarose  BIO-41026  Bioline 
LB Agar  71752-5  Merck 
Phusion Hot Start Flex 
DNA 

M0535S New England Biolabs 

Phusion&reg; High-Fidelity M0531S New England Biolabs 
Restriction Enzymes; 
AvrII, BamHI, BglII, 
EcoRI, 
HindIII, KpnI, MluI, 
NdeI, SacI, XhoI  
 

 New England Biolabs 

Sybr safe DNA gel stain S33102 Thermo Fisher Scientific 
T4 DNA Ligase  M0202 New England Biolabs 
T4 DNA polymeRASe  M0203S New England Biolabs 
Zeocin  R25001 Thermo Fisher Scientific 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.thermofisher.com/order/catalog/product/R25001
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2.4.2 Cell culture reagents and chemotherapeutics  

Reagent Catalogue No. Supplier 
Alamar Blue DAL1025 Thermo Fisher Scientific 
Ammonium Chloride for 
molecular biology 

A9434 Merck 

Antibiotic-Antimycotic 
(100X) 

15240062 Thermo Fisher Scientific 

Autophagy Inhibitor IV, 
Cpd18 - Calbiochem 

505980 Merck 

Bafilomycin A1 196000 Merck 
DMEM, high glucose, 
GlutaMAX™ Supplement, 
HEPES 

10564029 (BOX) Thermo Fisher Scientific 

DMEM/F12 + glutamax 10565-018 Thermo Fisher Scientific 
DMSO (Dimethyl 
Sulfoxide) 

D2438 Merck 

Doxycycline hydrochloride D3447 Merck 
Epidermal Growth Factor 
EGF Human Rec. 

BDAA354052 Bio Strategy 

FBS GAMMA IRRAD 
AUSTRALIAN 

10101145 Thermo Fisher Scientific 

HBSS (X10)calcium 
magnesium 

14065056 Thermo Fisher Scientific 

Hexadimethrine bromide H9268 Merck 
Insulin, Recombinant 
Human ZN 

12585014 Thermo Fisher Scientific 

McCoys 5A media 16600-082 Thermo Fisher Scientific 
Mitomycin C from 
Streptomyces caespitosus 

M4287 Merck 

Nunc™ Biobanking and 
Cell Culture Cryogenic 
Tubes (450pcs) 

377267PK Thermo Fisher Scientific 

Nunc™ EasYDish™, 
100mm / 17mm 
Case 150 

150464 Thermo Fisher Scientific 

Puromycin cell culture P8833 Merck 
Rapamycin 553210 Merck 
RPMI 11875119 Thermo Fisher Scientific 
RPMI medium 1640 11875-093 Thermo Fisher Scientific 
Sodium Pyruvate (100 mM) 11360070 Thermo Fisher Scientific 
Tryple express 12604013 Thermo Fisher Scientific 
VPS34 Inhibitor, SAR405 533063 Merck 
VPS34 Inhibitor, VPS34-
IN1 - CAS 1383716-33-3 - 
Calbiochem 

532628 Merck 

Wortmannin ready-made 
solution 

W3144 Merck 
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2.4.3 In vitro Experimentation Reagents 

Reagent Catalogue No. Supplier 
Coverslips for microscope 
slides 22mmX22mm 

Z692271 Merck 

ETHYLENE GLYCOL-
BIS(2-
AMINOETHYLETHER)-
N,N,N',N'-TETR 
ACETIC ACID 

E3889 Merck 

Geltrex™ LDEV-Free, 
hESC-Qualified, Reduced 
Growth Factor Basement 
Membrane Matrix 

A1413302 Thermo Fisher Scientific 

Iblot PVDF transfer stacks IB24001 Thermo Fisher Scientific 
iBlot™ 2 Transfer Stacks, 
PVDF, mini 

IB24002 Thermo Fisher Scientific 

Novex™ Sharp Pre-stained 
Protein Standard 

LC5800 Thermo Fisher Scientific 

NUPAGE 4-12% Bis-Tris 
Gel 1.0mm 15-well 

NP0336BOX Thermo Fisher Scientific 

NUPAGE antioxidant NP0005 Thermo Fisher Scientific 
NuPAGE MES SDS 
Running Buffer 

NP0002 Thermo Fisher Scientific 

NuPAGE Sample Reducing 
Agent 

NP0004 Thermo Fisher Scientific 

NuPAGE™ 4 to 12%, Bis-
Tris, 1.0 mm, Midi 
Protein Gel, 20-well 

WG1402BOX Thermo Fisher Scientific 

NuPAGE™ 4 to 12%, Bis-
Tris, 1.0 mm, Midi 
Protein Gel, 12-well 

NP0322BOX Thermo Fisher Scientific 

NuPAGE™ 4 to 12%, Bis-
Tris, 1.5 mm, Mini Protein 
Gel, 10-well 

NP0335BOX Thermo Fisher Scientific 

NuPAGE™ LDS Sample 
Buffer (4X) 

NP0007 Thermo Fisher Scientific 

OptiPrep™ Density 
Gradient Medium 

D1556 Merck 

Restore™ PLUS Western 
Blot Stripping Buffer 

46430 Thermo Fisher Scientific 

SuperSignal™ West Pico 
PLUS Chemiluminescent 
Substrate 

34580 Thermo Fisher Scientific 

Tween 20 cell cultures 
tested 

P2287 Merck 

Vector VECTA SHIELD 
Hard set 

VEH1400 Abacus ALS 
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2.4.4 Commercial Kits 

Name of product Catalogue No. Supplier 
BCA Protein Assay Kit 23227 Thermo Fisher Scientific 
Cyto-ID Autophagy ENZ-51031-0050 United biosearch 
PureLink™ HiPure Plasmid 
Midiprep Kit 

K210004 Thermo Fisher Scientific 

QIAprep Spin Miniprep Kit 27104 Qiagen 
QIAquick DNA Gel 
Extraction Kit 

28704  
 

Qiagen 

Antibodies 

Antibody Dilution Catalogue No. Supplier 
Anti-HSPA8/ Hsc70 Clone 
N69 Mouse mAb 

1:1000 MABE1120 Merck 

Anti-Lamp2A antibody 
Rabbit mAb 

1:1000 125068 Abcam 

Anti-Lamp-2b antibody 
Rabbit mAb 

1:2000 ab18529 Abcam 

Apoptosis antibody 
sampler kit Rabbit mAb 

1:1000 9915S Cell signalling 

Autophagy antibody 
sampler kit Rabbit mAb 

1:1000 4445S Cell signalling 

Autophagy Induction 
(ULK1 Complex) Antibody 
Sampler Kit Rabbit mAb 

1:1000 46486 Cell signalling 

beta-Actin (8H10D10) 
Mouse mAb 

1:5000 3700S Cell signalling 

E-Cadherin (24E10) Rabbit 
mAb 

1:1000 3195S Cell signalling 

GABARAP (E1J4E) 
Rabbit mAb 

1:1000 13733 Cell signalling 

GABARAPL1 (D5R9Y) 
XP® Rabbit mAb 

1:1000 26632 Cell signalling 

GABARAPL2 (D1W9T) 
Rabbit mAb 

1:1000 14256 Cell signalling 

Glycolysis Antibody 
Sampler Kit Rabbit mAb 

1:1000 8337 Cell signalling 

KEAP1 Rabbit mAb 1:1000 8047T Cell signalling 
LAMP-1 Rabbit mAb 1:1000 9091s Cell signalling 
LAMP-2 Rabbit mAb 
Lamp2A Rabbit mAb 
LC3A Rabbit mAb 
LC3A/B (D3U4C) XP 
Rabbit mAb 
LC3B Rabbit mAb 

1:1000 
1:1000 
1:1000 
1:1000 
1:1000 

49067s 
ab18528 
4599s 
12741S 

Cell signalling 
Abcam 
Cell signalling 
Cell signalling 
Cell signalling 

3868s 
LC3C Rabbit mAb 1:1000 14736s Cell signalling 
Loading control cell 
signalling sampler kit 
Rabbit mAb 

1:5000 5142 Cell signalling 

N-Cadherin Rabbit mAb 1:1000 13116S Cell signalling 
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Novus HSP70/HSC 70 
antibody Mouse mAb 

1:1000 NOVNB1202788 Novus  

NRF2 Rabbit mAb 1:1000 12721T Cell signalling 
Phospho-SQSTM1/P62 
(Ser349) (E7M1A) Rabbit 
mAb 

1:1000 16177 Cell signalling 

Phospho-SQSTM1/P62 
(Ser403) (D8D6T) Rabbit 
mAb 

1:1000 39786 Cell signalling 

PI3 Kinase Class III 
(D4E2) Rabbit mAb 

1:1000 3358S Cell signalling 

SQSTM1/P62 (D5L7G) 
Mouse mAb 

1:1000 88588 Cell signalling 

Vimentin Rabbit mAb 1:1000 57415 Cell signalling 
 
 
Antibody Dilution Catalogue No. Supplier 
Goat Anti-Rabbit IgG, 
(H+L), Peroxidase 
conjugated 

1:10000 G-21234 Thermo Fisher 
Scientific 

Goat anti-Mouse IgG 
(H+L) secondary 

1:10000 31430 Thermo Fisher 
Scientific 

 

2.4.5  General consumables 

Reagent Catalogue No. Supplier 
2-propanol I9516 Merck 
Acetic acid 695092 Merck 
Di-sodium Hydrogen 
Phosphate 

71643 Merck 

Ethanol 443611 Merck 
Glycerol  G5516 Merck 
Glycine  50046 Merck 
L-Ascorbic Acid 2-
Phosphate 

A8960 Merck 

Methanol 34860 Merck 
Paraformaldehyde 158127 Merck 
Potassium Phosphate P9791 Merck 
Sodium Chloride (NaCl) S5886 Merck 
Sodium Deoxycholate D6750 Merck 
Sucrose  S0389 Merck 
Triton (X100) 93443 Merck 
Trizma T1503 Merck 
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Chapter 3: THE IMPACT OF RAS ON 

MACROAUTOPHAGY IN THE CONTEXT 

OF BREAST CANCER CELL PLASTICITY.  

3.1 INTRODUCTION 

 

Macroautophagy (hereafter referred to as autophagy) is a cellular process for the 

degradation of organelles, macromolecules, and proteins, generating by-products that 

contribute to the maintenance of amino acid pools and metabolic substrates in cells in 

response to numerous stressors [391]. As such, autophagy is a known survival mechanism 

in the context of the basal state of a cell; however, the expanding literature on autophagy 

has shown that this activity can be frequently ambiguous in pathological states. For 

example, research has shown that autophagy prevents cancer initiation by removing 

aggregates and defunct organelles, which maintains genetic stability [392]. However, 

during cancer development and the progression towards metastasis, autophagy is thought 

to facilitate oncogenic changes and supports nutritional requirements in the challenging 

micro-environment of the tumour [393]. Thus, more research into the autophagic 

mechanism is needed to elucidate its role in cancer and provide information explaining 

these ambiguities. To this end, this study focused on the role autophagy has in the 

progression of breast cancer.  

Briefly, the process of autophagy involves the development of a membrane that 

surrounds the cargo to form the autophagosome, after which the autophagosome fuses to 

the lysosome, forming the autolysosome. The release of hydrolytic enzymes results in the 

degradation of the cargo to simple molecules, which are then recycled back into the cell 

for use. 

RAS mutations occur in 30% of all cancers, and much research has focused on 

these RAS mutations as drivers of transformation. Three RAS genes encode four isoforms 

referred to as KRAS (which has two splice variants, KRAS4A and KRAS4B; HRAS and 

NRAS, all are similar, only differing at the c-terminus in the hypervariable region [394]. 
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Their oncogenic potential is tumour-specific, with KRAS mutations more common in 

lung, pancreatic and colon cancer. In contrast, NRAS is more frequent in leukaemia, with 

HRAS being more commonly associated with hepatic, colorectal, head and neck cancers 

[64, 395]. Interestingly, RAS mutations occur in less than 1% of breast cancers; however, 

hyperactivation of RAS is present in 50% of breast cancer [72, 396], particularly in breast 

cancers with increased EGFR and HER2 receptor signalling found in the luminal B and 

basal molecular subtypes [397]. The current dogma is that this hyperactivation facilitates 

the aggressive phenotypes of these subtypes, particularly during the epithelial to 

mesenchymal transition (EMT) [73, 398]. 

Currently, no literature has examined the role of autophagy concerning RAS 

activity in breast cancer. However, recent research has highlighted the importance of this 

relationship in a small number of other cancers, including a clinical trial in pancreatic 

cancer [399-401]. A particular focus has been on targeting the KRAS mutation in 

combination with autophagy inhibition which has shown promising results in adjuvant 

treatments combining an autophagic inhibitor with trametinib [65]. Findings have shown 

that inhibition of MEK1/2, a downstream effector of the RAS-RAF-ERK axis, with 

trametinib induces autophagy which compromises drug efficacy. However, its 

combination with the autophagic inhibitor hydroxychloroquine significantly improved 

treatment response [65]. 

Although literature differs on the reasons for this dependency upon autophagy in 

various KRAS mutated cancers, particularly in pancreatic cancer, it is suggested that the 

primary role is to provide and maintain metabolic nutrients. However, reports do differ on 

the specific target substrates such as arginine [402], glycolytic substrates [403] and those 

related to oxidative metabolism [404].  

This study has utilised a panel of breast cancer lines to represent a cancer 

progression continuum, with the least to most aggressive phenotypes, a primary screening 

tool in breast cancer research [55, 405]. This panel includes each of the molecular 

subtypes Luminal A (LA) (T47D), luminal B (LB) (BT474), HER 2 (H2) (SKBr3), basal 

A (TNA) (MDA-MB-468) and basal B (TNB) (Hs578T & MDA-MB-231) [55, 406]. 

This study examines the relationship between autophagic activity and RAS in the context 

of human breast cancer progression. Specifically, examining the role of autophagy in 

various RAS contexts, including RAS transformation, tumourigenesis maintained by RAS 

mutations and RAS activation in established breast cancer cell lines. [55, 405] . The study 
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has put together a RAS progression panel (Figure 3-1) with the rationale, and the names 

of the cell lines included are as follows.  

The role of RAS transformation and its effects on autophagy in breast cancer 

required an in vitro model development. Therefore, this study has utilised the mammary 

epithelial cell line MCF10A (immortalised) [376, 407, 408]  transduced with HRASV12, 

resulting in a transformation model used for this study [409]. In addition, the role of 

autophagy regarding RAS activation was also examined in the MDA-MB-468 breast 

cancer cell line as these cells have high expression levels of EGF receptors, resulting in 

increased RAS signalling. Moreover, in this model, the addition of EGF increases RAS 

activity to cause hyperactivation of RAS signalling and its downstream targets [410-412]. 

Consequently, the cell line undergoes an epithelial to mesenchymal transition and 

displays a more aggressive phenotype with increased plasticity [382, 413].  

In addition, endogenous HRASG12 and KRASG13 mutations in the breast cancer cell 

lines Hs578T and MDA-MB-231  [414, 415] were used to examine the role of autophagy 

within these RAS mutation contexts of breast cancer cell lines that, as a consequence, are 

the most aggressive and both classify as the Triple-negative basal B (TNB) or 

phenotypically mesenchymal. Finally, the T47D cell line was included to provide a 

control, lacking any RAS mutation or aberrant activation and is the least aggressive of the 

breast cancer cell lines. All three cell lines possess mutant p53 and express wild-type 

BRCA1 [416](Figure 3-1). 
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Figure 3-1 Schematic representation of rationale for the cell lines of this study 
The schematic describes the cell lines, including their RAS status. For example, its 

order from the normal cell line MCF-10A with WT RAS transformed MCF10A with 
HRASV12 mutation to oncogenic cell lines in order of aggressiveness T47D with WT 
RAS, MDA-MB-468 with WT RAS, then a RAS activation model of  MDA-MB-468 
with EGF the inclusion of 20ng/ml of EGF for RAS activation, then 50ng/ml defined as 
RAS hyperactivation, Hs578T cell line has HRAS mutation, and MDA-MB-231 cell line 
has KRAS mutation.      

                                                                                                                                                                                                                                                                                                       Created with BioRender.com                                                                           
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3.2 HYPOTHESIS AND AIMS 

 

Hypothesis: 

“Autophagy has a regulatory role in facilitating and maintaining breast cancer progression 

in conjunction with RAS”. 

The aims of this chapter are:  

-To determine if autophagy activity is altered by the presence of a RAS mutation in the 

MCF-10A model of transformation (non-transformed MCF10A cells and MCF10A cells 

transformed with H-RASV12) 

- To examine the presence of autophagic markers and functional activity in a panel of 

progressive breast cancer cell lines.  

- To investigate the role of autophagy and its activity during the epithelial to 

mesenchymal transition of breast cancer cell line MDA-MB-468 as a model of RAS 

activity. 
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3.3 RESULTS 

 

3.3.1 Increased expression of LC3-II to LC3-I ratio under basal conditions in Triple-
Negative Basal B subtypes with RAS Mutation. 

 

A panel of breast cancer cell lines was investigated for autophagic activity in 

relation to breast cancer progression. The breast cancer cell lines utilised in the panel 

represent differing breast cancer phenotypes. Breast cancer has been divided into 

molecular subtypes, which are genotypically and phenotypically different. The subtypes 

included in this study were T47D, a luminal A (referred to as LA) subtype, characterised 

by the expression of estrogen (ER) and progesterone (PR) receptors. BT-474 cell line 

represented the Luminal B (referred to as LB) subtype, which presents with estrogen and 

or progesterone receptors plus the presence of human epidermal growth factor receptor 2 

(HER2), while SKBr3 cell line is a HER2 (are referred to as H2) subtype, only expressing 

amplified HER2 receptors. 

The final two subtypes are triple-negative subtypes. The MDA-MB-468 represents 

the basal-like morphology (referred to as TNA) which is negative for HER2, PR and ER 

receptors but overexpress EGFR. Finally, the Hs578T and MDA-MB-231 cell lines are 

also characterised as triple-negative, not expressing ER, PR or HER2 receptors, however, 

they differ from TNA  due to their distinct mesenchymal morphology and low claudin 

levels, constituting another subgroup referred to as TNB [417-419]. 

As depicted in the micrograph images in Figure 3-2 A, there is a distinct 

morphological difference between the subtypes related to their molecular characteristics. 

For example, the least aggressive cell line, T47D, is an epithelial type characterised by 

the cuboidal shape. However, as the cell lines progress, they lose their epithelial 

characteristics and display a mesenchymal morphology which is more spindle-like 

morphology is most identifiable in the triple-negative subtype mesenchymal (TNB).  

Protein lysate was isolated from each breast cancer cell line and analysed by 

western blot from the least to the most aggressive phenotype (i.e. LA, LB, H2, TNA, 

TNB). To determine the presence of autophagic activity, or more accurately, 

autophagosome formation, the level of expression of the autophagic marker LC3 in its 

precursor (LC3-I) and active (LC3-II) forms (note the antibody targets all LC3 isoforms) 
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by western blot analysis was performed (Figure 3-2). The LC3-II to LC3-I ratio was 

determined to reveal the presence and level of autophagosome formation in all cell lines, 

which were grouped into their respective molecular sub-types (Figure 3-2). Since 

autophagy is induced by particularly such as nutritional deprivation and hypoxia. All 

experiments were controlled for this by culturing cells under normoxic conditions and 

adding fresh media four hours before lysate collection.  

In Figure 3-2 there was observed to be a significant increase in the ratio of LC3-II 

to LC3-I in the basal B (TNB) subtype, which included the Hs578T and MDA-MB-231 

cell lines, compared to the luminal A (LA) subtype, which included the T47D cell line, 

indicating a rise in elongation and maturation of the autophagosome in the more 

aggressive phenotypes. These findings suggested an increase in autophagic activity and 

were of interest when the cell lines were examined further; it was observed that these 

increases correlated with the presence of RAS mutation. The Hs578T breast cancer cell 

line carries  HRASG12 mutation, and the MDA-MB-231 breast cancer cell line carries 

KRASG13 mutation suggesting there may be a relationship between autophagy and mutant 

RAS in this context and warranted further investigation  
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Figure 3-2 Increased autophagosome formation observed in basal breast 
cancer cell lines compared to luminal subtypes 

(A) Micrograph images were taken with a phase-contrast filter at X100 
magnification of the breast cancer cell lines to represent the cellular morphology of 
T47D (LA), BT474 (LB), SkBr3(H2), MDA-MB-468 (TNA), Hs578T and MDA-MB-
231(TNB). (B) Densitometry revealed that autophagosome formation is present in all 
breast cancer cell lines as indicated by the LC3-I to LC3-II ratio. This ratio was 
significantly increased in the breast cancer cells within the triple-negative subtypes 
compared to the lesser aggressive subtypes, suggesting an upregulated formation in this 
phenotype. The hash symbol # indicates a RAS mutation. Molecular subtypes; Luminal 
A (LA), luminal B (LB), HER2 (H2), triple-negative/basal A (TNA) and triple-
negative/basal B (TNB). (C) Representative western blot with LC3 A/B antibody (n=3, 
±SD, p<0.05 ANOVA and Tukey’s post hoc test ***p=0.0005 and **p=0.0017) 
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3.3.2 LC3B expression increases in the presence of RAS mutation in the breast 
cancer cell lines  

 

The protein lysate was isolated from each cell line within the RAS progression 

breast cell line panel and analysed by western blot grouped by cellular subtypes (i.e. LA, 

TNA and TNB). The protein for this experiment was collected together to examine the 

panel as a whole and is not the same as the lysate collection for further experiments. This 

experiment collectively allows for a reliable overview of the RAS models and gives 

insight into differences and trends. 

To determine the presence of the critical autophagic marker and indicator of 

autophagosome formation, LC3 was examined to gain a clearer picture of LC3 in this 

context; the LC3 isoforms A, B and C (note C was absent, so data not included) and LC3 

family orthologues gabarap1 and gabarap2 (Figure 3-3). The results indicate that the 

LC3A isoform was lowly expressed in nearly all cell lines except for the MDA-MB-468, 

but of interest, this expression decreased with the addition of EGF and RAS activation 

(Figure 3-3B). The LC3B isoform was the most highly expressed of all the LC3 family 

members; it appears to increase with RAS, although it was highly expressed in the T47D 

(Figure 3-3C). The orthologue gabarap1 was highly expressed in MDA-MB-468, and this 

expression increased dose-dependently with EGF addition, and it was significantly 

decreased in both the TNB cell lines Hs578T and MDA-MB-231 (Figure 3-3D). Gabarap 

2 displayed similarly low expression levels in all cell lines except the MDA-MB-468, 

increasing the maximum EGF addition (Figure 3-3F). 

The study will examine each component of the RAS progression panel separately; 

therefore, RAS transformation with HRASV12 with the MCF10A model, epithelial to 

mesenchymal transition with RAS activation in the MDA-MB-468 model and RAS 

mutation in breast cancer cell lines Hs78T and MDA-MB-231 (includes T47D as RAS 

WT control). The rationale is that it will enable a more thorough investigation into 

understanding and determining a linkage between RAS and autophagy. 
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Figure 3-3 The distinct LC3 family member expression in RAS breast cell line panel 
(A) schematic of the cell lines included and RAS status of the RAS breast cell line 

panel. (B) The normalised expression of LC3 isoform LC3A. (****p=<0.0001) (C) The 
normalised expression of LC3 isoform LC3B.(**p=0.0024,***p=0.0008 
****p=<0.0001) (D) The normalised expression of LC3 orthologue 
gabarap1(**p=0.0037, ****p=<0.0001) (E) The normalised expression of LC3 
orthologue gabarap2.(****p=0.0001) (F). Representative immunoblot image. (n=3, ±SD, 
p<0.05 ANOVA and Tukey’s post hoc test)  
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3.3.3 The ectopic expression of the HRASV12 mutation in the mammary epithelial cell 
line MCF10A models leads to oncogenic transformation.  

 

To investigate the previous findings further and begin to explore the role of a RAS 

mutation in relation to autophagy, an in vitro model of transformation was utilised. This 

model was developed using the immortalised mammary epithelial cell line MCF10A 

transduced with HRASV12. To validate the model, cell morphology was examined in a 2D 

(APPENDIX II) and 3D (Figure 3-4) environment for fundamental morphological 

changes expected with oncogenic transformation. The introduction of the HRAS mutation 

should, as previously shown by other groups [409, 420], result in the transition of the 

cells from one of cuboidal and organised to mesenchymal and disorganised in appearance 

(refer to Appendix II for additional images). Furthermore, the cells were grown in a 3-

dimensional environment using an extracellular matrix (GeltrexTM) to form acini 

structures. These acini will follow an established development pattern to include sphere 

formation over days four to eight. From day eight, the inner cell mass begins to undergo 

apoptosis to form a hollow lumen by day 12, similar to the functional acini structures 

found within the terminal ducts of the breast [376]. In Figure 3-4, the initial images were 

taken on day four with phase-contrast microscopy and clearly illustrated acini formation 

in both the MCF10A and MCF10A HRASV12 but what can be observed and highlighted 

by the white arrow is the protrusion and projections from the spheres, which were found 

to be smaller than the MCF10A control counterparts. The acini were grown over 12 days, 

and their media was refreshed every four days or as required. It was evident that both cell 

lines initially formed the spherical structures notably smaller in the HRASV12  compared 

to control, but by day six, there was a definite shift in the appearance of the structures 

with the control cell lines forming acini while the HRASV12  grew and merged to form 

large masses of cells. The ethidium bromide images in Figure 3-4 B are from day ten, and 

it can be seen that the inner cell mass has been removed by cell death but is only apparent 

on the luminal surface, as expected in the MCF10A control cells (Refer to Appendix II 

for further Hoechst and lower magnification images). 

In contrast, the inclusion of HRASV12 resulted in limited cell death within the inner 

mass; with a large number of viable cells found residing within the core of these masses 

(Appendix II), so it appears to be increasing the size of the disorganised masses of cells 
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until beyond day 12 when these structures have covered the entire surface of the 

GeltrexTM.  

 

 

 

Figure 3-4  The HRASV12  induces an aggressive and invasive phenotype during 
acini development. 

(A) When cultured in a 3-D reconstituted basement membrane (Geltrex), the 
MCF10A non-transformed and HRASV12 transformed control cells formed organised 
acini structures observed under a microscope with a bright field filter. Ectopic expression 
of HRAS in the non-transformed cells did not affect the acini structures. In contrast, 
HRASV12 transformed MCF10A cells exhibited highly disorganised invasive growth 
observed under a bright-field microscope, with significantly increased acini projections. 
(B) Serial sections of acini structures on the z-axis stained with ethidium bromide 
revealed that the non-transformed control cells formed acini with a hollow lumen. In 
contrast, acini created by HRASV12 transformed have a filled lumen and disorganised 
growth (n=3). 
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The changes observed in Figure 3-4 were supported by the protein expression 

changes observed in Figure 3-5. The inclusion of HRASV12 resulted in the downregulation 

of epithelial marker E-cadherin, a crucial regulator of the cuboidal epithelial shape and 

cell-to-cell adherence. The loss of E-cadherin facilitates the epithelial structure's collapse 

and the upregulation of the migratory regulators, such as N-cadherin. The increased N-

cadherin expression enables the cells to transition into a migratory phenotype and no 

longer be bound by epithelial constraints (Figure 3-5C). 

As expected, the ectopic expression of the oncogenic HRASV12 in the “normal” 

(immortalised) mammary epithelial had given rise to phenotypic changes that will 

enhance its survival. These include the reduction in the critical regulators of the epithelial 

cell as these attributes do not lend themselves to invasiveness. This model highlights the 

simple genetic changes that initiate transformation from “normal” to cancer, which by 

definition, is the ability to migrate beyond their site of origin, and this is achieved by the 

cells ability to move as in the context of breast cancer. 
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Figure 3-5 Downregulation of epithelial marker E-cadherin by the ectopic expression of 
HRASV12 in the mammary epithelial cell line 

(A) The ectopic expression of HRASV12 alters cellular phenotype from epithelial to mesenchymal, 
with the down regulation of epithelial marker E-cadherin and up-regulation of the mesenchymal marker 
N-cadherin. (B) The decrease in E-cadherin expression was significantly lower in the MCF10A 
HRASV12 compared to control (***p=0.0004) (C) Significant increase in N-cadherin expression in the 
MCF10A HRASV12 compared to control (**p=0.0026) (n=3, ±SD, p<0.05 t-test) 
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3.3.4 MCF10A HRASV12 acini upregulate autophagy and autophagy-related genes. 

 

Microarray analysis was carried out to determine if the ectopic expression of 

HRASV12 resulted in changes in the mRNA expression of autophagic genes during 

oncogenic transformation. The MCF10A and MCF10A HRASV12 cell lines were grown in 

three-dimensional cell culture in Figure 3-4 to form acini and collected on day 12. The 

acini underwent RNA extraction and subsequent gene array analysis. The array was 

conducted with all samples collected in triplicate using three different RNA samples for 

each sample, with the significant difference for each gene determined by combining the 

data from the three arrays. It should be noted that all experimentation for this was 

performed previously in the lab by Dr Chau Nguyen.  

For this study, the results were interrogated for autophagic and autophagic related 

genes from the upregulation group of at least two-fold increase between MCF10A control 

and MCF10A HRASV12 groups. The list of autophagic genes identified included 55, as 

listed in Figure 3-6, and HRAS (highlighted yellow) was included as a reference gene to 

bring the total of genes represented in Figure 3-6 56 genes. The gene array supports a 

genetic landscape of increased autophagic activity in response to the ectopic expression of 

HRASV12. 

The gene array identifies an upregulation in autophagic pathways, and this increase 

is a consequence of the inclusion of HRASV12. Suggesting the HRASV12 requires 

autophagy to facilitate the oncogenic transformation compared to the “normal” 

counterpart. It should be emphasised that the gene changes observed (Figure 3-6) may not 

confer these same changes at a protein level and will be examined further to understand 

the implications of these significant genetic changes. 
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Figure 3-6 Gene analysis of MCF10A HRASV12 increases many autophagic-related 
genes. 

Gene expression microarray analysis revealed that a total of 56 autophagy or 
autophagy-related genes to be upregulated in HRASV12 transformed cells compared to 
non-transformed control. HRAS highlighted in yellow is a reference gene of expression 
levels for comparison to other included genes 
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3.3.5 Autophagic markers LC3 show increased expression and activity in the   
HRASV12 transformed MCF10A compared to the non-transformed MCF10A. 

 

To explore the importance of HRASV12 mutation in the regulation of autophagy, 

protein lysate from MCF10A and MCF10A HRASV12 was collected and analysed by 

western blot. The analysis focused on vital autophagic markers LC3-I and LC3-II. To 

determine the presence of autophagic activity, or more accurately, autophagosome 

formation, the level of expression of the autophagic marker LC3 in its precursor (LC3-I) 

and active (LC3-II) forms (note the antibody targets all LC3 isoforms) by western blot 

analysis was performed as depicted in Figure 3-7. The ratio of LC3-II to LC3-I was 

determined to reveal the presence and level of autophagosome formation in cell lines 

(Figure 3-7 A and B). Ectopic expression of HRASV12 results in the presence of LC3-II, 

which is the conjugated form of LC3-I that occurs in response to phagophore formation 

and is suggested to be responsible for its maturation to the autophagosome [421-423]. 

This experiment controls for environmental stress by culturing cells under normoxic 

conditions and adding fresh media four hours before lysate collection to prevent nutrient 

deprivation. This measurable LC3-II to LC3-I ratio was only exhibited in the mutated cell 

line during basal condition; the same was not observed in the control cell line suggesting 

a stress environment requiring autophagic activity, which was not observed in the 

MCF10A control cells. To validate these findings, the same experiment was performed 

with the inclusion of starvation media to induce autophagy, as demonstrated in Figure 3-7 

B. The starvation media is  Hanks buffered salt solution with minimal glucose and serum 

added as described in Chapter 2. The starvation media is applied for four hours before cell 

lysate collection is performed, as this is the well-established time point required to induce 

autophagy (specifically macroautophagy) [424]. The result from the starved samples 

displayed the presence of LC3-II to LC3-I in both the HRASV12 and control cell lines. 

Interestingly, the ratio was similar for both cell lines but as expected in increased levels in 

HRASV12 in basal compared to starved conditions.  
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Figure 3-7  Oncogenic transformation with HRASV12 induces 
autophagosome formation at the basal state 
(A) Western blot analysis revealed that autophagosome formation was only present in 

the MCF10A with ectopic expression of HRASV12  as indicated by the LC3-I to LC3-II ratio 
(***p=0.0004) (B) The addition of nutrient deprivation through the use of starvation media 
identified LC3-I and LC3-II presence in both MCF10A and MCF10A HRASV12 (n=3, ±SD, 
p<0.05 t-test) 
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 To clarify the expected observations of LC3-II levels in different environmental 

conditions, a schematic representation has been included in Figure 3-8. As presented in 

Figure 3-8, under basal state, there should be an equilibrium between LC3-I and LC3-II. 

The inclusion of stressors, particularly nutritional deprivation and hypoxia, will lead to an 

increase in levels of LC3-II. Hence, all experiments are controlled by culturing cells 

under normoxic conditions and adding fresh media four hours before lysate collection to 

prevent nutrient deprivation. Furthermore, LC3-II/autophagy activity can be explicitly 

identified by including a lysosomal inhibitor such as Bafilomycin A1 (or Chloroquine or 

Ammonia Chloride) to the cell culture to prevent fusion of the lysosome and 

autophagosome. The consequence is that it prevents degradation of LC3-II located on the 

luminal side of the autophagosome membrane allowing the rate at which LC3-II is being 

processed to be measured to determine its turnover indicating functionality 

 

Figure 3-8 Schematic of expected LC3-II levels 
Schematic diagram explaining LC3-II turnover, which in standard autophagy 

processing LC3-II is decreased after the autophagosome and lysosome fuse. Thus, 
blocking the lysosome with inhibitors, such as Chloroquine or Bafilomycin A1, will 
result in increased levels of LC3-II under basal conditions and increase further when 
autophagy has been induced. However, if autophagy is suppressed due to dysregulation, 
then the level of LC3-II will not increase.(It is worth noting all turnover experiments is 
this thesis utilise antibodies that  probe for all LC3 isoforms.                          Created with BioRender.com                                                                 
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Further investigations were undertaken to examine autophagic activity in the 

MCF10A model; this time, autophagy was induced using rapamycin. In Figure 3-9, the 

turnover of LC3-II is examined as a measure of activity and is measured by blocking the 

lysosome to prevent LC3-II degradation. The difference between the level of LC3-II 

levels with and without lysosome inhibition is calculated to establish the turnover rate. 

Therefore, it is expected that the LC3-II levels will increase compared to the LC3-II 

levels without the inhibitor, and they should increase further with an autophagic activator 

such as Rapamycin. The data in Figure 3-9 clearly shows this activity is significantly 

increased during basal conditions in HRASV12 and is further increased with activation. 

These results (Figure 3-6 to Figure 3-9 ) suggest that autophagy fulfils some requirements 

for transformation under the control of RAS signalling, proposed to be nutrition, 

aggregate degradation, defunct organelle removal, or a combination of all. 

 

Figure 3-9 The ectopic expression of HRASV12 upregulates autophagic activity. 
The expression of HRASV12 significantly correlated with an increase in LC3 

turnover (refer above) in both basal conditions and during autophagic induction with 
rapamycin (10nM) and Bafilomycin A1 (25nM) for lysosomal inhibition 
(****p=<0.0001) (n=3, ±SD, p<0.05 ANOVA and Sidak’s post hoc test)  
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3.3.6 The HRASV12transformation increased P62 expression at basal conditions 
compared to MCF10A control cells. 

 

To identify if these observed increases in autophagic processing resulted from the 

specific type of cargo, such as aggrephagy, which targets and removes an accumulation of 

protein aggregates. P62/SQSMT1was examined as it is a critical molecule in aggrephagy; 

it is a ubiquitinated protein that binds to protein aggregates, allowing for interaction 

between LC3-II and P62/SQSMT1 and protein aggregate. This interaction with LC3-II 

facilitates protein aggregate's targeted inclusion into the phagophore membrane by 

binding with LC3-II within the inner membrane [425]. It should be noted that 

P62/SQSMT1 has roles in the Nrf-2-Keap-1 pathway, where P62/SQSMT1 is shown to 

stabilise Nrf-2 through its inactivation of Keap-1; as a consequence, Nrf-2 can be 

translocated to the nucleus where it initiates the transcription of genes to protect the cell 

from oxidative or electrophilic stress [426]. However, a specific phosphorylation site on 

P62 indicates its autophagic activity at serine 403 [427]. The changes observed in 

P62/SQSMT1 lysate from the MCF10A model were probed for phosphorylation site 

serine 349, which is specific to the Nrf2-Keap-1 axis. When probed by western blot, no 

band was present at this phosphorylation site, so this data was not included. Figure 3-10 

A shows an increase in phosphorylation site serine 403 when HRASV12 is included; 

change is observed in both treatment conditions, complete media, and starvation. We 

examined this P62/SQSMT1 expression further with treatment to induce autophagic, with 

P62/SQSMT1 known to be increased in starvation conditions, particularly in the “normal” 

cellular context (Figure 3-10B). 

Interestingly, the actual turnover rates were much higher in the MCF10A than in 

MCF10A HRASV12, but when an activator (rapamycin at 10nM) and a lysosomal blocker 

(Bafilomycin A1 at 25nM) were added, there were equal amounts of P62/SQSMT1 

expressed between groups. It suggests that even though there is an increase, there is not 

an equal proportion of degradation with the inclusion of HRASV12; it is proposed that 

either the autophagic process can not keep up with demand, given that it is a rate-limiting 

process. However, alternatively, the abundance of P62/SQSMT1 could result from P62 

binding to Keap-1 independent of phosphorylation site 349 as there were no changes in 

Nrf-2 or Keap-1 observed (data not shown). Recent evidence suggests that the P62 and 
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Keap-1 interaction is degraded via autophagy, so this significant increase in P62 may 

reflect that it is active in autophagy and Nrf-2 stabilisation in parallel. 

 In conclusion, although P62/SQSMT1 specific to autophagy/aggrephagy is found 

to increase, these levels did not correlate with a simultaneous increase in the turnover rate 

of P62. It indicates no concomitant increase in autophagic activity to meet this demand 

irrespective of the increases in P62 at an mRNA and protein expression level. It was 

found to decrease compared to control; whether this is due to rate limiting mechanisms or 

subsequent interactions with the Nrf-2-Keap-1 is yet to be established 

  

 

Figure 3-10 P62 expression and phosphorylation specific to autophagy were increased in the 
HRASV12  expressing cell line 

(A) Ectopic expression of HRASV12 upregulated levels of phosphorylated P62 and total P62. In 
contrast, non-transformed control had no impact on the whole and phosphorylated and overall levels of this 
protein (n=3). (B) Ectopic expression of HRASV12 significantly decreased the turnover rates of P62 in the 
transformed cells in all treatment conditions compared to the non-transformed control except during 
blockade of P62 breakdown. (****p=<0.0001) (n=3, ±SD, p<0.05 ANOVA and Sidak’s post hoc test) 
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3.3.7  The expression of HRASV12 alters LC3 isoforms and orthologue turnover rate. 

 

The MCF10A model was further exposed to autophagic activators including 

rapamycin, amino acid deprivation, starvation and autophagic activity was halted with 

Bafilomycin A1. The protein lysate was collected from the MCF10A and the MCF10A 

HRASV12 and probed for the LC3 isoforms LC3 A, B and C, orthologues Gabarap1, P62 

and phosphorylation site p-P62ser 403 and ATG16L (Figure 3-11). The rationale for 

examining these markers is to validate the gene array findings, which were reflected. 

Interestingly, the expression was constant in both groups regardless of treatment, except 

in the amino acid deprivation, which decreased consistently in all three replicates (Figure 

3-11B). It is speculated that the increased presence of ATG16L is required to facilitate the 

lipidation of LC3-I to LC3-II. It is worth noting that LC3C did not result in bands for 

either group, so data was not included. 

 

Figure 3-11 The expression of LC3 isoforms and autophagic markers are similar 
between MCF10A and MCF10A HRASV12 in response to activation and 
inhibition.  

(A) Western blot analysis revealed that non-transformed cells increased levels of 
LC3 in both its precursor form LC3-I (upper band) and conjugated active form LC3-II 
(lower band). LC3B-II  with Bafilomycin treatment in a dose-dependent manner, with 
LC3B-I  present during all other conditions. (B) Cells transformed by HRASV12 showed 
increased levels of LC3A-II (II=bottom band), ATG16L and phosphorylated P62. Also, 
ectopic expression of HRASV12 expressed both bands I and II in both the isoforms, 
LC3A and LC3B, in all treatment conditions (n=3).  
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3.3.8 EGF induced morphological changes to indicate the epithelial to mesenchymal 
transition in breast cancer cell line MDA-MB-468. 

 

The relationship between autophagy and RAS activation was examined, rather than 

mutant RAS, as RAS hyperactivation rather than mutation is more commonly observed in 

breast cancer. An in vitro model was utilised, including the basal cell line MDA-MB-468. 

The MDA-MB-468 has an upregulated EGFR receptor expression due to an amplification 

[428]. The downstream target in response to the activation of the EGFR receptor via the 

binding of EGF is the RAS-MAPK axis [429, 430]. Therefore, the MDA-MB-468 cell 

line in the presence of the EGF ligand stimulates RAS hyperactivation and facilitates the 

transition from an epithelial to mesenchymal phenotype. The epithelial to mesenchymal 

transition (EMT) confers survival advantages to the cancer cell by allowing 

dedifferentiation to a phenotype that enables plasticity, migratory and invasive attributes 

which aides survival and metastasis [431, 432]. These morphological changes can 

visually assess the model's validity, as per Figure 3-12. The cells display a distinct 

cellular change from a cuboidal to spindle-like morphology with the addition of EGF. 

  

Figure 3-12  The inclusion of epidermal growth factor (EGF) cause MDA-MB-468 
cells to transition from epithelial to mesenchymal phenotype. 

The addition of 50ng/ml EGF ligand to the culture media of the MDA-MB-468 cell 
line results in a transition of cellular morphology from an epithelial to mesenchymal 
phenotype. The image shows the appearance of the spindle-like morphology as 
represented by the arrows (white) and the rounded morphology of the cells with 
increased plasticity represented by the arrows (red) (n=3). 
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These observed morphological changes are due to the loss of the epithelial marker E-

cadherin (ECAD) and a synchronised upregulation of mesenchymal markers vimentin 

(Figure 3-13 A-C). The epithelial marker ECAD decreases in a response dose-

dependently to EGF addition (Figure 3-13 B). Conversely, the mesenchymal marker 

vimentin increases dose-dependently to EGF addition (Figure 3-13 C). The results have 

shown that the MDA-MB-468 model transitions from an epithelial to mesenchymal 

phenotype in response to EGF inclusion, as shown by others [433, 434]. 

 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

Figure 3-13 Epithelial marker E-cadherin decrease, and mesenchymal 
marker vimentin increase to EGF addition. 

(A) In response to epidermal growth factor (EGF), the MDA-MB-468 cell line 
downregulates the epithelial marker E-cadherin and upregulates mesenchymal marker 
vimentin (***p=0.0001, ****p=<0.0001) (B). The protein expression levels of E-
cadherin are significantly reduced in a dose-dependent response to EGF 
(****p=<0.0001)(C). The expression of vimentin was significantly increased dose-
dependently to EGF addition (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test) 
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3.3.9 The expression of autophagic markers increased during RAS activation in the 
EMT breast cancer model. 

 

RAS activation was studied to determine its effects on autophagy markers and 

autophagic function. The MDA-MB-468 breast cancer cell line was exposed to EGF, 

activating RAS and facilitating the changes required to undergo the epithelial to 

mesenchymal transition. Figure 3-14 A shows that Gabarap1 expression decreased in 

response to EGF. In contrast, there remained no change in the expression of the Gabarap2 

in response to the addition of EGF. Furthermore, although no change in the Gabarap2 

isoform was observed in response to EGF, its expression level was maintained in all 

treatment groups (Figure 3-14A). 

Interestingly the expression of LC3B increased dose-dependently to EGF 

expression in both the lipidated form LC3-II and precursor form LC3-I, suggesting an 

increase in autophagosome formation. Furthermore, this increase in expression of LC3-II 

was shown to increase the rate of LC3 turnover, indicating that this increase in protein 

expression is reciprocated in autophagic functionality (Figure 3-14B). However, the 

expression of the LC3A isoform reduced its expression as the dose of EGF increased 

(Figure 3-14A). 

The turnover rate of LC3-II, which indicates autophagic flux, was observed to 

increase with EGF treatment. However, the turnover rate of the MDA-MB-468 +EGF  

was reduced by adding rapamycin, suggesting that the activity is at capacity and inclusion 

of the autophagic activator results in dysfunction rather than an increase in autophagic 

activity (Figure 3-14 B). In comparison, the MDA-MB-468 cell line without EGF 

presented the expected response; a slight increase in turnover rate was observed with the 

inclusion of rapamycin (Figure 3-14 B). Thus, the results revealed increased autophagic 

activity and marker expression in response to EGF. Given that EGF is responsible for 

RAS activation, it is proposed that RAS may rely on autophagy for its activity.   
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Figure 3-14 Autophagic marker LC3 increase in a dose-dependent response to EGF 
addition. 

(A) The LC3 isoform expression differed in response to EGF; the LC3A isoform 
decreases, whereas the LC3B isoform increases; in contrast, the orthologues Gabarap are 
not changed or decline their expression (B) The LC3 turnover (refer to Figure 3-8) rates 
increase with the addition of EGF and are indicative of increased autophagic activity 
(treatments rapamycin 10nM and bafilomycin A1 25nM)(****p=<0.0001) (n=3, ±SD, 
p<0.05 ANOVA and Sidaks post hoc test)  
 

 

 

 

 

 

 

 

 

 



 

Chapter 3: THE IMPACT OF RAS ON MACROAUTOPHAGY IN THE CONTEXT OF BREAST CANCER 

CELL PLASTICITY. 101 

3.3.10 The turnover rates of P62 suggest that during the epithelial to mesenchymal 
transition, its role shifts NRF2 and KEAP1 pathways. 

 

To determine if aggrephagy contributed to the increased autophagic activity 

observed in the MDA-MB-468 breast cancer cell model. The cells were exposed to 

treatments to activate autophagy with the chemical inducer rapamycin and to block the 

autophagic process at the lysosome with the agent Bafilomycin A1. The cell lysate 

collected after treatment was probed for P62, from which the turnover rate was calculated.  

At basal levels, the rate of P62 turnover was equivalent in both the MDA-MB-468 cell 

line and the MDA-MB-468 cell line with EGF (Figure 3-15). Thus, indicating the 

addition of EGF in complete media does not change the rate at which P62 is utilised and 

suggests that the role is conserved. Furthermore, rapamycin's treatment resulting in a 

decline in turnover rate is similar to those observed in the MCF10A HRASV12 model 

(Figure 3-10). Therefore, there was no evidence to conclude that these changes were 

reflected in the NRF2 pathway as expected. In this context, it indicates a potential change 

in the loss of P62-induced autophagy in response to rapamycin (10nM). 

 

 

Figure 3-15 P62 turnover rates vary between MDA-MB-468 and MDA-MB-468 
with EGF at basal state and autophagic activation. 

The turnover rate of P62 is similar at basal conditions but decreases in response to 
rapamycin treatment, with a significant difference between groups with the inclusion of 
EGF increasing the turnover rate compared to control. However, there are less total P62 
in the MDA-MB-468 plus EGF in this pathway compared to control (***p=0.0002) (n=3, 
±SD, p<0.05 ANOVA and Sidak’s post hoc test)(Rap=10nM & Baf25nM) 
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3.3.11 The expression profile of LC3 isoforms and orthologues does not change but 
enhances with the addition of EGF. 

 

The expression profile of LC3 isoforms and orthologues was examined in the 

MDA-MB-468 and MDA-MB-468 with EGF breast cancer cell lines to determine the 

effects of RAS activation upon LC3 family members (Figure 3-16). The cell lines were 

exposed to treatment with chemical agents Bafilomycin A1 and rapamycin, an autophagic 

inhibitor and activator, respectively. The biological autophagic inducers, amino acid 

deprivation, nutritional starvation for comparison at basal conditions, and vehicle control 

were also included. After treatment, cell lysate was collected and probed for various 

autophagic markers. 

The expression level of the LC3 orthologue Gabarap was similar between MDA-

MB-468 and MDA-MB-468 with EGF; there was a decline in expression in response to 

all concentrations of rapamycin (Figure 3-16). These changes were also observed in the 

nutritional starvation group, which is expected given that the pathway and mechanism 

involved in activating autophagy are the same. P62 exhibits variations between the groups 

with higher levels in the MDA-MB-468 with EGF, and the expression is consistent across 

all treatments with a slight decrease with rapamycin and a slight increase with 

Bafilomycin A1 (Figure 3-16). The expression of LC3A was only observed in the 

Bafilomycin A1 treatment in the MDA-MB-468 cell line; in contrast, there was LC3A 

present in more treatments in the MDA-MB-468 with EGF. These findings are similar to 

those observed in the MCF10A RAS (Figure 3-11), with a higher expression of LC3A 

isoform, suggesting LC3A expression may be correlated with RAS activity. LC3B is 

more prevalent than any of the LC3 isoforms in both groups; however, the presence of 

LC3B is observed in all rapamycin treatments in the MDA-MB-468 with EGF not 

observed in the MDA-MB-468 cell line group (Figure 3-16). 

Interestingly there is a lack of expression in amino acid deprivation and nutrient 

starvation in the MDA-MB-468 with EGF similar to MCF10A RAS (Figure 3-11), further 

supporting the hypothesis that RAS increases basal levels to such that upon biological 

induction, this activity becomes defunct due to maximal capacity being exceeded 
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(A) Western blot analysis revealed that MDA-MB-468 cells increased levels of 
LC3B-II and LC3A-II with Bafilomycin A1 treatment in a dose-dependent manner. 
Note LC3 has two forms its precursor form LC3-I (upper band) and conjugated active 
form LC3-II (lower band). (B) With the addition of EGF, cells increased levels of 
LC3B-II in all conditions except for amino acid deprivation and nutritional starvation. 
Also, LC3A-II was expressed similarly to LC3B (n=3). 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-16 The expression of LC3 isoforms and orthologue increased with the 
inclusion of EGF. 
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3.3.12 Increased expression of LC3-II to LC3-I ratio under basal conditions in 
TNBC subtypes with RAS Mutation. 

 

To investigate autophagic activity concerning RAS mutations in breast cancer cells 

line. This section of the chapter will primarily focus on the oncogenic cell lines T47D 

(LA), Hs578T (TNB) and MDA-MB-231 (TNB) from the previously illustrated RAS 

progression panel (Figure 3-1). 

 In the micrograph images in Figure 3-17, the morphology of the T47D cell line is 

cuboidal and presents an epithelial structure growing together and adherent. Conversely, 

the Hs578T and MDA-MB-231 cells present a spindle-like morphology; they lack 

cellular connections and demonstrate independent growth. These were further verified by 

western blot analysis (refer to APPENDIX II). In addition, the proliferation rate is 

observed to be slower in the T47D than in the Hs578T and MDA-MB-231 
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Figure 3-17 Morphological differences between luminal and triple-negative breast 
cancer subtypes. 

Micrograph images were taken with a phase-contrast filter of the breast cancer cell 
lines to represent the cellular morphology of T47D (LA), Hs578T (TNB) and MDA-MB-
231 (TNB), red outline and arrow highlighting the distinct cellular shape and features. 
The T47D cell line features an epithelial phenotype; in contrast, as the breast cancer cell 
progresses, it presents a distinct mesenchymal phenotype. Which has been described in 
the schematic demonstrating the morphological changes from epithelial to mesenchymal 
(EMT) and how these parallel with a more aggressive phenotype  Images taken at X100 
and X200 magnification ( white scale bar= 100µm and black scale bar= 50 µm) 
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3.3.13 LC3-II levels and turnover are significantly different between breast cancer 
subtypes 

 

As mentioned earlier, the study narrowed its focus to the oncogenic cell lines T47D, 

Hs578T and MDA-MB-231. As displayed in earlier data (Figure 3-2 and Figure 3-3), 

there was a significant increase in LC3-II in the basal B (TNB) subtypes, with RAS 

mutation, which included the Hs578T and MDA-MB-231 cell lines, compared to luminal 

A (LA) subtype, with RAS WT which was included the T47D cell line. Indicating a rise 

in elongation and maturation of the autophagosome in the more aggressive phenotypes  

This part of the study will examine this further, and as shown in Figure 3-18, the 

ratio of LC3-II to LC3-I was significantly higher in the Hs578T and MDA-MB-468 cell 

lines compared to T47D. This increase of LC3-II suggests increased autophagosome 

formation but does not indicate activity. So next, the turnover rate was examined to 

determine autophagic processing. As mentioned, this is assessed using the lysosomal 

inhibitor Bafilomycin A1 to prevent LC3-II degradation. Therefore, it is expected that the 

LC3-II levels will increase compared to the LC3-II levels without the inhibitor, and they 

should increase further when an autophagic activator such as rapamycin is utilised. The 

results show a decrease in turnover rate in both the TNB cell lines with the RAS 

mutation; this was observed in both conditions, although the MDA-MB-231 turnover rate 

increased slightly with rapamycin treatment. The T47D cell line reflects expected results 

(Figure 3-18 B). It suggests that both the TNB cell lines with the mutant RAS suppress 

autophagic processing in the early or later stages. Curiously, rapamycin did not restore 

the turnover rate suggesting in at least the case of the MDA-MB-231 cell line that the 

suppression may be at the earlier stages as rapamycin acts on MTOR providing initiation 

support. 
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Figure 3-18 LC3-II turnover is decreased in the more aggressive breast cancer 
phenotypes 

(A) The ratio of LC3-II active form compared to LC3-I, the precursor, 
significantly increased in the triple-negative (TNB) compared to the luminal A (LA) 
subtype. Indicating there is an increase in autophagosome formation. (**p=0.0013, 
***p=0.0006) (B) The LC3-II turnover (refer to Figure 3-8) rates significantly decrease 
in the triple-negative subtypes at basal conditions and with rapamycin (10nM) treatment 
as an autophagic activator and bafilomycin A1(25nM) as a lysosomal inhibitor  
(****p=<0.0001) (n=3, ±SD, p<0.05 ANOVA and Sidak’s post hoc test) 
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3.3.14 Autophagic flux becomes dysregulated in the more aggressive phenotypes in 
response to nutrient stress.  

 

To further examine autophagic functionality or autophagic processing, the 

autophagic flux was measured in T47D, Hs578T and MDA-MB-231 oncogenic cell lines. 

To measure this, an amphiphilic tracer dye targeted to LC3-II examines autophagic 

activity in intact cells in real-time through flow cytometry, as described in Chapter 2. 

Autophagic flux is measured by the mean fluorescent intensity (MFI) of cells with 

numerous treatment conditions with or without the lysosomal inhibitor chloroquine (CQ 

at 5µM). As previously described, adding chloroquine to cells inhibits the lysosome, thus 

preventing the degradation of LC3-II, resulting in an overall increased fluorescent 

intensity. The difference between the two samples, i.e. with or without chloroquine, 

determines fluxation, also referred to as the delta mean fluorescence intensity (ΔMFI). As 

observed in Figure 3-19, the T47D breast cancer cells displayed an active autophagic 

process with a positive autophagic flux at basal levels, and this was observed to increase 

under starvation conditions as expected. At the same time, the fluorescent intensity 

increased with chloroquine treatment which is also expected as LC3-II can not be 

degraded (Figure 3-19). 
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Autophagic flux in luminal A subtype is determined with an amphiphilic tracer dye 
used in the flow cytometry platform to measure mean fluorescent intensity (MFI). To 
establish flux, a ΔMFI was calculated (ΔMFI=MFI(+CQ)-MFI(-CQ)). (A) ΔMFI of 
T47Dbreast cancer cell line under basal and starvation conditions (****p=<0.0001) (B) 
Representative FACS plot of all treatment conditions (C) Mean fluorescent intensity 
readings for all conditions with and without lysosomal inhibitor (CQ) for the T47D cell 
line. (D). Representative forward and side scatter dot plot for T47D breast cancer cell 
line(n=3, ±SD, p<0.05 t-test) 

 

 

 

 

 

 

 

 

 

 

Figure 3-19 Autophagic flux of T47D breast cancer cell line 
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As with the T47D cells, the Hs578T (Figure 3-20) and MDA-MB-231 (Figure 3-21) 

breast cancer cell lines exhibited a positive difference in fluorescent intensity at basal 

conditions representative of functioning autophagy which also further increased with the 

addition of chloroquine (Figure 3-20 C Figure 3-21 C). However, exposure of these cells 

to stress, in this instance, nutritional deprivation, resulted in a suppression of autophagic 

flux (Figure 3-20 A and Figure 3-21 A). The fluorescent intensity levels of the cells show 

that autophagic activity is unexpectedly lower in these cell types during starvation. 

Moreover, adding chloroquine (CQ) reduced the mean intensity further during starvation, 

implying that autophagic flux is suppressed. The reasons suggested could be the result of 

an increase in production of LC3-II beyond the rate at which it can be degraded, but if we 

look at basal conditions, the intensity is higher, so this theory does not hold unless LC3-II 

is being utilised elsewhere or degraded via other mechanisms or in these conditions, the 

cleavage of LC3-I to LC3-II is halted. Alternatively, it may reflect a lysosomal 

dysfunction or treatment response to CQ, particularly in the Hs578T cell line (Figure 

3-20).  However, the MDA-MB-231 cell line specifically displayed a reduction in mean 

intensity with or without CQ, suggesting that the capacity for autophagic processing can 

not be maintained with the standard autophagic induction ques such as starvation in this 

cellular context. This disturbance to autophagic function may be because the capacity of 

the autophagic process is already at the maximal rate. 
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Figure 3-20 Autophagic flux of HS578T breast cancer cell line 
Autophagic flux in the triple-negative subtype is determined with an amphiphilic 

tracer dye used in the flow cytometry platform to measure mean fluorescent intensity 
(MFI). To establish flux, a ΔMFI was calculated (ΔMFI=MFI(+CQ)-MFI(-CQ)). (A) 
ΔMFI of Hs578T breast cancer cell line under basal and starvation conditions 
(****p=<0.0001) (B) Representative FACS plot of all treatment conditions (C) Mean 
fluorescent intensity readings for all conditions with and without lysosomal inhibitor 
(CQ) for the Hs578T cell line. (D). Representative forward and side scatter dot plot for 
Hs578T breast cancer cell line (n=3, ±SD, p<0.05 t-test) 
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Figure 3-21 Autophagic flux of MDA-MB-231 breast cancer cell line 
Autophagic flux in the triple-negative subtype is determined with an amphiphilic 

tracer dye used in the flow cytometry platform to measure mean fluorescent intensity 
(MFI). To establish flux, a ΔMFI was calculated (ΔMFI=MFI(+CQ)-MFI(-CQ)). (A) 
ΔMFI of MDA-MB-231breast cancer cell line under basal and starvation conditions 
(****p=<0.0001) (B) Representative FACS plot of all treatment conditions (C) Mean 
fluorescent intensity readings for all conditions with and without lysosomal inhibitor 
(CQ) for the MDA-MB-231cell line. (D). Representative forward and side scatter dot plot 
for MDA-MB-231breast cancer cell line (n=3, ±SD, p<0.05 t-test). 
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3.3.15 RAS mutant induced autophagic activity is independent of the autophagy 
canonical pathway.  

 

To explore the possible molecular pathway utilised to activate autophagy in the 

context of RAS mutations, breast cancer cell lines were examined for the presence of 

essential molecules from the canonical pathway. The autophagy canonical pathway is a 

stepwise process of initiation, nucleation, elongation, maturation, degradation of cargo for 

recycling by the cell as illustrated below in Figure 3-22 and described in detail in chapter 

1. 

 

 

Figure 3-22 Autophagy “Canonical” pathway 
Schematic of the canonical pathway in autophagy where stressors such as 

starvation induce the stepwise process detailed above; AMPK in activated blocking 
mTOR complex I, ULK1 complex is actioned to act on the initiation complex, or it can 
be acted on directly by AMPK. The initiation complex recruits PI3P to initiate and 
nucleate the phagophore, elongation and maturation is regulated by the ATG12 
conjugation system, and the LC3 system involves the formation of LC3-II, which is the 
only ATG to be embedded in the membrane. After which the membrane closes to form 
the autophagosome, it fuses with the lysosome to form the autolysosome, where 
contents are degraded into their constituent molecules and released back into the cell to 
be recycled into metabolic substrates.  
                                                                                                                Created with BioRender.com 
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The canonical pathway has well-defined molecules that regulate these steps during 

this process. Therefore, many of these molecules involved in the canonical pathway were 

examined by western blot analysis (Figure 3-23A) and quantified by densitometry (Figure 

3-23 B). Note that all lysate was collected from cell lines at basal conditions and culture 

media replenished 4 hours prior to collection. 

The data revealed that the T47D cell line had expressed higher levels of the 

initiation molecules Raptor, ULK 1 as expected if the canonical pathway was utilised. 

However, in the RAS mutant cell lines, Hs578T and MDA-MB-231 are expressed at a 

lower level. Furthermore, at the nucleation step, the expression of Beclin-1 is higher in 

T47D than in Hs578T and MDA-MB-231, although haploinsufficiency of Beclin-1 is 

common in breast cancer and may account for these decreases. However, the elongation 

and maturation stage found in ATG7 similarly demonstrated a decline in the MDA-MB-

231 cell line compared to T47D and Hs578T, which may reflect a KRAS-specific 

alteration. 

Furthermore, the ATG12, ATG5, ATG 12-5 complex and ATG 16 molecules 

increased in the RAS mutated cell lines. Corresponding to increases seen in LC3-II, the 

primary role of these ATGs is to facilitate lipidation of LC3 with the cleavage and 

addition of a phosphatidylethanolamine (PE) to LC3-I to form LC3-II. There is also 

evidence to suggest that these ATGs are responsible for the tethering of the phagophore 

membrane [435], which may explain the increase of LC3 lipidation alone but would also 

result in ATG 7 having shown the same trend. Collectively, the data from the regulatory 

molecules (Figure 3-23) suggests that the activation of autophagy is independent of the 

canonical pathway in the TNBC cell lines. 
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Figure 3-23 Canonical pathway regulators decrease in basal subtypes compared to 
luminal A. 

(A) Western blot images of the canonical pathway molecules display differences in 
the luminal A cell line T47D compared to basal B cell lines Hs578T and MDA-MB-231 
at basal conditions (note basal condition media is refreshed 4 hours before protein lysate 
collection). (B) The densitometry analysis of expression intensity compared to loading 
control demonstrated that the difference observed in the immunoblot was significant 
between the sub-types (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test)  
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3.3.16 The HRAS mutation in Hs578T results in differential expression of 
autophagic marker LC3 isoforms and orthologue. 

 

The presence of autophagosome was examined with Cyto IDTM with the FITC filter in the 

Hs578T breast cancer cell line. These distinct punctae are visible in complete media 

conditions (Figure 3-24); however, these punctae are not as evident in other treatment 

groups. The other notable feature is that the addition of 3-methyladenine (3Ma), a 

PI3KC3/VPS34 inhibitor, was cytotoxic in this setting. Changes in the cell morphology 

were demonstrated, such as retraction of the cytoplasm and cell membrane indicative of 

cellular distress and apoptosis. Signs of cellular distress were also noted in cells treated 

with rapamycin, with definite morphological changes, and the cells are usually large and 

spindle-like in morphology when untreated (refer to Appendix III). The chloroquine 

group maintained their regular appearance, but the fluorescent intensity increased, which 

was expected since CQ is lysosomotropic.  

The western blot analysis explored the protein expression of autophagic markers 

intimately involved in the autophagosome membrane and are activity indicators (Figure 

3-25). The results show the Hs578T cell line at basal conditions and in response to 

treatments including autophagic activators, rapamycin, nutrient deprivation and the 

autophagic inhibitor chloroquine. Furthermore, the exposure time for treatments was 

extended compared to the images; treatments were only administered for four hours, 

whereas the cell lysate was collected at time points up to 24 hours. The lysate was probed 

for key autophagic markers, including P62 and its autophagic specific site ser403, all LC3 

isoforms LC3A, LC3B, LC3C and finally LC3 orthologue Gabarap (Figure 3-25). The 

data shows an increase in phosphorylated P62 with the addition of 3-methyladenine, 

likely due to its action on VPS34. The expression of Gabarap was consistently present 

and slightly increased at 24 hours but was present irrespective of conditions. The LC3 

isoform's appearance was unexpected, with the expression of LC3A-I and LC3A-II being 

higher than LC3B. The LC3B was only expressed as LC3B-II, its active form rather than 

precursor LC3B-I in all treatments. LC3C was only present as a single band at 

approximately 14 KD, found to increase at the four-hour time point with the inclusion of 

chloroquine within complete or nutrient-deprived media, suggesting that it is involved in 

or within the autophagosome and suggesting why it was not observed in other westerns as 

it appears to only be present at this earlier time point (Figure 3-25). The variations 
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observed by the LC3 isoforms may indicate an off-target effect arising with chloroquine 

and rapamycin after four hours that were identified compared to other lysosomal 

inhibitors, notably Bafilomycin A1in further studies of this cell line. (chapter 4) 
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Figure 3-24 LC3 Fluorescence in Hs578T breast cancer cell line 
(A)The expression of LC3 appeared punctate and diffuse in all conditions, mainly 

basal; its appearance declined upon treatment with autophagic activator rapamycin. There 
was significant cell loss in the 3-methyladenine (3Ma) group. (Scale bar- 100µM) 

Figure 3-25 There is differential expression of autophagic markers in response to 
activation and inhibition. 

(B) Western blot of protein expression under the same conditions but with time 
intervals; this LC3 expression is different amongst the isoforms and orthologues. (n=3) 
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3.3.17 The MDA-MB-231 displays a preferential expression of LC3 isoforms and 
orthologues. 

 

The effects of KRAS mutation on autophagy, particularly the LC3 isoforms and 

orthologues, were examined using the MDA-MB-231 breast cancer cell line containing a 

KRASG13 mutation. The localisation of autophagosomes and autolysosomes was 

visualised with fluorescent probes (Cyto ID®) using confocal microscopy; the cells 

presented with a distinct punctate pattern described by others [436-438].  The punctate 

was observed within the cytoplasm of the cells, and it was notably higher density in 

complete media, chloroquine and rapamycin treatment groups. (Figure 3-26 A) The 

punctate appearance is reduced in the 3Ma group and has a different expression pattern it 

appears to aggregate, suggesting that the inhibition initially causes the autophagic 

vacuoles to aggregate. Treatment with chloroquine resulted in cellular swelling and 

indicated the importance of lysosomal degradation in maintaining homeostasis in this cell 

line (Figure 3-26 A). Although this study is cautious that LC3 punctate may not be 

reflective of autophagic activity as once determined and as was demonstrated by Runwal 

et al. [439]  (Refer to APPENDIX III for phase-contrast images) 

Next, the cell lysate was collected from the MDA-MB-231 cells that had been 

treated with numerous chemical modulators of autophagy to elicit initiation or/and 

inhibition of its activity, overset timepoints; four hours, 12 hours and 24 hours. The 

protein expression of crucial autophagic markers and their isoform were analysed. The 

analysis found that the expression of P62 was not exceptionally high but peaked during 

the 12-hour time point irrespective of treatment, which may indicate a rise in aggrephagy 

that is dependent on time rather than treatment (Figure 3-27B). Furthermore, the LC3A 

isoform was only expressed in its active form (LC3A-II) at low levels compared to LC3B, 

which was highly expressed in its precursor and active forms LC3B-I and LC3B-II, 

respectively. 

Similarly, LC3C was expressed at low levels and as a single band at around 14 KD 

as was also observed in the Hs578T cell line, suggesting the expression of this isoform is 

not related to autophagic activity as it would be expected to be lipidated and if so, it 

would be detected at the higher molecular weight. Interestingly, LC3B-II was present 

with 3Ma treatment at all time points suggesting that LC3B is still being processed even 

though the initiation complex has been inhibited. Furthermore, the expression increases 
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and variation in Gabarap closely mimics the expression pattern of LC3B, suggesting that 

these proteins are intimately linked in this cellular context. Thus, the data in the KRAS 

context shows that crucial autophagic markers are not acting as expected in the context of 

a normal cell, suggesting that these changes are a consequence of RAS and that 

autophagic molecules, mainly LC3, may be downstream targets RAS. 
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Figure 3-26 LC3 Fluorescence in MDA-MB-231 breast cancer cell line 
(A) The expression of LC3 had a distinct punctate appearance that was diffuse 

within the cytoplasm in complete media and rapamycin groups. With the addition of 3-
methyladenine (3Ma) and chloroquine (CQ), the cells have significantly swelled due to 
treatment, also dense perinuclear staining in the chloroquine group(Scale bar- 100µM) 

Figure 3-27 There is an unusual expression pattern of LC3 isoforms irrespective of 
activation or inhibition.  

(B) Western blot of protein expression under the same conditions but with time 
intervals, this LC3 expression is different amongst the isoforms favouring LC3B. (n=3) 
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3.3.18 The LC3 isoforms inpatient data set indicate a difference in prognosis 
dependent on the level of the LC3 isoform and orthologue expressed. 

 

The publicly available Kaplan Meier plotter platform was utilised to investigate the 

correlation between autophagic marker expression and patient outcomes. It has 6,234 

samples (breast) available, and analysis is performed with gene chip technology [440, 

441]. The data set was interrogated for overall survival (Figure 3-28), relapse-free 

survival (Figure 3-29) and distant metastasis-free survival (Figure 3-30) in breast cancer 

patients as a whole for each of the LC3 isoforms. In addition, the prognoses associated 

with each isoform were examined, and a hazard ratio (HR) for each was indicated. A 

hazard ratio of greater than one means that the marker is associated with a poor prognosis, 

and a ratio of less than one means it is associated with a good prognosis. It is important to 

note that the risk estimate is based on increases in expression; therefore, the hazard ratio 

is always based on increased expression of the gene of interest. The categories tested were 

overall survival (OS) which refers to the time a patient survives after their cancer 

diagnosis. Relapse-free survival (RFS) is the time taken before the sign and symptoms of 

that cancer remerge after primary cancer treatment has ceased. Distant metastasis-free 

survival (DMFS) is classified as the period from diagnosis or treatment of cancer to its 

spread to a secondary site. 

Results from overall survival analysis identified significantly different outcomes 

between LC3B and LC3A and LC3C isoforms, where higher expression of LC3B is 

associated with poor prognosis compared to higher expression of LC3A and LC3B results 

in better prognosis, respectively (Figure 3-28 A-C). However, in all remaining survival 

analysis groups, relapse-free survival (Figure 3-29 A-C) and distant metastasis-free 

survival (Figure 3-30 A-C), the same significant trend was observed: an increased 

expression of LC3B was a poorer prognostic indicator. Alternatively, LC3A and LC3C 

were highly expressed and correlated with better outcomes in breast cancer patients (A-

C).  
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Figure 3-28 The LC3 isoforms confer different overall survival prognoses in breast 
cancer patients 

(A) High LC3A isoform significantly correlated with better OS (B) LC3B 
isoform expression correlates with high expression and poor OS (C)The LC3C isoform 
significantly correlates with high expression and better prognosis in OS 

 

 

Figure 3-29 The LC3 isoforms have a differential effect on relapse-free 
survival in breast cancer patients 

(A) The high expression of LC3A significantly correlates with improved RFS. 
(B) The high expression of LC3B significantly correlates with a poor prognostic 
marker of RFS (C). The LC3C isoform correlates with high expression and 
improved patient RFS. 
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Figure 3-30 Significant differences in the prognosis probability between the LC3 
isoforms in breast cancer patients 

(A) High expression of LC3A significantly correlates with a decrease in the 
probability of DMFS. (B) LC3B high expression correlates as a poor prognostic marker 
for DMFS. (C) High expression of LC3C was an excellent prognostic marker for DMFS. 
 

To further interrogate these analyses, the ratio of two isoform genes is examined as 

prognostic markers (Figure 3-31). As previously suggested in Figure 3-29 and Figure 

3-30, there are different prognostic values between the isoforms or LC3B with LC3A and 

LC3C. The LC3 isoforms were then analysed as a ratio, and it was observed that an 

increase in LC3B expression compared to LC3A Or LC3C resulted in a significantly 

poorer prognosis (Figure 3-31 A-B). When the inverse was analysed, thus higher 

expression of LC3Aand LC3C than LC3B, there was a significantly better prognosis in 

relapse-free survival for breast cancer patients (Figure 3-31 C-D). The patient data from 

the LC3 orthologues, Gabarap, GabarapL1 and GabarapL2, had no significant correlation 

with patient outcomes individually; however, they all significantly correlated as a ratio of 

LC3B with lower expression resulting in poor prognosis. (Appendix IV) 

The patient data set identifies a substantial prognostic value in the LC3 isoforms 

and highlights a feasible target, given that all isoforms conserve the autophagic domain. 

Therefore, the possibility of inhibiting LC3B would remove the deleterious outcomes and 

increase the expression of positive prognostic markers LC3A and or LC3C. 
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(A) The increased gene ratio between LC3B to LC3A presented as a significantly 
poor prognostic marker in RFS (B) The increased expression of gene ratio between 
LC3B to LC3C presented as a significantly poor prognostic marker in RFS. (C) The 
inverse gene ratio between LC3A to LC3B presented high expression and better OS (D). 
The inverse gene ratio between LC3C to LC3B presented as high expression and better 
OS. 
 

 

 

Figure 3-31 The LC3 isoforms and their gene ratio expression significantly 
correlate with patient relapse-free survival in breast cancer as a whole. 
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Table 3-1. Summary of findings 
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3.4  DISCUSSION 

 

Autophagy has been identified as having opposing roles in cancer, whereby it has a 

preventable function at the early stages of the disease. However, as the disease progress, 

the role of autophagy switches in favour of supporting cancer survival and progression. 

The role of autophagy in RAS-active cancers is relatively unknown. This study presented 

work that has demonstrated that autophagy activity increases, suggesting a correlation 

with heightened RAS activation as displayed in various breast cancer cell lines and 

models. The concomitant increase in basal levels of autophagy to ectopic expression of 

HRASV12 in the MCF10A cell line was most significant, which is suggested to have a role 

in these phenotypes to maintain tumorigenesis and facilitate cancer progression. 

Furthermore, it highlights the context-dependent role of mutant RAS on autophagy to 

maintain this aggressive phenotype in breast cancer. 

 

3.4.1 Autophagy and associated gene upregulation in a model of transformation 

 

The current literature acknowledges the correlation between increased autophagy 

and cancer progression, but the mechanisms under which this is regulated are still 

unknown. Based on the initial results from this study, it became apparent that apart from 

the breast cancer cell lines with increased autophagy being from the more aggressive 

subtype, they shared another critical feature: the presence of a RAS mutation. Therefore, 

it was hypothesised based on the data from the initial studies that there may be a 

relationship between autophagy and RAS.  

The potential mechanistic role of RAS on autophagy was investigated with an in 

vitro model, which our lab previously developed. It utilised the immortalised mammary 

epithelial cell line MCF10A transduced to ectopically express HRASV12. This model and 

its parental counterpart were grown in 3D culture to form acini, after which the acini were 

collected for gene array analysis. The data analysis compared MCF10A (parental) versus 

MCF10A HRASV12 (parental+ HRASV12) (hereafter referred to as HRASV12) there was a 

significant increase in at least 50 associated autophagic genes. Furthermore, there were 

increases found in many LC3(ATG8) group family members, specifically in ATG4, 
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ATG5, ATG7, ATG9, ATG12, ATG13 and ATG16L. ATGs are crucial in the many 

facets of the autophagic process, including autophagic induction, phagophore recruitment, 

elongation, autophagosome closure and particularly in the lipidation of LC3 with PE 

[159]. 

The top ten upregulated genes compared to control cells, apart from HRAS (it 

should be noted there was a fifteen-fold increase in HRAS compared to control), include 

transglutaminase 2 (TGM2) there was a forty-five-fold increase. This gene has been 

shown to activate autophagy via the NF-κB pathway in the context of breast primary cell 

(HMEC), mantle cell lymphoma and cystic fibrosis [442-444]. Although variations 

between findings by Yeo et al. [442] illustrate this autophagic paradox wherein their 

setting, autophagy is suggested to protect against transformation; however, here, we 

observe autophagic genes being increased in response to HRASV12 transformation 

suggesting its activity is integral in facilitating its progression, as will be examined in 

more detail further. Endoplasmic reticulum-golgi intermediate compartment (ERGIC1) 

had a twenty-four-fold increase, and this gene is suggested to provide a membrane for 

autophagosomal biogenesis [445, 446]. Immunity-related GTPase family M protein 

(IRGM) was upregulated eightfold, and this gene has been shown to govern core 

autophagic machinery through IFN-Ƴ and ATG16L, which was also found in this array to 

be upregulated [447, 448]. The COPII-cargo adaptor complex (SEC24D) was increased 

four-fold, which is proposed to facilitate ATG9 binding when phosphorylated on COPII, 

and this interaction is shown to determine the number of autophagosomes [449, 450]. 

NPC intracellular cholesterol transporter 1 (NPC1) is increased four-fold, and this gene is 

shown to be involved in the fusion between the autophagosome and lysosome and 

mutations. Furthermore, this gene has been found to result in autophagic flux dysfunction 

and lipid accumulation as it also has a vital role in lipid transport [451-455]. 

Transforming growth factor-beta 1 (TGFB1) was upregulated four-fold. It has been 

shown to induce autophagy and interact with LC3 within the autophagosome [456-459]. 

Autophagy-related 16-like 1 (ATG16L1) was increased by three-fold. ATG16L is 

involved in the ATG12 ubiquitin-like conjugation system, but recent studies have 

identified polymorphisms within this gene that correlated with cancer onset [460-462]. 

Finally, microtubule-associated protein 1 light chain 3 beta (LC3B) was upregulated 

threefold compared to controls. It is also worth noting that LC3A was also increased but 

only by 1.5 fold. As mentioned previously, LC3B is the central molecule to interact with 
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the autophagosomal membrane, and it is proposed that it facilitates membrane elongation, 

maturation, substrate interaction and general autophagosome biogenesis [463, 464] 

The most considerable upregulation observed in the ATG family was of member 

ATG16L, which has an essential role in supporting and facilitating the conversion of 

LC3.  It performs this by acting as the functional link between the ubiquitin-like enzymes 

ATG5 and ATG12, responsible for adding PE to LC3 to form LC3-II [465-467]. 

Alternatively, it is suggested that ATG16L interact with ULK1; however, in this context, 

the data showed downregulation of ULK1/2 gene expression, and protein expression level 

remained unchanged [467]. Several studies have specifically linked ATG16L activity to 

the LC3B isoform. However, in isolation, the binding region of ATG16L is targeted to 

the LC3B isoform specifically and may explain the preference of LC3B isoform over that 

of LC3A or LC3C isoform. This finding is significant given that LC3B is clinically a poor 

prognostic marker in breast cancer patients compared to the A and C isoform, 

respectively, which are positive prognostic markers [468, 469]. It was further shown by 

Lystad et al. (2019) that the ATG16L isoform α and β have distinct roles not only in the 

lipidation of LC3B and membrane recruitment in all autophagic mediated responses but 

in the recruitment of LC3B to the endosome membrane, specifically in the β isoform of 

ATG16L [469]. This distinct variation in function between the isoforms is noteworthy, 

although it was not distinguishable in the HRASV12which may relate to antibody 

specificity to the one used in the breast cancer cell lines (Fig.3.4), which showed a 

preference of the B isoform in the TNBC cell lines and a preference for the A in the LA 

cell line. Therefore, it would be essential to ascertain if an LC3B single membrane 

endosome is present in breast cancer and its role in this context. Although it was generally 

examined in this study, it would have been intriguing to determine if the ATG16L 

isoform preference is shifted upon the treatment with VPS34 inhibitors that were utilised 

and will be discussed in chapter 4 and whether that could account for the efficacy.  

In the scope of this study, the upregulation observed in ATG16L compared to all 

other ATG’s is suggested to be related to its role in LC3B lipidation, although the other 

components integral to this process, ATG 5 and ATG 12, were not found to increase. It is 

speculated that these molecules are readily available; therefore, the availability of 

ATG16L is the rate-limiting step in the process. So ATG16L expression must increase to 

meet the demand for autophagosome formation, particularly the insertion of LC3-II into 

the internal membrane of the autophagosome. This LC3-II interaction with the membrane 
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has a role in interacting with P62 and other cargo sequestering molecules and initiates the 

curvature and closure of the phagophore membrane to form the autophagosome. 

Furthermore, it would then be expected that the expression of ATG16L would mirror that 

of LC3-II expression. Therefore, it suggests there may be some other role for ATG16L or 

there is an accumulation of phagophores and an abundance of ATG16L bound to the 

outer membrane as previously observed by Fujita et al. and found to have an inhibitory 

effect on autophagy activity. However, the mechanism of this inhibition has yet to be 

determined [154]. 

 Other notable genes upregulated in the switch to the oncogenic phenotype were 

P62/SQSTM1, LC3A and LC3B; these increases were also observed at the protein level. 

P62/SQSTM1 upregulation supports findings by Li et al. [470], where they observed that 

this increase correlated to the metastatic phenotype. These effects could be attenuated 

with its loss, although this group associates this suggested being a consequence of its new 

regulation of vimentin. However, surprisingly they had not assessed autophagic activity 

[471]. Interestingly, both LC3 isoforms were upregulated, although one and a half versus 

a three-fold increase in LC3A and LC3B, respectively. This result is surprising as all 

publicly available data sets show that high expression of LC3A correlates better than 

LC3B, which is a poor prognostic marker in breast cancer, but this data shows that both 

are available isoforms, although more of LC3B than LC3A. Thus, this difference is 

unlikely to translate to the clinical differences observed and suggests that although all 

three isoforms conserve the autophagic domain, there must be functional differences that 

are proposed to be related to other genetic drivers such as RAS but are yet to be 

elucidated. (Refer to Appendix IV for gene ratio of HRAS/KRAS with LC3B). 

This genetic variety was explained in-depth in a study by Ellis et al. [472], which 

exposed a distinct difference in consequence of a mutation in the breast cancer subtypes 

when he compiled and compared all data from recent genome studies of breast cancer. He 

identified the basal-like genetic landscape to be very different from that of luminal 

cancer, with the basal-like being similar to other epidermis-derived cancers such as head, 

neck and lung. Of interest was the PI3KCA pathway, which has a broader genetic 

signature and alternative genetic pathways than luminal subtypes. However, this signature 

was not observed to confer activation in the basal subtypes, which could explain the 

presence of higher autophagic activity in the basal subtypes and may explain the 
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improved efficacy of treatment targeted to this PI3KCA pathway in the luminal subtypes 

[472-474]. 

 

3.4.2 Increased autophagic activity sensitises RAS-transformed cells 

 

The HRASV12 model of transformation performed as shown by others; presented 

with a spindle-like morphology, lacked epithelial junctions and reduced E-cadherin 

expression [409]. In 3D culture, the cells formed acini structures as expected, but with the 

ectopic expression of HRASV12, the acinus lacked the presence of a lumen as was 

observed in control cells. They also lost their organised spherical formation displaying 

cellular disorganisation and the presence of protrusions as published by others [409, 475]. 

This model is clinically relevant as it replicates the mutation observed in the 

transformation process similar to that of the TNBC cell line Hs578T. However, the 

Hs578T cell line has progressed and has many other mutations in combination with RAS, 

so delineating the relationship between RAS and autophagic regulators, specifically the 

HRASV12 model, was also utilised. 

The principal autophagic markers examined as an autophagic presence and function 

indicator is P62 and LC3 [476, 477]. P62 is a multifunctional protein that targets 

aggregates for degradation via autophagy and the NRF2-KEAP1 pathway. In autophagy, 

P62 is the interconnecting adaptor protein LC3-II and ubiquitinated proteins targeted for 

degradation and usually include protein aggregates, defunct mitochondria, peroxisomes 

and lysosomes [478]. P62 can bind to the ubiquitin chains such as K63 attached to 

targeted cargo and allows for P62 bound with the cargo to be translocated to bind the 

luminal aspect of the autophagosome membrane where it binds to LC3-II on for 

subsequent degradation. Conversely, it is also suggested that the cargo is bound to the 

P62 already bound to LC3-II on the autophagosome membrane. Irrespective of the order 

of the events, the result is that protein aggregates and defunct organelles are bound to P62 

with or without the inclusion of a ubiquitin chain. They are recruited to autophagophore 

membrane due to the interaction between P62 and LC3-II, which may trigger the fusion 

or completion of autophagophore to the autophagosome [479, 480]. The autophagic 

relevant P62 phosphorylation site is serine 403; this was examined to determine if the P62 

observed was correlated with its autophagic specific function. The results indicated a 
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significant increase in expression in the presence of HRASV12 compared to control, 

suggesting it is increased expression was in response to RAS or RAS activity.  

However, P62 is also linked to the RAS pathway; to ascertain this, the 

phosphorylation sites serine 349 were also examined and not found present, suggesting 

that the observed increase was directly related to the autophagic activity rather than the 

autophagic activity than with the alternative pathway. To corroborate these findings, the 

specific components of that pathway were examined, KEAP1 and NRF-2, which were 

found to not change in this context [481]. Although recent literature suggests there is 

binding between KEAP1, P62 and protein aggregates resulting in KEAP 1 degradation 

and NRF-2 activation, we did not observe this at a protein level, but there was an 

upregulation in mRNA of NRF-2, but this model did lack mutant p53 which others have 

shown to facilitate this activity in breast cancer [482, 483]. 

One explanation for increases in P62 may be a reflection of dysregulation, as 

speculated earlier, because the capacity of activity has been reached at the basal state that 

any additional stress applied causes the process to break down, resulting in the 

accumulation of cargo its molecular components. This accumulation may occur in the 

cytoplasm or even within the autophagosome. However, due to a limited number of 

lysosomes, there is a decrease in the fusion between autophagosomes and lysosomes to 

facilitate the degradation, but the reality is it is probably a combination of both. 

Therefore, the components usually found translocated to and then within the 

autophagosome during autophagic activity, such as P62, are not being degraded, so their 

presence will increase. It is proposed that this increase in P62 within the cytoplasm may 

result in its interaction and heightened activity in its other roles such as NRF2- KEAP1 

axis independent of the specific phosphorylation as it has a strong affinity for KEAP1 this 

would then affect the RAF-MEK-ERK pathway and confer an environment that favours 

metastatic development. Although it is a preposition, it warrants further investigation; 

particularly mechanistically, it suggests the potential efficacy of adjuvant treatment with 

RAF, MEK or VPS34 inhibitors feasibility in metastatic breast cancer [484]. 

The primary autophagic marker is LC3, of which there are three isoforms, and all 

conserve the autophagic domain [155, 464]. It has a precursor LC3-I, and its lipidated 

form LC3-II interacts directly with the inner side of the autophagosome membrane. LC3-

II was expressed significantly higher in the HRASV12 cells than the “normal” counterpart 

at basal conditions, which reports the autophagosome formation. This autophagic activity 
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observed could be observed in the “normal” cell line with the addition of an autophagic 

inducer such as rapamycin. Interestingly the inclusion of rapamycin did not increase the 

LC3-II to LC3-I ratio levels further in the HRASV12 cells compared to control cells. 

However, the turnover rate of LC3-II indicative of autophagic activity was significantly 

higher in the HRASV12 cells suggesting the requirement of the autophagic process by 

RAS. However, the turnover rates were lower than one, reflecting the high levels of the 

LC3-II being expressed and suggesting that LC3 is being utilised somewhere other than 

the autophagosome, such as endosomes as previously described by Lystad et al. [469] . 

 

3.4.3 Increased dependence on autophagy in breast cancer progression 

 

Autophagy in the “normal” context has been mainly associated as a stress responder 

in that it recycles non-essential cellular components for alternative metabolic substrates in 

times of nutrient deprivation. However, this is a limited view of autophagy's role, and 

recent studies have shown that autophagy has many crucial physiological functions 

relating to development and disease prevention [485]. In cancer, the role of autophagy has 

not been clear as there is variation between cancer types and even cellular subtypes. 

Although many articles exploit the term “autophagy”, there is still a lack of studies 

examining the disparities in cellular subtypes, at least the area of breast cancer. This study 

has identified variation in autophagy in the different breast cancer molecular subtypes as 

seen by the expression of LC3. With a chosen panel of breast cancer cell lines was, to 

include all the molecular subtypes to define any difference between the subtypes. There 

was a significant increase in autophagic expression from the luminal A (LA) to the triple-

negative subtype (TNBC). These subtypes indicate a least to more aggressive phenotype, 

respectively (Fig.3.1). Clinically this progression in the breast cancer lines is correlated 

with poor prognosis, and the more advanced subtype TNBC tends to be treatment 

refractory [414, 486-488].  

The significant difference observed between the LA and TNBC leads to further in-

depth studies of these particular cancer cell lines. The T47D breast cancer cell line was 

representative of the LA sub-type. Hs578T and MDA-MB-231 breast cancer cell lines 

represent the TNBC subtypes. The rationale for including two cell lines from the TNBC 

is that they have two differing RAS mutations, HRAS and KRAS, respectively. The data 
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shows LC3 was expressed in both the precursor form LC3-I and the active form LC3-II 

across all subtypes. The results indicated a 3-fold increase in TNBC subtypes compared 

to the LA subtype at basal condition.   

However, the ratio of LC3-II to LC3-I does not examine activity, so several 

methods were used to examine autophagic flux (Fig. 3.2 and Fig.3.3), which included 

LC3-II turnover and FACS analysis with LC3 amphiphilic tracer dye as prescribed by 

Klionsky et al. [489]. At basal conditions, it is expected that the treatment with 

rapamycin, amino acid deprivation and starvation media for a specified time, as described 

in Chapter 2, will induce autophagic activity [489]. Furthermore, the inclusion of 

Chloroquine and Bafilomycin A1 will inhibit lysosomal function, and as a consequence, 

the autophagic process will be halted.  The results from this study support many studies 

with an upregulation of autophagic flux observed and commonly referred to as 

“dysregulation”, with several studies associating it with breast cancer progression [206, 

222, 223, 490-493]. The LA breast cancer cell line displayed expected results with 

autophagic flux increasing with the inclusion of autophagic inducers; in contrast, the 

TNBC breast cancer cells demonstrated a high autophagic flux at basal conditions. 

However, the addition of starvation media resulted in dysfunction and suppression of 

flux. It is proposed that given autophagy is a rate-limiting that in the TNBC cell lines are 

already at maximal capacity, so the induction of autophagy in these cells exhausts the 

capacity to respond to typical induction ques. These findings extend the current 

knowledge of autophagic activity, particularly concerning variations between the sub-

types and the arrest of its activity in the TNBC cell lines. These results emphasise the 

importance of autophagic presence in this aggressive phenotype and agree with others 

who recognise autophagy for its targetable potential [496].  

 

3.4.4 RAS activation is an oncogenic driver rather than RAS mutation in breast 
cancer  

 

Breast cancer is not commonly recognised for the presence of RAS mutation, as it 

only occurs in 1% of breast cancer cases. However, approximately 50% of breast cancer 

have increased RAS irrespective of the RAS mutation. One reason for this increase in 

RAS activity is proposed to be due to a reduction or removal of NF1. NF1 is one of the 

RAS GTPase Activating Proteins (RAS GAPs); it has a role in the hydrolysis of the GTP 
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active form to its inactive GDP form, which acts as the on-off switch for RAS activity 

[497]. These RAS GAPs are classified as tumour suppressors due to their regulatory role 

in proto-oncogenes such as RAS [473]. A decrease in NF1 is observed in many breast 

cancer subtypes, but a complete loss is observed in the TNBC cell line MDA-MB-231; its 

loss is suggested to facilitate their resistance to treatment via MAPK and RAS [498]. This 

study supported these findings and found a reduction in NF1, but interestingly in this 

model, the NF1 loss results from HRASV12 expression, which suggests that the increase in 

HRASV12 itself can actively reduce the expression of NF1. It may also result in the 

hyperactivation of the other RAS isoforms to further exacerbate oncogenic potential. It 

has been suggested that some possible indirect mechanisms responsible for NF1 loss are 

gene silencing or even through degradation pathways. However, the latter indicates 

protein expression, which was not examined in this study but would warrant further 

investigation into autophagy as a possible degradation pathway [473, 497-502].  

Other molecules have been associated with the indirect hyperactivation of RAS 

apart from NF1. They include Disabled homolog 2-interacting protein (DAB21P) and 

RAS protein activator like 2 (RASAL2). A recent study found silencing either of RASL2 

and DAB12P or in concert as observed in Luminal B breast cancer subtype, and this 

combination developed into a more aggressive phenotype. The combined effect of the 

loss was shown to activate multiple RAS isoforms and increase activation of downstream 

targets such as ERK AKT, but there was an increase in the NF-κB pathway specifically 

related to DAB21P loss [396]. Simarlily to this study, there was a decrease in this gene 

array of DAB21P in the HRASV12 cell line compared to the control. Therefore, in a model 

where HRAS mutation has been expressed, the genetic landscape is further altered to 

support RAS activation, and it would have been interesting to examine the RAS isoforms 

and the downstream targets to determine what is the consequence mechanistically of this 

excessive activation or conversely, are the targets of their silencing altered in the context 

of a RAS mutation. 

Interestingly in contradiction to the previous studies, RASAL2 was not observed to 

be down-regulated in the gene array of the HRASV12 compared to control, as was seen 

with NF1 and DAB21P. Suggesting that this model is more reliant on the activation of 

NF-κB pathways; this pathway plays an essential and distinct role in EMT and metastasis, 

which explains this requirement. DAB2IP has a more suppressive role on RAS and NF-

κB pathways than RASAL2, which only influences the RAS pathway. The variation in 
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the results probably relates to the context; the studies using different subtypes in the 

previous study examined cells null for RAS mutation. The lack of RAS mutation in this 

context, the DAB2IP act as a co-activator shown to occur with RASAL2 in luminal B 

breast cancers to activate RAS rather than a signal enhancer where RAS mutation is 

present.  

3.4.5 RAS activation increases autophagic activity 

 

The initial data identifies a relationship between RAS mutations and increased 

autophagic activity at the basal state that becomes defunct upon typical initiation cues. 

The question remaining was whether this increase in autophagy is specific to the RAS 

mutation examined in the HRASV12and breast cancer cell lines Hs578T, or is it KRAS 

mutation also found in the MDA-MB-231? The preliminary data of the breast cancer 

panel of cell lines suggested not the latter. Although some cell lines do not carry a  RAS 

mutation, they are known to have increased RAS activity. Furthermore, they were 

observed to present with an increased expression in autophagic markers. An example of 

this would be the basal cell line MDA-MB-468. These cells have increased RAS activity 

due to their overexpression of EGFR receptors, so to increase the RAS activation to a 

hyperactive state as expected in vivo due to increased signal transduction due to 

extracellular ligands, including EGF. Recapitulating the in vivo environment was 

achieved by adding EGF to the media of the MDA-MB-468 cell line at various 

concentrations. This increase in RAS activity within the breast cancer cell line  MDA-

MB-468 with the addition of EGF has been shown by previous studies to be a 

consequence of  SOS [410]. 

As a consequence of the addition of EGF, the cells begin to transition from an 

epithelial to mesenchymal phenotype, as others have previously published [503, 504].  

During this transition, the cellular morphology exhibits observable changes, such as the 

change from the epithelial cells with a  cuboidal shape to the mesenchymal cells with a 

spindle-like appearance. These cellular transformations are enabled by decreasing and 

increasing a distinct regulatory protein, as observed in this study [505-508].  

The stimulation of RAS with EGF resulted in a concomitant increase in autophagy 

markers which were found to be increased dose-dependently with EGF. This finding 

further supports the hypothesis that RAS is reliant or at the very least has a relationship 
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with autophagy. Furthermore, the increase in LC3 turnover rate increased with EGF, 

indicating the formation of the autophagosome and activity, which alludes to a potential 

regulatory role of RAS in the activation of autophagy via some mechanism yet to be 

exposed.  

Interestingly the P62 rate was increased in the EGF model compared to the control 

when exposed to rapamycin. However, there was a significant difference between the 

groups when there was the inclusion of rapamycin and Bafilomycin A1. This difference 

may imply that all available P62 is not being used in the autophagic process and instead is 

being circumvented to other roles, at least in response to EGF and rapamycin. 

Alternatively, as mentioned previously, is it due to increased accumulation of P62, 

leading to an increased probability of binding to Keap1? Alternatively, even the 

accumulation of aggregates may be occurring but may not be accounted for due to the 

timepoint limitations of this study, as aggregate degradation can take more than 20 hours 

[509-511]. The accumulation in P62 with amino acid deprivation was observed at a 

protein expression level, and there was a subsequent loss in LC3A and LC3B, specifically 

in the EGF model. These observations indicate that autophagic activity is lost during 

amino acid deprivation and supports findings by Villar et al. [512], who they found that 

the accrual of P62 during amino acid deprivation led to the activation of caspase 8 and 

apoptosis. However, using MTORC inhibitors such as rapamycin prevents this process 

and is suggested to explain the lack of efficacy with MTORC inhibition in cancer as it 

prevents this apoptotic process by activating autophagy and protecting the cell [512]. 

Also of interest were the results for LC3 orthologue Gabarap1 expression decreased in 

response to EGF, which may be related to its suggested role as a tumour suppressor that 

was observed to be reduced in breast cancer with lower histological grade [513-515] 

The increased autophagic activity due to RAS activation may result from increased 

protein degradation. It is speculated that due to an influx in aggregates as the cell removes 

proteins that are detrimental to its survival and allows for the enhancement of those in 

favour of growth and adaption, suggesting that the upregulation of autophagic molecules 

may be more directed and targeted in the context of the cancer cell. A recent study has 

shown that 47 cancer cell lines with KRAS mutation also increased autophagic-specific 

molecules [516]. This evidence has since guided the rationale for several clinical trials in 

pancreatic cancers with KRAS mutation and the adjuvant use of chloroquine to inhibit 

this dependence on autophagy and has shown promising results to date [399].  
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3.5 CONCLUSION 

 

This study focuses on autophagic activity at a basal state, comparing and 

contrasting this activity in the differing breast cancer molecular subtypes. Although a 

correlation between RAS and autophagy was identified through this exploration, there 

was observed to be a concomitant increase in autophagic activity with RAS activation. 

This relationship between autophagy and RAS may assist in explaining the contradictory 

roles of autophagy observed in the context of cancer. It is proposed that there is a breast 

cancer paradigm where the phenotype progress to that of metastasis, and in doing so, it 

utilises either hyperactivated or mutated RAS, which is sustained or facilitated by 

autophagy. It is further suggested that this linkage between RAS and autophagy is of 

reliance, therefore exposing autophagy as the “Achilles’ heel” of the metastatic 

phenotype. 
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Chapter 4: IDENTIFICATION OF A 

RELATIONSHIP BETWEEN AUTOPHAGY 

AND RAS IN BREAST CANCER 

PROGRESSION 

4.1 INTRODUCTION 

 

Autophagy is a critical survival mechanism responding to numerous metabolic stressors 

such as amino acid and nutritional deprivation. In response, it facilitates the degradation of 

non-essential cellular molecules and recycles them into reusable metabolic substrates to 

replenish deficits. It maintains cellular homeostasis by degrading cellular aggregates, 

defunct organelles, and proteins, ironically resulting in cell death or mutations. This study 

postulates that in the context of breast cancer, autophagy underpins and supports advanced 

cancer and the metastatic phenotype acting as a “non-oncogenic addiction” for the 

metastatic cancer cell, consistent with what has been observed for other cancer types [517, 

518].  

Furthermore, the cancer cell's reliance on autophagy has been shown by White et al. to 

correlate with RAS mutations, specifically, KRAS-driven lung cancer, where autophagy is 

activated to reduce oxidative stress and maintain metabolic homeostasis [519]. In addition, 

a study by Lee et al., who also utilised the MCF10A transformation model with mutant 

KRAS, demonstrated the role of autophagy in malignant transformation [401]. However, 

most studies have focused on mutant RAS-driven cancers such as pancreatic and colorectal 

cancer, mainly focused on multiple KRAS mutations, which have demonstrated a direct 

relationship between autophagy and KRAS oncogenic survival. To translate these findings 

to the clinical setting and provide potential improved treatments and outcomes for patients, 

current clinical trials, including first-line chemotherapy combined with the autophagic 

inhibitor hydroxychloroquine, have demonstrated treatment responses in a patient with 

stage IV pancreatic cancer [65]. The only limitation with this study is that 
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hydroxychloroquine is not a very specific autophagic inhibitor, and thus results may also 

reflect non-specific off-target effects. 

Although breast cancer is not predominantly a mutant RAS driven cancer, although some 

breast cancer cell lines do harbour HRAS and KRAS mutations (e.g. Hs578T and MDA-

MB-231cell lines, respectively), a large proportion of breast cancers do have hyperactivated 

RAS pathways that are equivalent to their RAS mutant counterparts [72].  

 In chapter 3, increased autophagic markers with HRAS mutation also correlate with an 

aggressive breast cancer cell phenotype, consistent with what has been found in other 

cancer types [222, 393, 520-523]. To extend these findings and those of chapter 3 further to 

determine whether the increases observed in autophagic activity is essential in the survival 

and maintenance of this phenotype and facilitate its progression to metastatic disease. 

Within this chapter, the study sought to examine cell viability and IC50 measures of a series 

of autophagic inhibitors. This study was performed in the breast cancer cell line and models 

utilised in Chapter 3 to determine the reliance of the more aggressive breast cancer 

phenotypes on autophagic activity. If demonstrated, this would provide additional evidence 

that autophagy is a promising future target in the treatment against aggressive breast cancer 

and metastatic breast cancer disease, which has been proposed for other untreatable 

cancers, including pancreatic [65, 524].  

Autophagic inhibitor research is an area of active research that is rapidly developing; 

currently, most available agents target the initiation complex to prevent early 

autophagosome formation through inhibition of PI3K, mTOR, ULK1/2 or BECN1[525-

528]. However, drugs have also been developed that target the later stages of the 

autophagic process, such as the inhibition of lysosomal function resulting in the blockage 

of autophagic flux [65, 356, 529].  

This study examines the blockage of early autophagosome formation by inhibiting PI3K 

class III (hereafter referred to as VPS34).  PI3K is a family of enzymes of which there are 

three classes, with classes I and II having many members, class III one member and a 

PI3K-like enzyme referred to as class IV [530]. Consequently, many drugs are active on 

more than one of the classes as all the family members retain conserved motifs. In addition, 

the family members are distinguished by the inclusion of additional domains and their 

individual catalytic and regulatory protein interactions [531].  

This study primarily examined several VPS34 inhibitors to account for the varying 

specificity between the drugs for other PI3K classes (Figure 4-1). The VPS34 inhibitors 
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examined in this study include SAR-405, which is highly specific for class III and binds to 

the ATP cleft of VPS34 but has no reported action on PI3K class I, class II or MTOR 

below 10µM [337, 532]. In addition, VPS34-INI - a highly specific VPS34 inhibitor that 

also has a limited effect on PI3K classes I and II [297, 340] was included in the study. In 

addition, initial results from 3-Methyladenine (3- Ma), but then the improved derivative 

referred to as 3Ma-IV, were also used within the study. The 3Ma-IV is a cell-permeable 

version of 3-Ma which binds to VPS34 and p110Ƴ class I, but 3Ma-IV has been suggested 

to have improved specificity for VPS34(Table 4-1) [331, 533]. 

Advanced cancer cell reliance on autophagy was further substantiated by inhibiting the 

later steps in the autophagic process, specifically the autophagosome and lysosome fusion 

and lysosomal degradation processes. These are inhibited with Bafilomycin A1, an 

inhibitor of vacuolar H+ ATPase (V-ATPase) responsible for importing H+ protons to 

enable lysosomal acidification, facilitating its degradative actions. In addition, Bafilomycin 

A1 has also been shown to prevent autophagosome and lysosomal fusion through several 

other mechanisms, such as the interference with the calcium channel SERCA [351, 352]. 

Table 4-1 VPS34 Inhibitors specificity and mechanism of action (M.O.A) 
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Figure 4-1  Schematic of VPS34’s role in the context of the autophagic process 
The autophagic process responds to various stressors upon which the 

“INITIATION COMPLEX” is activated and formed via the phosphorylation of VPS34 

and Beclin-1. This activation of the initiation complex results in the recruitment of 

phosphatidylinositol-3-phosphate (PI3P) and the nucleation of the phagophore assembly 

site (PAS). Although 3Ma-IV, SAR-405 and VPS34-INI all target and inhibit VPS34, 

they have different mechanisms to block VPS34 activity, but the net result of the loss of 

PI3P 
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4.2 HYPOTHESIS AND AIMS 

 

Hypothesis: 

“Targeting autophagy is more effective in advanced RAS activated cells than in less 

advanced non-active cells.” 

The aims of this chapter are:  

-To investigate the dependence of breast cancer cells upon autophagic activity through its 

inhibition. 

- To examine the efficacy of autophagic inhibition at the initiation complex utilising several 

VPS34 inhibitors.  

-To examine the difference in efficacy through autophagic inhibition at later stages of the 

autophagic process with the lysosomal inhibitor Bafilomycin A1. 

-To determine if activated RAS breast cancer cells have an increased sensitivity to 

autophagic inhibition. 

-To investigate the potential relationship of autophagy and RAS as a potential biomarker 

for treatment interventions utilising autophagic inhibitors.   
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4.3 RESULTS 

 

4.3.1  The expression of HRASV12 in MCF10A increased their sensitivity to 3Ma-IV. 

 

The initial experiments examined the efficacy of 3Ma, which, as displayed in Figure 

4-2, there was no response in the MCF10A breast cells with increased sensitivity TNBC 

cell line Hs578T. However, solubility was a limiting factor, and the concentration range 

could not be extended beyond 20mM. There was a newly developed derivative that was a 

derivative 3Ma-IV was developed with improved solubility, so this was utilised in the 

study. There were similar increases in sensitivity in the triple-negative cell lines, Hs578T, 

compared to the MCF10A cell line observed with 3Ma-IV (Table 4-2), pointed toward the 

potential importance of RAS activity and the autophagic axis in breast cancer cell 

sensitivity to autophagic inhibition. The well-characterised MCF10A oncogenic HRASV12 

transformation model from Chapter 3 [375] was utilised to determine the correlation 

between transformation and autophagy, although, in this context, this was explicitly 

examined in relation to oncogenic (mutant) RAS.  

The results in Figure 4-3 A demonstrate a reduction in the cell viability at all 3Ma-IV 

concentrations in the MCF10A HRASV12 cell line. In contrast, there was an increase in cell 

viability at lower concentrations of 3Ma-IV treatment in the control MCF10A cells. The 

viability of the MCF10A cells was not impacted until the maximal concentration of 3Ma-

IV was reached. The cell lines were seeded at confluence as described in Chapter 2, and the 

real-time analysis system (Xcelligence) was used to determine the cell index based on 

cellular impedance. The results clearly showed that the expression of HRASV12 increased 

the sensitivity of the cells to 3Ma-IV by four logs compared to the MCF10A control cells 

(Figure 4-3 B and C). Interestingly, the sensitivity of the MCF10A HRASV12 cells is similar 

to that observed in the Hs578T breast cancer cell line, which also possesses the same 

HRASV12 mutation, further supporting these results.  

These findings in the MCF10A HRASV12 model indicate that the transformation of 

the normal breast to an oncogenic cell by RAS causes a dependence upon autophagy that 

can be exploited through autophagy inhibition. Therefore, it is suggested that this may 
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increase as the cell progresses further as recapitulated in the epithelial to mesenchymal 

transition as observed with the MDA-MB-468 breast cancer cell model. 

 

 

Figure 4-2 The original 3-Methyladenine (3Ma) is limited clinically by its reduced 
solubility and cell permeability. 

(A) Alamar Blue analysis was utilised to determine the IC50 of MCF10A breast 
cell line versus Hs578T breast cancer cell lines treated with 3Ma for 72 hours (B) The 
IC50 values could be determined for the Hs578T cell line as determined by prism 
software with a statistical analysis comparing the cell lines. (n=4, ±SD, p<0.05 t-test) 
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Figure 4-3 The expression of HRASV12 sensitises MCF10A cells to 3Ma-IV treatment 
(A) An initial study for cell viability using Alamar Blue analysis at 24 hours 

timepoint.Significance was demonstrate between groups p<0.0001 (B) Real-time analysis of 
MCF10A and MCF10A HRASV12 cells with increasing concentrations of 3Ma-IV were 
assessed using the Xcelligence system to determine their IC50 towards the drug. for 72 hours 
(C) The IC50 values for the cell lines as determined by RTCA software with a statistical 
analysis comparing the cell lines (n=4, ±SD, p<0.05 ANOVA and Sidak’s post hoc test) 
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4.3.2 Breast cancer progression through RAS activation sensitises the MDA-MB-468 
breast cancer cell line to treatment with VPS34 inhibitor 3Ma-IV. 

 

There is a limited incidence of RAS mutations in breast cancer, but hyperactivation of 

RAS signalling pathways is common and is perhaps why RAS mutation occurs less 

frequently in breast cancers. RAS activation was modelled with exogenous addition of the 

EGF ligand to stimulate the EGFR pathway upstream of RAS; a common signalling 

pathway, MDA-MB-468 cells, was utilised. The addition of EGF at 50ng/mL to these cells 

results in robust activation of the RAS pathway due to the high expression of EGF 

receptors (EGFR) in these cells. Furthermore, EGF treatment results in the MDA-MB-468 

cell line undergoing an epithelial-mesenchymal transition (EMT), indicative of a more 

advanced phenotype.  

Initially, the Xcelligence system was employed to determine IC50; however, this was 

not used for the remaining drug treatments as cells exposed to EGF combined with the drug 

treatment led to many cells detaching transiently and re-attaching, leading to 

inconsistencies in the impedance readings with the Xcelligence system. Therefore, it was 

decided that apart from the treatment with 3Ma-IV, where this did not occur, and both 

methods could be used (Figure 4-4 and Figure 4-5), all the other drug treatments only 

utilised the Alamar Blue assay to determine IC50 results. 

In addition, there was a dose-dependent increase in cytotoxicity in the response by 

MDA-MB-468 with EGF to 3Ma-IV treatment. Interestingly, the cell number significantly 

increased to greater than 100% in the lower concentration of 3Ma-IV in the parental cells 

(Figure 4-4A), with a decrease in viability observed at the two highest concentrations. 

These findings would indicate that blockade of the autophagic initiation complex in this 

cellular context is advantageous to cell viability, which would be of concern as the control 

cells are a triple-negative basal phenotype (TNA) breast cancer. However, these have not 

been reflected by the IC50  results, which suggests that these viability results are transient 

temporal response or there is anti-oxidant effects of the drug or induced within these 

concentrations, which others have shown to increase cell viability in Alamar blue assays 

[534] Figure 4-4 B and C represent the real-time analysis which reveals that the inclusion 

of EGF sensitises the MDA-MB-468 cell line to treatment with 3Ma-IV. The real-time 

system detected a log shift in treatment efficacy and was replicated and supported by 
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experiments performed with the Alamar Blue assay to determine IC50, as seen in Figure 

4-5.  

 

 

Figure 4-4 The presence of EGF sensitives the breast cancer cell line MDA-MB-468 
to treatment with 3Ma-IV. 

(A) A cell viability study using the traditional Alamar Blue analysis at the at 24 
hours timepoint. (B) Real-time analysis of breast cancer cell lines MDA-MB-468 in the 
presence of 50ng/mL EGF seeded in the Xcelligence system to determine the IC50 for the 
treatment with 3Ma-IV for 72 hours (C). The IC50 values of all cell lines as determined by 
RTCA software with a statistical analysis comparing the cell lines (n=4, ±SD, p<0.05 
ANOVA and Sidak’s post hoc test) 
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Figure 4-5 The presence of EGF sensitives the breast cancer cell line MDA-MB-468 
to treatment with 3Ma-IV utilising Alamar Blue. 

(A) Alamar Blue analysis was utilised to determine the IC50 of breast cancer cell 
lines MDA-MB-468 with 50ng/mL EGF treated with 3Ma-IV for 72 hours (B) The IC50 
values of all cell lines as determined by graph pad prism software with a statistical 
analysis comparing the cell lines. (n=4, p<0.05 and t-test) 
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4.3.3 Breast cancer cells demonstrate increased sensitivity to treatment with 3Ma-IV 
compared to other VPS34 inhibitors. 

 

To examine the dependence of the oncogenesis on autophagy, the breast cancer cell 

lines observed to have higher autophagic markers and RAS mutations\ from chapter 3 were 

utilised in this study which included the Hs578T and MDA-MB-231 breast cancer cell lines 

as a comparison the least aggressive breast cancer cell line the T47D which possess wild 

type RAS  

The treatment of 3Ma-IV in the cell lines underwent preliminary examination using a 

traditional endpoint assay for viability with Alamar Blue (Figure 4-6). The viability assay 

demonstrated significantly enhanced sensitivity to the drug in the TNBC cell lines versus 

the luminal subtypes.  

The viability study from Figure 4-6 led to further real-time analysis of the 3Ma-IV 

treatment to establish an IC50, and it allows for real-time visualisation of cellular response 

over time and can determine a suitable timepoint or strategy for treatment. 

The breast cancer cells were seeded at confluence and treated in the Xcelligence for 

beyond 72 hours. The IC50 determined by the RTCA software on the Xcelligence system at 

72 hours of treatment in Figure 4-7A and B shows the treatment with 3Ma-IV is more 

efficacious in the more advanced phenotypes. In addition, there was a log shift in 

sensitivity in the triple-negative breast cancer subtype B (TNB), specifically the Hs578T 

and MDA-MB-231 cell lines, compared to the luminal subtype T47D cell line. Specifically, 

a further decrease in the IC50 between the TNBC subtypes showed that MDA-MB-231 had 

a higher sensitivity than the Hs578T cell line.  

Although there is improved viability compared to the real-time analysis, this may be 

due to the experimental design differences as with cell viability, is a single end timepoint 

being 24 hours. In contrast, the real-time system takes a continuous reading every 15 

minutes for an extended period beyond the 24-hour time point. However, the real-time 

system did show the transient increases observed at some of the lower concentrations in the 

cell viability results before their decline. 
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The treatment with 3Ma-IV (Figure 4-6 and Figure 4-7) indicates that the more 

aggressive phenotype (mesenchymal), particularly those with a RAS mutation or 

hyperactivation, such as the Hs578T, MDA-MB-231 breast cancer cell lines and MDA-

MB-468 with EGF, are more sensitive to this autophagy inhibitor. These findings are 

further supported by the MCF10A HRASV12 model (Figure 4-3), indicating that activated 

RAS has a dependence upon autophagy that can be exploited through autophagy inhibition. 

 

 

Figure 4-6 Increased sensitivity of advanced breast cancer cell lines to 3Ma-IV. 
(A) An initial cell viability study using the traditional Alamar Blue analysis at 24 

hours. (B) Comparison of groups found significance between the following (n=4, ±SD, 
p<0.05 ANOVA and Sidak’s post hoc test) 
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Figure 4-7 Increased sensitivity to 3Ma-IV in the TNBC breast cancer cell lines 
(A) Real-time analysis of breast cancer cell lines T47D, Hs578T and MDA-MB-

231 in the Xcelligence system was used to determine the IC50 for the treatment with 
3Ma-IV for 72 hours (B) The IC50 values of all cell lines as determined by RTCA 
software with a statistical analysis comparing the cell lines (n=4, ±SD, p<0.05 t-test) 
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4.3.4 The expression of HRASV12 improved the efficacy of VPS34 inhibitor SAR-405. 

 

To understand the effects of VPS34 inhibition more thoroughly and due to the 

general lack of specificity between the PI3K classes, particularly 3Ma, which was known to 

have activity against PI3KC1, although the new derivative used in this study, 3Ma-IV has 

been suggested to have none [331]. Therefore, more specific inhibitors were utilised to 

delineate the efficacy of VPS34 inhibition, and the MCF10A HRASV12 model was treated 

with the SAR-405 to examine its efficacy.  

The results in Figure 4-8 strongly suggest that the increase in efficacy of SAR-405 

can be attributed to the HRAS mutation or, more reasonably, its cellular effects. When 

treatment was examined in a viability assay, differences between the HRASV12 and parental 

control (Figure 4-8), these differences were significant; however, the results were all with 

positive increases in viability, and the treatment with SAR-405 in the parental cells 

instigated a 50% spike in viability to 150%. This treatment response by the parental cells 

was responsible for the significance of the HRASV12 cells, which maintained their viability 

at around 100%. This viability assay was utilised to determine the IC50, which could only 

be determined for the cell line expressing HRASV12 compared to MCF10A, which was not 

converged, as shown in Figure 4-8 B. This increase in viability by the MCF10A cells may 

reflect an intermittent stress response or the action of SAR-405 may have a favourable 

impact on cell survival or even anti-oxidant effects of the treatment interfering with the 

assay. 

To observe these results in real-time, the Xcelligence was utilised to analyse the 

cellular response to SAR-405 as shown in Figure 4-9, the cell line response graph, and 

treatment is administered where the black arrow is seen. Figure 4-9 A is of MCF10A, and 

there are minimal changes in response to treatment. However, the 10µM is decreasing the 

cell index, and future studies would warrant higher concentrations and longer timepoint, as 

the current concentration range was based on the literature but were different cellular 

contexts [535] In the demonstrated that the IC50 of the cells expressing HRASV12 was 

increased, compared to MCF10A as shown in Figure 4-8.  
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Figure 4-8 The expression HRASV12 reduces the efficacy of SAR-405 treatment in 
the breast cell line MCF10A 

(A)A study of the cell viability using the traditional Alamar Blue analysis at 24 
hours time point (B) The IC50 values of cell lines that responded to treatment as 
determined by prism software with a statistical analysis comparing the cell lines (n=4, 
±SD, p<0.05 ANOVA and Sidak’s post hoc test) 

 

To observe these results in real-time, the Xcelligence was utilised to analyse the 

cellular response to SAR-405 as shown in Figure 4-9, the cell line response graph, and 

treatment is administered where the black arrow is seen. Figure 4-9 A is of MCF10A, and 

there are minimal changes in treatment response, although the 10µM decreases the cell 

index slightly. Similarly, the HRASV12 did not demonstrate any dose-specific responses, 

but the red arrow indicated a significant peak in cell index, suggesting either a shape 

change such as rounding or an increase in adherence. Further studies to examine cell 

morphology and cytoskeleton proteins in response to treatment with SAR-405 would be of 

interest.  
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In summary, the mechanism of action of SAR-405 showed varied responses between 

the cell lines and delineating the cause of these variations would warrant further studies 

beyond the scope of this investigation. It would warrant higher concentrations and longer 

timepoint, as the current concentration range was based on the literature but were in 

different cellular contexts [535] 

 

Figure 4-9 Real-time analysis of the MCF10A transformed with HRASV12 
responds to SAR-405 by increasing cellular impedance. 

(A) Representative data from the real-time analysis of MCF10A breast cell lines 
demonstrate no response of cells to treatment with VPS34 inhibitor SAR-405 for 24 
hours. ( treatment addition indicated by the black arrow) (B) Real-time analysis data of 
the MCF10A transduced with HRASV12 in the Xcelligence system indicates a cellular 
increase in impedance, as indicated by the red arrow. (n=4) 
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4.3.5 VPS34 inhibitor SAR-405 increased cell viability in MDA-MB-468, which was 
lessened by the addition of EGF.  

 

The efficacy of targeting RAS-active breast cancer cells with VPS34 inhibitors was 

examined further by testing another VPS34 inhibitor, SAR-405. Due to the discovery of the 

population of cells that became particularly mesenchymal with a tendency to remain in 

suspension and only adhere to the surface transiently, the decision was made not to utilise 

the real-time system in the analysis of SAR-405 treatment. Instead, this study utilised the 

Alamar Blue assay, as depicted in Figure 4-8, to determine viability and IC50 over an 

extended time course (72 hours). However, the results indicate that the viability of the 

MDA-MB-468 and MDA-MB-468 with EGF was increased. While an IC50 could not be 

determined, an area under the curve could be determined. The AUC data increases with all 

values for each concentration and cell type being more than 80% (Figure 4-10A). When the 

AUC was determined using Prism software, with the baseline set at a control level of 

100%, it was found that the parental cell viability was significantly increased compared to 

the addition of EGF (Figure 4-10 B). 

 Both cell lines increased their cell number in response to the treatment with SAR-

405, similarly to the previous results where this trend was continued with the MCF10A cell 

line (Figure 4-8), suggesting there is a characteristic shared between these cell types that 

acquire them an insensitivity to the efficacy of SAR-405. The results demonstrate that 

SAR-405 treatment at the doses examined had minimal effect on cell viability. The 

treatment with SAR-405 may require multiple dosing or longer timepoints to determine its 

potential efficacy in future investigations.  
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Figure 4-10 The presence of EGF increases the efficacy of the VPS34 inhibitor 
SAR-405 treatment. 

(A) Alamar Blue analysis was utilised to determine the AUC of breast cancer cell 
lines MDA-MB-468 in the presence of 50ng/mL EGF treated with VPS34 inhibitor 
SAR-405 (B) The AUC values of all cell lines as determined by prism software with a 
statistical analysis comparing the cell lines (C) Cell viability Alamar Blue analysis at 24 
hours timepoint. (n=4, ±SD, p<0.05 ANOVA and Sidak’s post hoc test) 
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4.3.6 The VPS34 inhibitor SAR-405 shows a differential response in breast cancer cell 
lines. 

 

The breast cancer cell lines were subject to a preliminary viability test with Alamar 

Blue as the data demonstrates the Hs578T are dying in response to the treatment (Figure 

4-11A and B). The Alamar Blue data shows a loss of viable cells in all subtypes, and the 

T47D declined somewhat dose-dependent, whilst the MDA-MB-231 responded with 

greater efficacy at lower concentrations. However, it should be noted that the cell viability 

did vary minimally in the T47D cell between the concentrations, almost a biphasic effect. 

The Hs578T cell line did not reach below 50% cell viability at any of the concentrations 

suggesting their sensitivity is lower than the other cell lines. 

These findings highlight the complexity of the blanket approach to cancer treatment, 

as shown in the same cancer cell types, where treating five different cellular subtypes 

resulted in various drug efficacy. SAR-405 and 3Ma-IV are specific for VPS34 at these 

concentrations, given the differences in their effectiveness suggest that either 3Ma-IV or 

other activity on p110Ƴ may be responsible for this or there is increased efficacy at the 

alternative binding sites. 
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To investigate this variability further, the study treated the cells in the real-time 

analysis, showing contrast in the effect of SAR-405 in the cell lines tested. (Figure 4-12). 

There was a high differential between the T47D Hs578T and the MDA-MB-231 cells. The 

T47D slightly declined cell index at the highest concentration (Figure 4-12 A). In contrast, 

the MDA-MB-231 displayed an increase in cell index at the highest concentration, so it 

may be speculated that it reflects a morphological change. However, the only effect was 

observed in the Hs578T cell line, which responded to SAR-405 with an IC50 within the 

molar range, similar to the MCF10A HRASV12 in Figure 4-8, suggesting there may be a 

 

Figure 4-11 The breast cancer cell lines had altered cell viability in responses to 
treatment with SAR-405. 

(A) The cell viability using the traditional Alamar Blue analysis was examined in 
the breast cancer cell lines at 24 hours timepoint. (B) Significance determined between 
groups as tabled (n=4, ±SD, p<0.05 ANOVA  and Sidak’s post hoc test) 
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shared response mechanism. The observed changes of the repurposed small molecule SAR-

405 are interesting and suggest that this drug's effects may be cytostatic rather than 

cytotoxic. 

 

 

 

Figure 4-12 The breast cancer cell lines had contrasting responses to treatment 
with SAR-405. 

The Xcelligence system was used to collect real-time analysis of breast cancer cell 
lines in response to SAR-405 treatment (A) A representative data of the T47D breast 
cancer cell line real-time data show no effect on cell index after SAR-405 treatment ( 
treatment addition indicated by the black arrow) (B) Representative data from the real-
time analyser for the MDA-MB-231 breast cancer cell line show no effect to cell index 
after SAR-405 treatment. (C) A representative image of Hs578T breast cancer cells over 
72 hours (48-hour growth phase and 24-hour treatment) demonstrated decreased cell 
index in response to SAR-405 treatment (D). The Xcelligence system was used to 
determine the IC50 for VPS34 inhibitor SAR-405 for 24 hours. The IC50 values for 
Hs578T cell lines as determined by RTCA software (n=4) 
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4.3.7 The expression of HRASV12 increased sensitivity to treatment with the VPS34 
inhibitor VPS34-INI. 

 

To further examine the importance of autophagy in breast cancer survival, the 

inhibition of the initiation complex with antagonism of VPS34 with various molecules was 

undertaken, and the last to be analysed was VPS34-INI. 

Figure 4-13 shows that the sensitivity to treatment is higher in the HRASV12 cell line 

than in MCF10A parental. However, there is no disparity between the real-time analysis 

and Alamar Blue results even though the endpoint of Alamar Blue versus the continuous 

monitoring of the real-time system, allowing for an increase in sensitivity in the real-time 

analysis. It may also indicate that treatment improves over time or increasing concentration 

range further is all factors that need further examination. 

The real-time analysis supported the Alamar Blue result in that the MCF10A 

HRASV12 model treated with VPS34-INI, as shown in Figure 4-13A, resulted in a drug 

response, which was not observed in control MCF10A cells. This response appears specific 

to the transformed cell, where a typical drug response is exhibited with increased 

concentration and concomitant increase in cytotoxicity.  

The efficacy of VPS34-INI was minimal, but it did reflect that of SAR-405, which 

targets ATP binding through a different mechanism. It does suggest that targeting VPS-34 

specifically may need further adjustments in concentrations to be efficacious on its own and 

would warrant combination potentially with a frontline chemotherapeutic that elicits an 

autophagic response to determine its clinical efficacy. 
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Figure 4-13 Transformation MCF10A with HRASV12 responds differently to VPS34-
INI treatment. 

(A) A study of the cell viability using the traditional Alamar Blue analysis at the 
24 hours timepoint. (B) Real-time analysis of MCF10A breast cell lines transduced with 
HRASV12 in the Xcelligence system was used to determine the IC50 for the treatment 
with the VPS34 inhibitor VPS34-INI for 24 hours (C). The IC50 values of all cell lines as 
determined by RTCA software with a statistical analysis comparing the cell lines 
(n=4,±SD, p<0.05 ANOVA and Sidak’s post hoc test) 
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4.3.8 The presence of EGF with breast cancer cell line MDA-MB-468 increased 
insensitivity to treatment with VPS34 inhibitor VPS34-INI.  

 

The study included another VPS34 inhibitor to be tested, VPS34-INI, in the EMT 

model of RAS activation. As previously mentioned, in response to the EGF, the MDA-MB-

468 cells generate a population of cells that lift and prefer to remain suspended and 

transiently adhere to the surface. This non-adherent cell population was observed to 

increase in treatment with both SAR-405 and VPS34-INI, excluding the real-time system, 

which uses adherence to determine the cell impedance (represented as a cell index). 

Similarly to the result observed earlier, using VPS34-INI resulted in no decrease in cell 

viability of greater than 20%. Therefore, the AUC was examined as depicted by the graph 

in Figure 4-14A. AUC was determined using Prism software with the baseline set at the 

control level of 100%. The result demonstrates that the presence of EGF significantly 

increased cell viability compared to the parental cell line. 

 The results in Figure 4-14 suggest that, at least initially, VPS34-INI increases cell 

number or proliferation, but there is a slight decline at the higher dose. Thus, suggesting the 

study should have potentially increased the drug concentration range to improve efficacy. 

Although at the time, this range was established in the current literature. The use of VPS34 

inhibitors in the RAS active cellular context was limited by a lack of drug efficacy in this 

model, with 3Ma-IV the only inhibitor to result in cytotoxicity with an increase in 

sensitivity during RAS activation, as shown in Table 4-2. It would indicate that the 

effectiveness of 3Ma-IV is due to how it inhibits VPS34 or that it may be effective due to 

its non-specific effects. However, this has been shown to reduce and suggested to be absent 

in this derivative [331]. Given the consistency of 3Ma-IV throughout this study, it warrants 

further investigation.  
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Figure 4-14 The presence of EGF ceases treatment efficacy with VPS34 inhibitor 
VPS34-INI. 

(A) Alamar Blue analysis was utilised to determine the AUC of breast cancer cell 
lines MDA-MB-468 in the presence of 50ng/mL EGF treated with VPS34 inhibitor 
VPS34-INI  for 72 hours. (B) The AUC values of all cell lines as determined by prism 
software with a statistical analysis comparing the cell lines. (C) Cell viability Alamar 
Blue analysis at 24 hours timepoint. (n=4, ±SD, p<0.5 ANOVA and Sidak’s post hoc 
test) 
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4.3.9 Response to VPS34-INI is reduced with increases in dose concentration in all 
breast cancer cell lines. 

 

The breast cancer cell lines were last to be examined for their response to VPS34-INI. 

The treatment results were remarkable in that the observed responses were variable and not 

dose-dependent, with some cells responding at lower concentrations and not at all at the 

higher concentration. Figure 4-15 shows a decrease in cell viability at higher 

concentrations, although it never reached below 50% in any cell lines. The most significant 

decrease in cell viability was observed in the MDA-MB-231 compared to the real-time 

analysis. However, this response was not observed to be dose-dependent. The response was 

inconsistent, possibly due to that particular time or limited concentration range reflecting 

similar trends in the T47D cell line. 

Conversely, the Hs578T cell line at the 24-hour timepoint showed a dose-response in 

cell viability, but beyond this time point, this cell line is more sensitive to the lower dose, 

suggesting that the drug activity rate is limited. For example, when the Alamar Blue data 

was analysed to determine the IC50 values, they were as follows T47D is 2.4X10-6 M, 

Hs578T is 9.72X10-6 M, and MDA-MB-231 is 1.05X10-6 M. The IC50 results in Figure 

4-15B demonstrated that the sensitivity was highest in the MDA-MB-231 and T47D cell 

lines, and there was a decrease in the Hs578T cell line. In line with previous comments, the 

concentration range would benefit from being extended in future studies, and the range 

used for this study was based on the available literature [536] 
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These variations in cellular response prevented a confident IC50 from being determined by 

the Xcelligence. Alternatively, real-time analyse performed to examine the cellular 

response for the same period as the Alamar Blue assay to gain insight into the variability. 

As displayed in Figure 4-16, there is minimal impact on the cell index for the T4D and 

MDA-MB-231, which is in contrast to the viability data, and it may reflect the 

measurement difference of the experiments as the real-time is affected by cellular 

morphology and adherence whilst mitochondrial perturbations impact the Alamar Blue. 

However, the Hs578T did display a precise dose-related cell index, but it was not  

concentration dependant, which is curious. 

 

Figure 4-15 Limited dose-response to VPS34-INI treatment in breast cancer cell 
lines 

(A) A study of the cell viability using the traditional Alamar Blue analysis at the 
24 hours timepoint. Significance determined between groups. (B) The IC50 values of all 
cell lines as determined by prism software with a statistical analysis comparing the cell 
lines  
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Figure 4-16 Real-time analysis demonstrates negligible response to VPS34-INI in 
breast cancer cell lines 

The Xcelligence system was used to collect real-time analysis of breast cancer cell 
lines in response to VPS34-INI treatment (A) A representative data analysis of the T47D 
breast cancer cell line real-time data show no effect to cell index after VPS34-INI 
treatment ( treatment addition indicated by the black arrow) (B) A representative image 
of Hs578T breast cancer cell over 72 hours (48 hour growth phase and 24 hour 
treatment) demonstrated dose dependant changes in cell index in response to VPS34-INI 
treatment for 24 hours of treatment (C) Representative data from the real time analysier 
for the MDA-MB-231 breast cancer cell line show no effect to cell index after VPS34-
INI treatment. (n=4) 
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Collectively the results highlight the challenges of autophagic inhibition, at least at 

the initial stages, as shown in Table 4-2. The results were inconsistent between drugs; 

although they are all described as VPS34 inhibitors, these variations are proposed due to 

the difference in specificity and mechanism of action. Only the MDA-MB-231 showed 

increased sensitivity to VPS34 inhibition compared to mammary epithelial cell line 

MCF10A consistently across all the VPS34 inhibitors. The cell-permeable version of 3Ma-

IV was the only drug that demonstrated a response expected from the observed autophagic 

activity in chapter 3, with a sensitivity increase within the more aggressive phenotypes. The 

results from SAR-405 indicate a loss of drug efficacy in the presence of the HRAS 

mutation but not KRAS. This differential response would be an important finding if this 

drug were used in a clinical setting. Finally, the response to VPS34-INI was the most 

intriguing because the increase in dose concentration abated its effects. These differences 

highlight the difficulty in cancer treatment as three drugs with the same target elicit three 

different responses, likely due to the individual differences in the cellular subtypes and the 

drug’s mechanisms of action, or a combination of both 

Table 4-2 Increased autophagic activity sensitises RAS active cells to VPS34 inhibition 
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The previous experiments utilised drugs that targeted and inhibited VPS34 inhibition, a key 

player in the early stages of the autophagic process. Its inhibition demonstrated some 

significant responses and sensitivity, so it was considered that targeting later in the 

autophagic process may be promising. Therefore, the potential benefits of targeting the 

autophagic process at a later stage were examined using Bafilomycin A1 to compare and 

contrast previous results where the initiation complex was targeted. As depicted in Figure 

4-17, Bafilomycin A1 inhibits lysosomal activity and fusion between the autophagosome 

and the lysosome to form the autolysosome. 

 

 

Figure 4-17 Schematic diagram of activity of Bafilomycin A1 on the autophagic 
process. 

The diagram depicts where Bafilomycin A1 actively inhibits the autophagic 
process. The mechanism of action of Bafilomycin A1 is to inhibit the vacuolar 
H+ ATPase (V-ATPase). Consequently, this blocks proton influx, facilitating 
acidification within the lysosomal lumen and degradation of lysosomal content. 
Furthermore, the fusion of the autophagosome to the lysosome is also prevented. 

                                                                                                                                                                                                                                                                                                                     Created with BioRender.com 
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4.3.10 The presence of HRASV12 significantly increased sensitivity to vacuolar H+ 
ATPase (V-ATPase) inhibition with Bafilomycin A1 treatment. 

 

The results in Figure 4-18 show that the recombinant expression of HRASV12 in the 

MCF10A cells significantly increased their sensitivity to Bafilomycin A1 treatment. The 

IC50 of Bafilomycin A1 was observed to have a 108-fold change in the IC50 compared to the 

control MCF10A cells. Consistent with these results, the Alamar Blue assay demonstrated a 

significant decrease in cell viability at the 24-hour timepoint. Surprisingly, the cell viability 

percentages increased with treatment in the MCF10A, suggesting an increase in cell 

number observed at all concentrations. The data also indicates that Bafilomycin A1 effects 

are observed quickly and at low concentrations in the context of oncogenic transformation 

and not observed in the immortalised “normal” counterpart. Further, these differences may 

reflect differences in the dependence of the cell type on the lysosome. Evidence suggests 

that transformed cells are more susceptible to lysosomotrophic agents as they induce 

cathepsin and TNF-dependent cell death pathways which may explain the variations 

observed here. [537]  
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Figure 4-18 The presence of HRASV12 increases sensitivity to Bafilomycin A1 
(A) An initial study of the cell viability using the traditional Alamar Blue analysis 

at the at 24 hours time point (B) Real-time analysis of MCF10A breast cell lines 
transduced with HRASV12 in the Xcelligence system was used to determine the IC50 for 
the treatment with vacuolar H+ATPase (V-ATPase) inhibitor Bafilomycin A1.for 72 
hours (C) The IC50 values of all cell lines as determined by RTCA software with a 
statistical analysis comparing the cell lines. (n=4, ±SD, p<0.05 ANOVA and Sidak’s 
post hoc test) 
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4.3.11 The presence of EGF with breast cancer cell line MDA-MB-468 did not change 
the sensitivity to treatment with vacuolar H+ ATPase (V-ATPase) inhibitor 
Bafilomycin A1. 

 

The breast cancer cell line MDA-MB-468 were exposed to the EGF ligand to induce 

RAS activity to facilitate the epithelial to mesenchymal transition. In addition, this RAS 

active model was utilised to determine its response to later stage autophagic inhibition with 

the lysosomal inhibitor Bafilomycin A1. As depicted in Figure 4-19 denote a response to 

Bafilomycin A1 with or without EGF. The Xcelligence determined the IC50 to be similar 

between the MDA-MB-468 cell line and MDA-MB-468 +EGF cell line, with slightly 

higher sensitivity seen in the absence of EGF. 

However, when we examine all the results from the Alamar Blue assay, it shows the 

MDA-MB-468 +EGF show an initial no change, even slight increase until above the 10-11 

concentration, at which point there is a minimal decline in viability observed. In addition, 

the MDA-MB-468 cell line either maintained or increased cell number at all 

concentrations. This data suggests that significant responses to Bafilomycin A1 are 

observed beyond the 24-hour time point in the MDA-MB-468 cell lines with or without 

EGF.  

The similarity between IC50 of the MDA-MB 468 with and without EGF exposure is 

a favourable indicator for the use of Bafilomycin A1 as it shows that its efficacy is not 

perturbed by the survival advantages and treatment resistance often EMT can provide. 
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Figure 4-19 The treatment with Bafilomycin A1 is as equally effective with or without 
the presence of EGF 

(A) A preliminary study of the cell viability using the traditional Alamar Blue 
analysis at the at 24 hours timepoint (B) Real-time analysis of breast cancer cell lines 
MDA-MB-468 in the presence of 50ng/mL EGF seeded in the Xcelligence system to 
determine the IC50 for the treatment with vacuolar H+ ATPase (V-ATPase) inhibitor 
Bafilomycin A1.for 72 hours (C) The IC50 values of all cell lines as determined by 
RTCA software with statistical analysis comparing the cell lines. (n=4, ±SD, p<0.05 
ANOVA and Sidak's post hoc test) 
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4.3.12 Lysosomal inhibition demonstrated efficacy in all breast cancer cell lines but 
significantly increased in the triple-negative subtype.  

 

The increased efficacy of Bafilomycin A1 observed with the expression of HRASV12 

was investigated further to determine if it would be translated to the breast cancer cell lines 

either with or without RAS mutation. The analysis from the Xcelligence demonstrates that 

treatment with Bafilomycin A1 is effective in all cell lines (Figure 4-20). The IC50 values 

show a significant difference between T47D and Hs578T breast cancer cell lines, but an 

even greater significance was observed between T47D and MDA-MB-231 breast cancer 

cell lines (Figure 4-20).  

Furthermore, it implies that the sensitivity is predominantly RAS driven but 

potentially has other contributing factors. Notably, no significant differences in the type of 

RAS mutation as witnessed between the IC50’s of Hs578T and MDA-MB-231 breast cancer 

cell lines. The Alamar Blue results are variable, with a consistent and robust response 

observed in the MDA-MB-231 cell line at all concentrations, indicating a dose-dependent 

response.  The Hs578T cell line showed a decrease in cell viability, although the changes in 

viability between concentrations were variable and did not reflect a dose-dependency. This 

variability may reflect the 24-time points compared to the Xcelligence, continually 

examined over an extended 24-hour time course. For example, further decreases in viability 

might be observed at 48 hours and, as such, would not be seen in the Alamar Blue assay 

performed in Figure 4-16C. Similarly, the T47D cell line data from the Alamar Blue was 

unusual at the 10-11 M concentration of Bafilomycin A1, and the cell viability increases 

indicative of an increase in viable cells. However, subsequent doses resulted in a consistent 

decline in viability in all concentrations. When the cell viability between cell lines was 

compared, a significant difference was observed between all cell lines. 

The data from Figure 4-18 and Figure 4-19 demonstrate a sensitivity of the breast 

cancer cells to the treatment of Bafilomycin A1, and this same efficacy was not witnessed 

in the immortalised normal cell line MCF10A. Interestingly, the results indicate a slight 

increase in sensitivity in the RAS mutant cell lines Hs578T and MDA-MB-231 compared 

RAS to wild-type cell line, T47D. A tremendous significance is observed between the 

normal cell line and all oncogenic cell lines. 
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Figure 4-20 Bafilomycin A1 treatment efficacy is improved in the aggressive 
phenotype 

(A) A pilot study of the cell viability using the traditional Alamar Blue analysis at 
the 24 hours timepoint. Significance determined significance T47D Vs Hs578T 
P<0.0001, T47D vs MDA-MB-231 P<0.0001 and Hs578T vs MDA-MB-231 P<0.0001 
(B) Real-time analysis of breast cancer cell lines T47D, Hs578T and MDA-MB-231in 
the Xcelligence system was used to determine the IC50 for the treatment with vacuolar 
H+ ATPase (V-ATPase) inhibitor Bafilomycin A1.for 72 hours (C) The IC50 values of 
all cell lines as determined by RTCA software with a statistical analysis comparing the 
cell lines (n=4, ±SD, p<0.05 ANOVA and Sidak’s post hoc test) 
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The investigation into the efficacy of autophagic inhibition with Bafilomycin A1 has 

shown significant efficacy in vitro. However, the results do not portray any significant 

influence of RAS activation on efficacy. When results from other figures (Figure 4-18 and 

Figure 4-20) are examined, there is a significant increase in the efficacy of treatment with 

Bafilomycin A1 in RAS mutant cell types, which include MCF10A HRASV12, Hs578T and 

MDA-MB-231 cell lines. Nevertheless, when all IC50 values are tabulated in Table 4-3, it 

demonstrates that although RAS mutation may increase sensitivity, oncogenesis is the most 

significant marker for efficacy in Bafilomycin A1. These results highlight the potential of a 

promising target for future breast cancer treatment. 

 

 

 

 

 

Table 4-3 Increased autophagic activity sensitises RAS cells to lysosomal inhibition 
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4.4 DISCUSSION 

 

It was established that the increased presence of autophagic activity could be 

correlated to a subset of cells, which all share a similar characteristic of either a RAS 

mutation or aberrant RAS activity, which, in turn, contributes to a more aggressive 

phenotype. These more aggressive phenotypes are identified clinically due to their limited 

treatment options and propensity to metastasise. Therefore, this study has focused on the 

feasibility of targeting the early autophagic process as a treatment plan for RAS 

mutant/activated highly advanced cell types in breast cancer. Although further examination 

is needed, the results point to the use of autophagy inhibitors as a potentially effective 

treatment, particularly in the most aggressive phenotypes, which are usually resistant to 

treatment and highly metastatic. 

 

4.4.1 The VPS34 inhibitor's treatment efficacy was more influential in the 
transformed cells than normal counterparts. 

 

To delineate the positive results of the VPS34 inhibitors observed in the transformed 

cell lines, the indirect or other aspects of VPS34 activity need to be considered. The 

literature has identified that VPS34 can form another complex called complex II, which 

excludes ATG14 in exchange for UVRAG. It is shown that this complex II has a regulator 

of endosomal trafficking [538]. Of interest, both complexes rely on the direct binding of 

VPS35 and VPS15, which is what all the VPS34 inhibitors prevent, which has been 

demonstrated in SAR-405 and VPS34-INI [538, 539]. Although there were effects for 

inhibition of the endosomal pathway by 3-Ma observed by Punnonen et al., there is no 

evidence to date that this occurs with its derivative 3Ma-IV [540]. It is plausible that the 

loss of this endosomal trafficking could result in the cytotoxicity observed, and 

interestingly, the blockade by Bafilomycin A1 also blocks this trafficking. Palinov et al. 

demonstrated an inhibitory effect on the endocytic pathway with SAR-405 at around 

12.5µM [538]. This concentration was used in this study, and it is speculated that it may 

explain some disparities between the real-time analysis and cell viability with SAR-405 

treatment. It is plausible that there were changes to cell shape and adherence at the higher 
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concentrations affecting the cell index as the endosomal pathway is known to have 

regulatory roles in membrane dynamics and enzyme activation [541].  

It is accepted that the inhibition of VPS34 and its subsequent blockage of the 

canonical pathway does not render the cell incapable of autophagic processing. The non-

canonical pathways could be utilised or suggested that CMA could fulfil some of the loss of 

autophagy role [542]. However, westerns have not been performed, so a lysosomal 

inhibitor later in this study allowed crosstalk between other autophagic processes such as 

CMA to be removed [543]. It is suggested that these alternate responses to VPS34 

inhibition were utilised in the normal mammary epithelial cell line MCF10A hence why 

there was limited response to VPS34 inhibition. This has also been shown in VPS34 null 

mice that there was no toxicity to mammary epithelial, although it was observed in the 

heart and liver, which is worth noting from a clinical perspective [544, 545]. If this were 

proven correct, it would be interesting to ascertain why the transformed cell does not have 

such capabilities and reinforces the result from chapter 3 demonstrating a dependence on 

autophagy once the cell transforms, particularly with RAS mutation. 

More recently, evidence suggests that VPS34 has another pivotal role not relating to 

autophagy or the endosomal pathways that may give further clarity on the observed effects 

and direction for future investigations for this study. It has been suggested that VPS34 has a 

significant role in tumour progression. Jiang et al., comparative study of breast cancer, 

suggested that VPS34 has a pivotal role in tumourigenesis through the regulation of P62 at 

a transcriptional level by binding Keap-1, causing the release of NRF-2, resulting in the 

transcriptional activation of oncogenes [546]. Furthermore, it showed that the binding of  

P62 and Protein kinase C-delta (PKCδ) results in the activation of the MEK-ERK pathway 

[546]. The study by Jiang et al.  suggests that the accumulation of VPS34 is the catalyst for 

this tumourigenic activity. This accumulation of VSP34 needs to be examined in response 

to its inhibition, as it is not clear from the literature if this would occur and was beyond the 

scope of this study. It warrants investigation to determine whether the inhibitors accumulate 

VPS34 or degradation and prevent interactions with PKCδ or P62. If not, the combination 

of VPS34 inhibitor with MEK-ERK inhibitor may be advantageous.  

These observed differences between treatment responses may be due to some of the 

findings discussed by other studies. All have highlighted molecular crosstalk with VPS34, 

which could explain some of the disparities observed between the cell lines. Although this 
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can only be postulated at this stage, further elucidation of the molecular mechanisms 

underpinning these variations in the cell lines is required. 

 

4.4.2 VPS34 inhibition is an efficacious treatment to target the aggressive breast 
cancer phenotype.  

 

The inhibition of autophagy has proven to be a complex target due to its dynamic 

nature; the challenge has been deciding at what point to target the process. This study has 

centred around the efficacy of inhibiting the earlier stages of the autophagic process, 

specifically the initiation complex. Several molecules exist within that initiation complex, 

but many current inhibitors target the VPS34 enzyme [547-549]. 

VPS34 role is to phosphorylate phosphatidylinositol to produce PtdIns3P. PtdIns3P 

recruits molecules and regulators of protein-sorting pathways, specifically the autophagic 

and endocytic pathways. VPS34 has recently been observed in two complexes: complexes I 

and II. Both complexes have the same core units but vary by one sub-unit. Complex I 

comprises VPS34, VPS15, Beclin 1, and ATG14L, whereas complex II replaces ATG14L 

with UVRAG [550-552]. The literature has shown that these complexes have functional 

similarities and differences, with both complexes involved in autophagy. The differences 

are observed within complex II, which has an active role in the endocytic pathway and 

localisation. Several existing and newly identified small molecules or drugs inhibit VPS34 

[553].  

The Hs578T cell line’s sensitivity to most of these inhibitors except for SAR-405 

may be related to the other functions of VPS34 previously identified in that it is a positive 

regulator of the MTORC1/S6K1 pathway. These are downstream components of the PI3K 

pathway of which the Hs578T cell line has a functional mutation of PIK3R1, resulting in an 

upregulation of p110α and PTEN, respectively, with a net increase in PI3K signalling [554-

556]. These upregulations can further explain the high sensitivity of Hs578T to 3Ma-IV, 

although, as mentioned previously, this derivative should not affect PI3KC1. However,  

Chicote et al. observed changes to AKT activation with 3Ma-IV, but specifics of the type 

PI3KC1 isoforms were described, and the activity towards AKT was less than 3Ma [331, 

557]. The parent drug 3Ma is known to have activity on PI3K class I, specifically p110Ƴ, 

but interestingly has not been indicated to have any effect on p110α. Although these 
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findings suggest some interaction between 3Ma-VI with p110α but further investigations 

are needed to confirm this.  These other roles of VPS34, related explicitly to PI3K 

signalling, may be why the VPS34 inhibitor 3Ma-IV was consistently efficacious in all cell 

lines, with nearly all having a gene mutation that correlates with the PI3K pathway. This 

observation includes the T47D cell line, which has a PI3KA mutation resulting in a 

constitutive active p110α again, though there is no evidence of activity of 3Ma-IV on this 

isoform, and the p110Ƴ is encoded by a different gene (PI3KCG). This gene that encodes 

for p110Ƴ is known to interact with RAS, particularly KRAS. At the very least, the 

potential for the VPS34 inhibitor, notably 3Ma-IV, offers promising potential on many 

fronts, not just its ability to block oncogenic autophagy but to target other dysregulated 

molecules such as mTOR, YAP and Src in many cancers. These aberrations are commonly 

observed in the MDA-MB-231 cell line.  

Due to the NF2 deletion, YAP and Src have unregulated activity in tumorigenesis 

[558-560]. Notably, Src inhibitors are currently limited in the clinical setting due to the 

high homology amongst the Src family members, leading to the low specificity of the 

drugs. Consequently, an increase in off-target effects, including but not limited to 

cardiotoxicity, has limited its feasibility as a target within the clinical setting. So an 

alternate target such as VPS34 inhibition may be feasible to target these pathways without 

the adverse effects [561-564].  

Inhibition of VPS34 may also constitute a potential treatment option with increased 

efficacy towards triple-negative subtypes B, which display a mesenchymal phenotype; 

these include Hs578T and MDA-MB-231. However, regarding SAR-405, there was 

sensitivity observed by the real-time analysis in the Hs578T cell line, similar to MCF10A 

HRASV12, indicating that SAR-405 has improved efficacy in only these cell lines and was 

not effective in the others and may be reflective of the fact that it was repurposed drug. 

Furthermore, the data suggest that the HRAS mutation may have a role in response to this 

treatment. Although contrary to the observed increase in real-time, there was a decrease in 

cell viability in these cell lines in response to treatment with SAR-405, so further 

experimentation to determine if there are morphological changes with treatment in these 

cell lines may explain these discrepancies. The data from the treatment with VPS34-INI 

displayed a response independent of concentration or not linear, suggesting that other 

downstream targets may be responsible. This may support Bago et al. [340] previous 

suggestion that the localisation of PtdIns(3)P generated by VPS34 at the endosome was not 
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wholly lost and recovered by PI3K class II. It warrants further investigation, which may 

include exploring glycogen synthase kinase 3 (GSK3) levels and has been indicated as a 

robust biomarker for VPS34 activity [340]. To delineate whether the effects observed were 

off target or an alternate pathway circumventing the need for the PI3KC3 initiation 

complex is yet to be elucidated. Alternatively, this ineffectiveness may point toward the 

study’s limitations and could be resolved with further experimentation to screen a broader 

concentration range and include repeated dosing regimens. 

 

4.4.3 VPS34 inhibitors as a potential dual-target for RAS and autophagy in breast 
cancer. 

 

The increased efficacy was observed in the RAS mutant cell lines, particularly the 

HRAS, referring to Hs578T, MCF10A HRASV12 and MDA-MB-231cell lines. These cell 

lines were susceptible to 3Ma-IV, and this efficacy was observed in the other VPS34 

inhibitors but not to the same degree, but all transformed cells responded significantly 

compared to the MCF10A. This improved efficacy may indicate that 3Ma-IV’s other PI3K 

class activity is vital in this context. It is proposed to be related to RAS localisation. RAS 

can localise anywhere and is not exclusively on the plasma membrane, particularly HRAS; 

instead, it is trafficked via the exocytic pathway via the Golgi to the plasma membrane. 

Post-translation modifications are suggested to dictate the localisation. However, all 

isoforms start at the ER, where enzymes facilitate these post-translational modifications 

[565, 566]. It was also shown that RAS activation could occur whilst the molecule is 

located at E.R., Golgi and even during transport to the plasma membrane. It is suggested 

that VPS34 inhibition could interfere with this localisation process of RAS through its 

effects on PI3P and may be reflected in the sensitivity seen by cell lines with HRAS 

mutation [565, 567]  

The finding of current literature has alluded that RAS activity is not limited to the 

plasma membrane, but there is much evidence that RAS activity against downstream 

targets is often conducted whilst it is being translocated. An example of this is HRAS 

which engages Raf-1 on the Golgi. Furthermore, it has also been identified that the 

palmitoylation of HRAS and NRAS directs its movement between ER and Golgi for 

CAAX processing. It was observed that they could be activated on the endosome 
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membrane. Interestingly, ER restricted RAS can activate JNK from the plasma membrane, 

and ER tethered RAS can activate and directly signal to MAPK from this location [568]. 

Further studies have shown that HRAS preferentially translocates from the Golgi rather 

than the ER, and it has been shown to alter its activation of the RAF pathway due to the 

lack of available RAF [569]. 

Chapter 3 demonstrated a linkage between autophagy and RAS; it is suggested that 

RAS activates autophagy to support its activity and then becomes reliant on it. Using 

VPS34 inhibitors in this RAS active model of breast cancer was not as straightforward as 

predicted, given there was a dose-dependent response to the treatment with 3Ma-IV with 

improved sensitivity in the presence of EGF. It would indicate that the effectiveness of 

3Ma-IV is due to how it inhibits VPS34, or more likely, due to its off-target effects. Given 

the consistency of 3-Ma-IV throughout this study, it warrants further investigation. 

Regarding SAR-405, its loss in efficacy in particular cell types is of concern and should be 

examined as this is currently progressing into clinical trials. Finally, VPS34-INI was 

limited by this study design. It is feasible to consider that the increases in cell viability may 

be a transient response due to the time or drug concentration limitations. Alternatively, 

which was not examined here, is the potential of these VPS34 inhibitors being used in 

combination with current first-line chemotherapeutics to assess their viability in a clinical 

setting and should be the future direction of this study as their use in this context has not 

been assessed yet. 

 

4.4.4 The lysosomal inhibitor showed improved efficacy in all subtypes compared to 
the control. 

 

The data from this study has clearly shown that autophagic inhibition is a promising 

future target for breast cancer treatment. The initial finding relating to VPS34 inhibition 

were inconsistent, suggesting that the need for VPS34, at least in the context of breast 

cancer, could be circumvented, particularly in the least aggressive phenotypes. There is a 

potential for VPS34 inhibition with 3Ma-IV in the context of either mutation, as the 

evidence suggests this relates to an increase in significant efficacy. Bafilomycin A1 

treatment yielded a robust response across all cancer cell lines displaying an expected 

cytotoxic profile. Although the effects in the cell lines did show a trend toward RAS 
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activity, there was increased sensitivity in the cell lines with RAS mutation, namely 

Hs578T and MDA-MB-231 cells. Importantly was the observed difference in sensitivity to 

Bafilomycin A1 in cancer cells compared to the normal cell, which has been observed in 

other studies of different cancer types [570-572]. It is worth noting that these results may 

reflect mitochondrial effects of the Bafilomycin A1 has been shown to cause mitochondrial 

swelling through its ability to act as potassium ionophore; this was observed at nanomolar 

concentrations [353]. It will warrant further investigation in the context of breast cancer 

and the RAS mutated cell lines to determine if the effects are related to autophagic 

inhibition, mitochondrial dysregulation, or, most probably, both. 

The overall variability highlights the complexities of targeting autophagy; it is clear 

from chapters 3 and 4 that autophagy is vital in the context of breast cancer, particularly 

metastatic disease. However, focusing our target on macroautophagy will be challenging 

with potential positive and negative outcomes, and the ability to circumvent inhibition is 

problematic. Nevertheless, this increase and significant efficacy of Bafilomycin A1 has 

shown tremendous potential in focusing on the later stages of the autophagic process and 

the lysosome. Therefore, further investigation of the actions of Bafilomycin A1 has led this 

study to direct its attention to the more targeted type of autophagy located at the lysosome 

chaperone-mediated autophagy (CMA). 

 

4.4.5 Bafilomycin A1 highlights the potential of lysosome inhibition for breast cancer 
treatment. 

 

This research into inhibiting the lysosome via blockade of the vacuolar H+ ATPase 

(V-ATPase) with Bafilomycin A1 has shown a novel sensitivity in all breast cancer cell 

lines. These results are particularly encouraging when the response is not observed in the 

regular mammary epithelial cell line. Some studies suggest the role of the lysosome is 

altered in cancer [573, 574] and, as such, is more sensitive to inhibition. Furthermore, it 

directs attention to another specific and targeted autophagy that occurs at the lysosome 

known as chaperone-mediated autophagy (CMA), inhibited functionally by Bafilomycin 

A1 [575, 576]. Thus, it is postulated to have a role in maintaining the oncogenic phenotype, 

and due to lysosomal inhibition, it is no longer able to facilitate these changes.  
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The mechanisms underpinning the cytotoxic effects of Bafilomycin were recently 

described in a study by Fitzwalter et al. identified FOXO3A as regulated through 

autophagy. As a consequence of Bafilomycin A1 inhibition, there was an increase in 

PUMA, resulting in a concomitant upregulation in apoptosis [357]. This increase in PUMA 

in response to Bafilomycin A1 treatment was also shown to be the mechanism responsible 

for cytotoxicity in hepatocellular carcinoma cell lines in a study by Yan et al. [356]. 

Although the mechanism underpinning the results observed here was beyond this study’s 

scope, it gives some support and rationale to the cell death observed in this study. It should 

be noted that the study suggests this lends itself to dual-target with an MDM2 inhibitor, and 

it did look at the MCF10A [357]. So it would be interesting to interrogate whether this 

regulatory axis between FOXO3A and PUMA is more sensitive in the triple-negative 

subtypes, and thus Bafilomycin A1 treatment alone has an impact and negates the need for 

an adjuvant. 

The response of the triple-negative subtype to Bafilomycin A1 in this study is in line 

with a previous study by Morgan et al. that demonstrated that in bladder cancer, the 

metastatic phenotype was more sensitive to lysosome inhibition [577]. In agreement with 

this study’s findings, it also went on to suggest that targeting the lysosome can offer a dual 

effect in inhibiting both autophagic and lysosomal dependency. The data as a whole 

suggests there may be the potential to combine VP34 inhibitors such as 3Ma-IV with 

Bafilomycin A1 as a more effective treatment strategy. 

Finally, all transformed cells responded to treatment of Bafilomycin A1, with 

efficacy increased in the presence of a RAS mutation. This effect needs to be explored 

further to determine if the response is due to inhibition of autophagy or CMA. The result 

presents an increased sensitivity of advanced cancer cells to autophagy inhibition; however, 

the question that these results have highlighted is at what stage of the autophagic process is 

the most effective. Alternatively, is the treatment of multiple stages a better option that 

need to be resolved? To guide the development of future drugs to inhibit autophagy as it is 

a promising adjuvant treatment strategy for targeting the metastatic disease. 
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4.5 CONCLUSION  

 

In summary, the use of VPS34 inhibitors was influential in the RAS mutant cell lines 

compared to the non-transformed counterpart. The result has indicated that autophagy is a 

viable target in the RAS transformed cell lines, particularly and consistently in the MDA-

MB-231 breast cancer cell line. Although the results varied between drugs, it was 

demonstrated that the transformed cell is sensitive to autophagic inhibition at the very least. 

Furthermore, it was demonstrated that VPS34 inhibition had differing efficacy between the 

drugs, which is suggested due to the multiple targets of 3Ma-IV and indicates that using a 

pan inhibitor rather than a specific one is a more efficacious treatment strategy. Finally, 

Bafilomycin A1 has demonstrated itself to be a robust treatment strategy against all breast 

cancer subtypes with limited efficacy on normal mammary cells, highlighting the 

importance of the lysosome in the context of breast cancer. The lysosomes are the central 

hub for all autophagic processes, further empahsising the promising target option 

autophagy could offer in breast cancer treatment.  
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Chapter 5: THE ROLE OF CHAPERONE-

MEDIATED AUTOPHAGY IN THE 

DEVELOPMENT AND PROGRESSION OF 

BREAST CANCER  

5.1 INTRODUCTION 

 

Chaperone-mediated autophagy (CMA) is a targeted form of autophagy in which 

proteins are recognised for degradation by the presence of a KFERQ motif [578]. HSC70 

and its co-chaperones bind this KFERQ motif on the CMA substrate and deliver it to 

Lamp2A for translocation into the lysosome for degradation. Lamp2A is a lysosomal 

transmembrane protein containing a cytosolic tail, transmembrane domain and luminal tail. 

The HSC70 targeting complex binds to the cytosolic tail of Lamp2A, stimulating 

multimerisation of Lamp2A to facilitate translocation of the unfolded protein to within the 

lysosomal lumen for degradation. This protein translocation to the luminal side is aided by 

lysosomal HSP90 and HSC70 and other molecules, as detailed in chapter 1. After the target 

protein has been translocated, the Lamp2A returns to its monomeric state, either retained in 

the lysosomal membrane for further use or degraded (Figure 5-1) [259, 274, 579-581].  

Dice et al. identified CMA as a targeted degradation process for maintaining cellular 

proteostasis, first reporting this approximately 25 years ago [259, 582]. Since then, much 

has been learned, albeit slowly, as experimental progress has been constrained by the fact 

that it is only conserved in mammalian systems and has only been reviewed in humans and 

mice. Nevertheless, research has progressed since CMA key effectors Lamp2A and HSC70 

were described with the recognition of the targeting motif. Co-discoverer of CMA, Prof. 

Ana Maria Cuervo, has been proactive in CMA research and instrumental in developing 

many tools to aid further research and understanding of CMA. One such tool has been the 

publicly available KFERQ-finder platform to identify canonical KFERQ motifs and 

putative KFERQ-like motifs exposed as targets due to acetylation or phosphorylation [264]. 
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This platform is helping researchers better understand how and why CMA is vital for many 

disease states and guide future treatment strategies. CMA has been implicated in ageing  

[1], neurodegenerative disorders [583], immunological development [584], and cancer  

[575, 585-587].  

 

 

 

Figure 5-1 Schematic of substrate processing by chaperone-mediated 
autophagy 

The process of CMA degradation involves recognising CMA-specific substrates with 
the presence of the KFERQ motif, which is bound by cytosolic HSC70. The HSC70 itself 
is further bound by co-chaperones such as the C-terminus of HSC70-interacting protein 
(CHIP), the heat shock protein 40 (HSP40) and the HSP70–HSP90 organising protein 
(HOP). The bound substrate is then translocated to the lysosomal membrane, where the 
HSC binds Lamp2A, facilitating protein unfolding. Whilst this is underway, the lysosomal 
HSP90 initiates multimerisation stabilised by GFAP. The Lamp2A multimer enables the 
unfolded protein to cross the lysosomal membrane for degradation aided by lysosomal 
HSC70. The Lamp2A multimer disassociates to monomeric forms available for further 
substrate binding and translocation. Alternatively, it is cleaved by cathepsin A and 
metalloproteinase to degrade it by the lysosomal hydrolase. 

                                                                                                                                                                                                                                                                                   Created with BioRender.com 
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Regarding this study in the context of cancer, CMA key effectors are both 

upregulated or downregulated, suggesting it as a pro-tumorigenic and a tumour suppressor 

that appears to be both cell and context-specific [588, 589]. Therefore, this study seeks to 

gain an in-depth understanding of CMA in the role of breast cancer progression and 

contribute to understanding CMA in the context of breast cancer. 

 This study will examine the functional effects of CMA in the cellular context and 

will knock down the critical effector Lamp2A. First, note that the lentivirus was explicitly 

directed at Lamp2A as it is one of three transcript variants of Lamp2. The other variants 

include Lamp2B and Lamp2C. All Lamp2 variants conserve the same luminal region but 

differ in the transmembrane domain and the cytosolic tails. Thus, they are functionally 

independent, although theoretically, they could all share their luminal functions [581, 590, 

591]. 

As described in chapters 3 and 4, the previous findings of this thesis have directed the focus 

of this chapter to be on CMA. This focus on CMA culminated after it was observed in the 

earlier chapters that macroautophagy was upregulated in breast cancer with mutated and or 

hyperactivated RAS. This finding leads to examining the feasibility of macroautophagy 

inhibition as a treatment option for breast cancer. The inhibitors utilised to examine this 

was VPS34 inhibitors that target the initiation complex, of which several inhibitors have 

varying specificity. As a comparison, the study also investigated the efficacy of a lysosomal 

inhibitor, and the results showed varying levels of efficacy with the VPS34 inhibitors but 

revealed a consistent and increased efficacy with the lysosomal inhibitor. Following these 

results, the more selective autophagic process CMA became of interest and warranted 

further investigation as research in this area is still somewhat limited. At the start of this 

study, there was minimal research into CMA concerning cancer [307], but it has evolved 

slowly since. Therefore, this chapter will focus on an initial screen for the presence of 

CMA's essential effector proteins Lamp2A and HSC70 within cell lysate and, more 

specifically, the lysosomal fraction to identify altered expression within these cell lines. 

Based on the expression levels of Lamp2A, several cell lines were chosen for further 

functional studies. Notably, no tetracycline-inducible Lamp2A vector was available at the 

beginning of this study, so one was developed as described in Chapter 2. Through the 

knockdown of Lamp2A, this study can ascertain the importance of CMA in cell biology 

[592]. These findings will add to and expand the current knowledge of CMA in breast 

cancer and may lead to promising future research into improving patient treatment options. 
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5.2  HYPOTHESIS AND AIMS 

 

Hypothesis: "Chaperone-mediated autophagy key molecule Lamp2A is a key 

mediator of breast cancer cell growth and progression." 

The aims of this chapter are: 

-Identify the presence of Lamp2 and its transcript variants Lamp2A and Lamp2B in a 

progressive panel of breast cancer cell lines. 

-To determine if Lamp2A levels change in the RAS progressive panel of active and 

mutated cell lines from the previous studies. 

-Investigate the functional changes in breast and breast cancer cell lines from the 

basal subtype with an inducible Lamp2A knockdown. 

-To examine the role of Lamp2A in the mesenchymal phenotype. 
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5.3  RESULTS 

 

5.3.1 Lamp2A expression is increased in more aggressive breast cancer phenotypes. 

 

An initial screen of a progressive panel of breast cancer cells was undertaken to 

observe the expression pattern of the CMA effector protein Lamp2A. In addition, the 

correlation between CMA and breast cancer cell phenotype was examined in a panel of 

breast cancer cell lines with the inclusion of a 'normal' breast cell line, as demonstrated in 

Figure 5-2. Finally, the numerous breast cancer cell lines were ordered from least to the 

most aggressive phenotype as a model of the breast cancer progression continuum.  

The results from Figure 5-2 demonstrated a significantly higher expression of 

Lamp2A in the more aggressive breast cancer cell line, with the only exception being the 

MCF7 cell line. For CMA to be functionally active, it requires not only Lamp2A but also 

HSC70. Nevertheless, CMA is limited by Lamp2A and HSC70 equally; the expression of 

HSC70 was examined. It was highly expressed at a cytosolic level across the entire cell line 

panel; as expected, this is a highly expressed protein in the cytosol. Therefore, it needs to 

be examined at a lysosomal level to use its expression as an indicator of CMA activity. The 

other Lamp2 isoform, Lamp2B, was examined in Figure 5-2B. to confirm the specificity of 

the Lamp2A antibody and validate the previous Lamp2A results. Lamp2B expression 

differed from Lamp2A and was higher in the least aggressive phenotype, except the BT549 

breast cancer cell line with high expression in both isoforms.  
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Figure 5-2 The expression of Lamp2A is increased in the aggressivephenotype 
where Lamp2B is differentially expressed in the breast cancer cell lines 

 
(A) The densitometry analysis of Lamp2A demonstrated a significant difference 

between the molecular subtypes. (B) The densitometry analysis of Lamp2B displays 
the opposite  of Lamp2A . There is distinct differences between the molecular 
subtypes(LA=luminal A, LB=luminal B, H2=HER2, TNA=triple negative-basal A 
and TNB=triple-negative-basal B. (C) Representative western blot  of Lamp2 proteins 
demonstrates clear expression differences between the cell lines under basal 
conditions  (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test)  
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To further examine the trends in expression patterns reflected by the breast cells 

subtype, the data were re-analysed for the expression ratios of the Lamp2 isoforms 

Lamp2A to Lamp2B. Furthermore, the cell lines were grouped by molecular subtypes 

rather than progression. Cell lines were divided by molecular features rather than oncogenic 

progression based on these grouping criteria. Although the cell lines remain in the same 

order as in Figure 5-2, the MCF10A breast cell line would be deemed a basal subtype as 

shown here and by others [593] or, more specifically, basal A (TNA). As mentioned in 

greater detail in chapters 1 and 3, breast cells can be categorised based on their molecular 

features or lack thereof. However, as speculated and confirmed by Figure 5-3, there is a 

significant difference between the molecular subtypes. Lamp2A was expressed higher in 

the TNA and TNB subtypes, and this was increased as a ratio of Lamp2B, with significance 

observed between all cell lines and MDA-MB-231 (Figure 5-3). This expression ratio was 

further exemplified when Lamp2B to Lamp2A (Figure 5-3B), as represented on the graph 

as expected, was higher in the luminal subtypes, significantly so in the T47D breast cancer 

cell line. 

The results from Figure 5-2 and Figure 5-3 have demonstrated a higher expression of 

CMA regulators, at least at a cytosolic level in the basal groups TNA and TNB subtypes, 

particularly significant in the MDA-MB-231 breast cancer cell line (refer to localisation 

images of Lamp2A in APPENDIX V). However, this does not confirm CMA, and these 

key regulators, Lamp2A and HSC70, need to examine within the lysosome to validate 

CMA activity.  
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Figure 5-3 Lamp2A and Lamp2B are differential expressed in molecular subtypes 
(A) The densitometry analysis of the Lamp2A to Lamp2B ratio demonstrated a 

significant difference between the molecular subtypes. (B) The densitometry analysis of 
the opposite ratio of Lamp2B to Lamp2A was examined to show distinct differences 
between the molecular subtypes(LA=luminal A, LB=luminal B, H2=HER2, TNA=triple 
negative-basal A and TNB=triple-negative-basal B and # =is “normal” mammary cell line 
(n=3, ±SD, p<0.05 ANOVA  and Tukey’s post hoc test) 
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The lysosome enrichment for this study was collected by the sucrose gradient 

fractionation method, as detailed in Chapter 2. In addition, the study narrowed its focus to 

the cell lines from the LA, TNA and TNB subtypes. The lysosomal enrichment can be 

defined as CMA active when there is the presence of both Lamp2A and HSC70. However, 

not all lysosomes are CMA active, and the presence of Lamp2A on its own would be 

deemed non-CMA active, as would HSC70 on its own. HSC70 has other lysosomal roles, 

including microautophagy. The role or purpose of Lamp2A on its own may be CMA active 

lysosomes that are defunct and require degradation; however, it has not been elucidated. 

Figure 5-4 results indicate that all lysosome enrichments contain Lamp2A and HSC70 and 

thus are deemed CMA active. Curiously, the MCF10A cell line had the least HSC70, and it 

is wondered if this could reflect the activity. Based on these findings, it is essential to 

determine the role of CMA and understand if the upregulated expression of Lamp2A is 

functionally relevant, and if so, does this functional importance changes during 

tumorigenesis? 

 

Figure 5-4 CMA regulators are expressed in the lysosomal enrichment of oncogenic 
subtypes. 

The whole-cell lysate (WL) and the lysosomal enrichment (LE) from the same 
sample were collected with gradient fractionation. In addition, the samples were probed 
with western blot for key CMA regulators Lamp2A and HSC70 (n=4) 
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5.3.2 Lamp2A expression does not correlate with the presence of a RAS mutation. 

 

To examine the probability of a correlation between CMA and RAS similarly to those 

indicated in chapter 3 with macroautophagy, the RAS progression panel utilised from the 

aforementioned chapter 3 was probed for the expression of the key CMA regulator 

Lamp2A. To determine if the observed changes in Lamp2A were specific to that transcript 

variant and not indicative of other transcript variants B or C. The level of Lamp2B variants 

was also included to confirm the specificity of the findings. Unfortunately, the Lamp2C 

variant could not be measured due to the lack of commercially available antibodies.  

Briefly, the RAS panel includes the 'normal' breast cell line MCF10A and MCF10A 

cells oncogenic transformed with HRASV12 (MCF10A HRASV12), which represents the 

ectopic expression of the RAS mutation in a "normal" cell line (Figure 5-5A). The 

inclusion of MDA-MB-468, which expresses WT RAS, but due to the overexpression of 

EGFR and with the exogenous addition of its ligand EGF, results in an exponential 

activation of RAS to hyperactivation at 50ng/ml of EGF, resulting in the transition from 

epithelial to mesenchymal phenotype (Figure 5-5). The remainder of the panel includes 

breast cancer cell lines, T47D cell line with WT RAS and act as an oncogenic control to 

compare to the most aggressive mesenchymal cell lines, Hs578T and MDA-MB-231, 

which both have RAS mutations HRASG12 and KRASG13, respectively (Figure 5-5A). Cell 

lysates were collected at the basal level, with all cell lines being replenished with fresh 

media 4 hours prior to collection to prevent nutrient stress confounding results. The data in 

figure 5.2 show Lamp2A was significantly higher in the more advanced MDA-MB-468, 

Hs578T and MDA-MB-231 breast cancer cell lines compared to the T47D breast cancer 

cell line (Figure 5-5). The 'normal' MCF10A expressed similar Lamp2A levels to that of 

the T47D cells with no observable alteration in Lamp2A with the expression of HRASV12 

in the transformed MCF10A HRASV12 cells (Figure 5-5). It was also noted that there were 

distinct differences in the expression patterns between the isoforms of Lamp2A and 

Lamp2B. Lamp2B expression was relatively lower than that of Lamp2A overall normalised 

to actin (Figure 5-5 C and D), and in contrast to the Lamp2A expression pattern, the highest 

level was observed in the T47D compared to all other cell lines. 

Interestingly, in the MDA-MB-468 cell line, there was an increase in Lamp2A and 

Lamp2B in a dose-dependent response to EGF addition. Although the data do not indicate a 
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direct correlation with RAS, the expression analysis demonstrates an association of 

increased Lamp2A expression in more aggressive breast cell lines. Although the Lamp2B 

intensity is not as elevated in the most aggressive cell lines, it was present in all cell lines, 

and the result suggests that Lamp2B is upregulated in carcinogenesis. It may indicate that 

their roles are not shared but distinct or that there may be a preference for one variant over 

the other. The increased expression of Lamp2B may indicate an increase in autophagy as 

the literature suggests Lamp2B has a role in autophagosome to lysosome fusion [590]. This 

postulate would further support the previous finding of chapter 3 that autophagy was 

upregulated in the MDA-MB-468 model. The results have not indicated any clear 

correlation between mutant RAS and CMA. However, there does appear to be a response 

by CMA and or specifically in the expression of Lamp2A in the context of RAS activation. 

This upregulation of Lamp2A in response to EGF suggests that CMA may have a role in 

targeting proteins integral in the activity EGFR-RAS axis and would warrant further 

investigation. 

The result from Figure 5-2 to Figure 5-5 collectively shows a significant upregulation 

in CMA and, more specifically, Lamp2A within the basal subtypes A and B (TNA and 

TNB). Therefore, the study will focus on these cell lines and examine the biological 

significance of the observed increase in CMA and its effector protein Lamp2A. 
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Figure 5-5 The expression of lamp 2A increased in the breast cancer cell line 
compared to breast cell lines 

(A) The "RAS panel" has been represented schematically to show the different 
cell lines included due to their respective RAS presentation or lack in a RAS 
continuum. (B) Western blot of protein expression under the same conditions 
demonstrates differences between the RAS panel cell lines. (C) The densitometry 
analysis of Lamp2A expression intensity compared to loading control demonstrated 
that the difference between cell lines was significant (D) The densitometry analysis of 
Lamp2B expression intensity compared to loading control demonstrated a difference 
between cells lines note astrix denoting significance on columns is compared to T47D 
cell line. (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test ) 
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5.3.3 The loss of Lamp2A in breast cell line MCF10A confers no significant biological 
effect. 

 

5.3.3.1 Lamp2A knockdown validation 

 

The biological importance of CMA was examined through the genetic knockdown of 

Lamp2A in the basal group identified in the earlier data, specifically the TNA subtypes. 

The study's initial focus was to explore and establish a baseline of CMA in the "normal" 

breast cell line MCF10A, which itself is classified as a basal subtype. This study generated 

the Lamp2A shRNA-Mir and inserted it into the TRIPZ backbone, a tetracycline-inducible 

lentiviral knockdown system, as detailed in Chapter 2. The MCF10A cell line was selected 

with puromycin, and this study opted to omit Fluorescence-activated cell sorting (FACs) 

selection as it can lead to clonal selection and loss of heterogeneity. The result from Figure 

5-6 reveals that Lamp2A was successfully knocked down in an inducible manner with the 

addition of doxycycline (Dox) added at a concentration of 1µg/mL for all cell lines and 

experiments. 

Furthermore, the Lamp2A construct was controlled for any confounding influence of 

the viral transduction by including a non-targeting shRNA. The specificity of the construct 

was confirmed by probing for the other transcript variant, Lamp2B. The results for 

Lamp2B indicate it is still present and may even slightly increase its expression with the 

knockdown of Lamp2A (Figure 5-6 A-C). The lysosome enrichment and corresponding 

whole cell lysate were collected to examine the Lamp2A knockdown at its target site. The 

data shows that Lamp2A is knocked down by approximately 80% in the whole-cell 

compared to controls Lamp2AshRNA Dox and non-targeting-shRNA with and without 

Dox (Figure 5-6 D). This knockdown was also present in the lysosome enrichment, but not 

as much. 

Furthermore, the lysosome enrichment with the non-targeting shRNA plus Dox 

increased the level of Lamp2A. It would be interesting to determine if CMA regulates 

proteins involved in Dox degradation; this may even explain the higher levels in the 

lysosome enrichment with Lamp2A knockdown. Lamp2A may be increased and shuttled to 

the lysosome in response to its need or be retained in the lysosome membrane for longer. 

To resolve this for future experiments, it may require the cells to be left exposed to Dox for 
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longer than 72 hours for this increased reduction of Lamp2A at the lysosome to be 

observed.  

 

 

 

 

Figure 5-6 Lamp2A knockdown was observed in the MCF10A breast cell line 
(A) Western blot representative image to confirm Lamp2A knockdown (KD) 

contrasted to other transcript variant Lamp2B. The MCF10A was transduced with 
Lamp2AshRNA or non-targeting shRNA (NT) as control, with all samples shown with 
or without Induction by Dox (1µg/mL). (B) Densitometry analysis of intensity 
compared to control of Lamp2A. (C) Densitometry analysis of intensity compared to 
control of Lamp2B. (D) Whole-cell lysate (WL) and lysosome enrichment (LE) of 
Lamp2A KD and control a representative western blot image with the calculated fold 
change compared to control without Dox (set at 1). (n=3, ±SD, p<0.05 ANOVA and 
Tukey’s post hoc test ) 
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 To further validate the previous findings of Figure 5-6 above, the cells were 

visualised with a fluorescent filter (TRITC) to identify the presence of the turboRFP (tRFP) 

as represented in Figure 5-7. The tRFP is expressed when the TRE promotor is switched on 

in the presence of Dox and is an indicator of viral transduction and successful expression of 

the target shRNA as the tRFP is upstream of the shRNA. As expected, the cells with no 

Dox did not express tRFP, while the addition of Dox resulted in tRFP expression 

transduced with either Lamp2AshRNA or the non-targeting-shRNA, respectively. The 

images of the MCF10ALamp2AshRNA as presented in Figure 5-7 show no apparent 

differences in cellular morphology in response to knockdown of Lamp2A by the addition of 

Dox. 

 

 

 

 

Figure 5-7 The MCF10A cellular morphology was unchanged by the knockdown of 
Lamp2A 

Micrograph images of the MCF10A cell line transduced with Lamp2A or non-
targeting with or without Dox were captured with phase-contrast microscopy (PCM) at 40 X 
magnification. In addition, images of tRFP were captured with a fluorescent filter (TRITC) 
at 100 X magnification to confirm activation of lentivirus with Dox addition. (n=3)(scale 
bar=200µm) 
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Confirming no morphological difference, additional images were taken at higher 

magnification. The cells were examined visually for any morphological changes in 

response to Lamp2A knockdown. The images were taken with the phase contrast filter, as 

displayed in Figure 5-8. The images indicate no observable changes of significance 

between the MCF10A Lamp2AshRNA cells with or without the presence of Dox.  

 

 

 

 

 Figure 5-8 MCF10A morphology does not change with Lamp2A knockdown. 
Micrograph images were taken with a phase-contrast filter of MCF10AshRNA cell 

lines with and without Dox (for 72 hours). Images captured at X100 (scale bar=100µm) and 
X200 (scale bar=50µm) magnification. 
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5.3.3.1 Lamp2A knockdown in lysosomal enrichment 

 

CMA processing was examined in Figure 5-10 by collecting lysosome enrichment 

with the whole-cell counterpart in MCF10A with Lamp2A knockdown. The lysosome 

enrichment for this analysis was collected in 500µl fractions instead of a single 1ml 

volume, as pictured in Figure 5-6D. The fractions confirm that most of the lysosome 

enrichment is located within the first 1ml of the collection. The western blot for Figure 5-9 

presents several findings; firstly, it was re-confirmed Lamp2A was lost in the lysosomal 

fraction, but not as much as the whole cell lysate as determined earlier, maybe due to 

retention of existing Lamp2A for reuse. On the other hand, the expression of Lamp2B was 

not lost with Lamp2A KD; from the results overall, there is a significant increase in the 

lysosomal fraction. HSC70 was examined for levels and appeared to decrease with the 

Lamp2A knockdown. This decrease in HSC70 may be due to loss at the lysosomal 

membrane, within the lysosomal lumen, or both. Finally, other confirmed CMA substrates 

were examined to identify any changes in response to the removal of Lamp2A in their 

degradation. There was a noticeable decline in the levels of GAPDH with the knockdown 

of Lamp2A, but interestingly there was faint to no  PK1/2. Note that the PK1/2 antibody 

detects isoforms 1 and 2 of PKM, a known CMA substrate, found within the lysosome 

enrichment. However, this may be due to a high turnover rate as it is an essential molecule 

within the glycolytic pathway. Furthermore, its breakdown rate is either higher or lower 

and, as such, is not observed. In conclusion, future investigations with a lysosomal alkaliser 

that prevents acidification, such as Bafilomycin A1, need to be added to prevent lysosomal 

content degradation and to understand the changes observed in these substrates.  
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Figure 5-9 The lysosomal enrichment of MCF10A with Lamp2A KD shows 
differences in known CMA substrates 

The representative western blot image of the lysosomal enrichment (LE) fractioned 
with comparative whole cell lysate (WL) for the Lamp2 isoforms, lamp1 and confirmed 
CMA substrates to examine the effect Lamp2A knockdown has on CMA processing. 
(n=3) 
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5.3.4 Knockdown of Lamp2A showed no functional importance to the MCF10A 
breast cell line 

 

5.3.4.1 Cell viability with Lamp2A knockdown 

 

 The successful knockdown of Lamp2A was depicted in Figure 5-6. However, this 

data could not determine the biological consequences. Therefore, this study explored the 

biological changes in the MCF10A breast cell line with Lamp2A reduction with an initial 

experiment of cell viability using Alamar Blue as described in C 

hapter 2. The cells were exposed to Dox for 72 hours to achieve maximal 

knockdown, and after another24 hours the Alamar Blue assay was performed. The findings 

in Figure 5-10 demonstrate that the removal of Lamp2A had a negligible impact on cell 

viability compared to control 
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5.3.4.2 Wound healing with Lamp2A knockdown  

 

Another aspect of cellular biology investigated was wound healing (scratch assay), as 

represented in Figure 5-11, which determines the cell's ability to migrate on a 2-D surface 

to close a gap or scratch. This wound healing assay not only examines the motility, it 

inherently captures the cellular response to changes in the cell-to-cell contacts, biochemical 

signals and molecular changes as a collective in a cellular population, rather than a single 

cell. In this study, the RTCA Xcelligence MP system was utilised. This system uses a 96-

well plate, with each well having an electrode strip in the centre, as represented in Figure 

5-11 B of the empty well. After cells are grown to confluence, a scratch tool removes the 

cells from the electrode region. The scratch can be confirmed from the RTCA reading in 

Figure 5-11 where impedance (cell index) is present; therefore, there is cellular adherence 

to this region, but it is lost after applying the scratch as there are no longer cells adhered to 

 

Figure 5-10 The cell viability of MCF10A cells  did not change 24 hours after 
knockdown 

Cell viability was measured with Alamar Blue assay (RFU) in the MCF10A breast 
cell lines with Lamp2AshRNA KD and non-targeting control with or without Dox 
(Dox). The percentage of cell viability was determined compared to control without 
Dox. The Alamar Blue assay was performed after 24 hours after maximum knockdown 
was reached (by 72 hours). (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test)  
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generate a reading, but this returns as the cells move across and adhere over the electrode to 

close the wound. 

It should be noted that mitomycin C1 was added to prevent proliferation, so wound 

closure indicated cellular migration. In addition, the cell lines were pretreated with Dox to 

ensure that the Lamp2A knockdown was maximal so its impacts biologically could be 

measured. Therefore, the data is interpreted as the rate of change of cell index over time, as 

indicated in the graph in Figure 5-11, where it is evident that the removal of Lamp2A had 

no impact on the rate at which the cells closed the wound as was the case with the non-

targeting shRNA the presence of Dox (1µg/mL). 
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Figure 5-11 The wound healing capacity of MCF10A was unchanged by Lamp2A KD 
(A) The rate of wound healing as determined by the RTCA software, the slope, 

represents the rate of change of the cell index as a function of time between wound scratch 
and 24 hours. (B) A representative image of the wound plates wells of the respective cell 
lines stained after completion of the assay and an empty well to visualise the scratch area 
where the electrode is located. (C) The plotted results from the RTCA Xcelligence MP 
system were used to measure the respective cell lines real-time wound healing closure 
note black arrow indicates when the wound was applied. (n=3, ±SD, p<0.05 ANOVA and 
Tukey’s post hoc test) 
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5.3.4.3 Anchorage-dependant clonogenic survival and growth with Lamp2A knockdown 

 

The next aspect of cell biology examined in the context of Lamp2A knockdown was 

anchorage-dependant growth, whereby cells are seeded at low density and allowed to form 

colonies on a solid surface. In this context, there were two questions to be answered: Did 

Lamp2A prevent colony formation, and after a colony has formed, does the knockdown of 

Lamp2A intervene with colony growth? (Figure 5-12) In Figure 5-13, the cells were 

induced with Dox before seeding to determine the impact of anchorage and colony 

formation concerning Lamp2A. As indicated by the results, there were no observable 

differences between the groups. Therefore, the study performed the assay again, but the 

cells were seeded and given time to adhere before the Dox was added to examine if the 

removal of Lamp2A would affect the colony's growth. As displayed in Figure 5-14 are to 

be compared, it is clear that the removal of lamp 2A pre or post-seeding resulted in no 

differences in the colony number as they were found to be similar between the experiments. 

Figure 5-12 Schematic representation of the colony-forming experimental 
design 

 In the visual representation of the experimental design for colony-forming studies, cells 
treated with doxycycline to induce knockdown prior to cell seeding are termed as 
“intervention”. Alternatively, cells seeded and left for 24 hours and then treated with 
doxycycline to induce knockdown are termed “prevention”.                                   Created with BioRender.com 
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Figure 5-13  The removal of Lamp2A after colony formation did not affect growth. 
(A) A representative image of fixed and stained colonies formed by MCF10A 

Lamp2AshRNA and control cell lines after the anchorage-dependent growth assay was 
completed. (B) Graph indicating the number of colonies counted per well with FIJI 
analysis software. (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test) 

 

 

 

 

 

 

 

 

 

 

Figure 5-14  The knockdown of Lamp2A did not affect colony formation 
in the MCF10A breast cell line.  

(A) A representative image of fixed and stained colonies formed by MCF10A 
Lamp2AshRNA and control cell lines after the anchorage-dependent growth assay was 
completed. (B) Graph indicating the number of colonies counted per well with FIJI 
analysis software. (n=3, ±SD, p<0.05 ANOVA and  Tukey’s post hoc test) 
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5.3.4.4 Acini formation with Lamp2A knockdown 

 

The final functional experiment undertaken in this cellular context was 3D growth. 

The MCF10A cell line is seeded in a Geltrex suspension on a solidified Geltrex layer where 

the MCF10A's form spherical acini over time. The acini are replicative of those found in 

the mammary tissue, and as these structures, the acinus inner mass begins the process of 

apoptosis to form an inner lumen at approximately 12 days. The images in Figure 5-15 

demonstrate no visible changes to the acini formation with Lamp2A knockdown compared 

to either non-targeting lines or Lamp2AshRNA in the absence of Dox. Furthermore, there 

were no observable changes consistently on days four and twelve. 

In summary, the Lamp2A construct developed effectively induced Lamp2A 

knockdown in the MCF10A breast cell line. However, the functional studies have shown 

that removing Lamp2A does not affect cell viability, migration, colony formation, or 3D 

growth in the MCF10A breast cell line. 

 

Figure 5-15 The knockdown of Lamp2A did not alter the MCF10A acini formation. 
The acini formed by the MCF10A Lamp2AshRNA and non-targeting control cell lines with 
or without Dox were captured with phase-contrast microscopy at 100X magnification on days 
4 and 12 days, respectively. (n=3) 
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5.3.5 The knockdown of Lamp2A in the basal breast cancer cell line MDA-MB-468 
resulted in biological changes. 

 

5.3.5.1 Lamp2A knockdown validation 

 

The role of Lamp2A was investigated further, with the study turning its focus to a 

tumorigenic cell line from the TNA subtype. The cell line chosen was MDA-MB-468 

which, further on from our initial findings from the earlier experiments, displayed 

upregulated CMA regulators Lamp2A and HSC70 in whole-cell lysate and lysosome 

enrichment (Figure 5-4). The MDA-MB-468 cell line was transduced with 

Lamp2AshRNA, and in parallel, another cell line was developed with a non-targeting 

shRNA control. The results in Figure 5-16 demonstrate that the expression of Lamp2A was 

reduced by approximately 70-80% compared to the control. It was also significantly 

reduced when compared to Lamp2AshRNA cell lysate without the presence of Dox. The 

Lamp2A knockdown was also verified to be specific to that variant and had no impact on 

Lamp2B, as seen in Figure 5-16C. 

It was observed in this context not to increase the expression of Lamp2B as detected 

in the MCF10A cell line earlier. When this knockdown was examined within the lysosome 

enrichment, the reduction of Lamp2A compared to control was not as great as that observed 

in Lamp2AshRNA and no Dox control in the whole cell. As mentioned previously, this is 

potentially a caveat in the study, and future collection should be performed beyond the 72 

hours to ensure the removal of residual Lamp2A at the lysosomal membrane, or at least to 

determine how long this reuse of Lamp2A can be maintained. 
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Figure 5-16 Lamp2A is knockdown in the MDA-MB-468 breast cancer cell line. 
(A) Western blot representative image to confirm Lamp2A knockdown (KD) 

contrasted to other transcript variant Lamp2B. The MDA-MB-468 breast cancer cell 
line was transduced with Lamp2AshRNA or non-targeting sh-RNA (NT) as control, 
with all samples shown with or without Induction by Dox (1µg/mL). (B) Densitometry 
analysis of intensity compared to control of Lamp2A. (C) Densitometry analysis of 
intensity compared to control of Lamp2B. (D) Whole-cell lysate and lysosome 
enrichment of Lamp2A KD and control a representative western blot image with the 
calculated fold change compared to control without Dox (set at 1). (n=3, ±SD, p<0.05 
ANOVA  and Tukey’s post hoc test) 
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The presence of tRFP was examined by microscopy and images captured in Figure 

5-17. The images exhibited the expected tRFP cells only in the presence of Dox and were 

not visible in its absence. The phase-contrast images captured to examine the morphology 

show confluence differences or the high number of transient cells floating in the non-

targeting and obscuring the view. However, there are differences between the groups with 

much lower confluence observed in the Lamp2A shRNA with or without Dox. Although 

this is a general observation, further viability studies were required to confirm this. 

 

 

Figure 5-17 The breast cancer cell line MDA-MB-468 displays a reduction in cell 
numbers with Lamp2A KD.  

Micrograph images of the MDA-MB-468 cell line transduced with Lamp2A or 
non-targeting with or without Dox were captured with phase-contrast microscopy (PCM) 
at 40 X magnification. In addition, images of tRFP were captured with a fluorescent 
filter (TRITC) at 40 X magnification to confirm activation of lentivirus with Dox 
addition. (n=3)(scale bar=200µm) 
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5.3.5.2 Lamp2A knockdown in lysosomal enrichment 

 

The consequence of Lamp2A downregulation on CMA activity was examined, with 

the lysosomal enrichment being probed for known CMA substrates to observe any changes 

(Figure 5-18). Again, there was observed to be a reduction in Lamp2A. However, this 

amount of knockdown was not replicated to the same extent in the lysosome enrichment as 

the whole cell lysate. This observation might be due to the concentration of Lamp2A within 

the enrichment itself. The first two fractions contain most of the lysosomal content 

indicated by lamp1 expression. Although, to date, the expression of Lamp2B appears to be 

lower expressed in the Lamp2AshRNA lysosomal enrichment but is higher in the other 

groups and does not appear to be induced by the Dox as the same was not seen in the non-

targeting shRNA with Dox, suggesting there may be some downstream effect of Lamp2A 

loss for Lamp2B. As for the CMA substrates, minor decreased pyruvate kinase M1 (PK1/2) 

levels within the lysosome enrichment and a slight decrease in HSC70 within the whole 

cell coinciding with the reduction of Lamp2A (Figure 5-18). 

 

 

Figure 5-18 The MDA-MB-468 breast cancer cell line displays minimal differences 
with Lamp2A KD. 

The representative western blot image of the lysosomal enrichment (LE) fractioned 
with comparative whole cell lysate (WL) for the Lamp2 isoforms, lamp1 and confirmed 
CMA substrates to examine the effect of Lamp2A knockdown has on CMA processing. 
(n=3)  
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5.3.5.3 Cell viability with Lamp2A knockdown 

 

The MDA-MB-468 breast cancer cell line with the Lamp2AshRNA and the non-

targeting shRNA control were grown with or without Dox and assessed for viability, as 

shown in Figure 5-19. The outcome of the Alamar Blue assay displayed a significant 

decrease in cell viability by approximately 40% compared to all the other groups. These 

results support the reduction in cells present in the images from Figure 5-17. However, the 

decrease in the Lamp2AshRNA without Dox may relate to a slight increase in the 

proliferation rate of the non-targeting control, as was seen with one of the replicates during 

the Alamar Blue assay. 

 

Figure 5-19 The knockdown of Lamp2A significantly decreases cell viability in the 
MDA-MB-468 breast cancer cell line. 

The Alamar Blue assay (RFU) measured cell viability in the MDA-MB-468 breast 
cancer cell lines with either Lamp2AshRNA KD and non-targeting control with or without 
Dox (Dox). The percentage of cell viability was determined compared to control without 
Dox. The cell was grown for 72 hours in the presence of Dox to achieve maximal KD, and 
then after the following 24 hours, an Alamar Blue assay was performed.  (n=3, ±SD, 
p<0.05 ANOVA  and Tukey’s post hoc test) 
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5.3.5.4 Invasion outgrowth with Lamp2A knockdown 

 

The MDA-MB-468 breast cancer line with Lamp2AshRNA or non-targeting shRNA 

was grown in 3D culture (Refer to APPENDIX V for images of non-targeting shRNA). The 

cells were seeded in and on Geltrex, providing a semisolid extracellular matrix that the cell 

must invade to move and grow. This process involves the cell actively breaking down the 

matrix to enable it to migrate through it. As the representative images in Figure 5-20 show, 

with Lamp2A removal, the cellular colonisation is reduced, suggesting they do not survive 

in this environment compared to the control. In addition, the images in the inset display 

invasive growth without Lamp2A knockdown, but the cells where Dox has been added 

appear to be stressed and undergoing cellular death.  

 

 

Figure 5-20 The invasive potential of MDA-MB-468 breast cancer cell line by the reduction 
of Lamp2A 

The MDA-MB-468 breast cancer cell line was seeded in Geltrex suspension on to 
solidified Geltrex basement layer. The cells were allowed time to grow with or without 
Dox, and the growth of the cell was captured at 100X magnification (scale bar 
50µm)(n=3). 
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5.3.6 The addition of EGF in the MDA-MB-468 with Lamp2A knockdown enhances 
the biological effects observed. 

 

5.3.6.1 Cell viability during EMT with Lamp2A knockdown 

 

 The MDA-MB-468 cell line is part of the TNA subtype, which has a distinct basal-

like morphology which differs from the TNB with a mesenchymal morphology. The 

baseline results from Figure 5-2 to Figure 5-5 clearly show that the MDA-MB-231 cell 

lines had the highest expression of CMA markers compared to the TNA subtype. So to 

investigate the role these phenotypic differences have, the MDA-MB-468 cell line can be 

induced to mesenchymal phenotype with the addition of EGF as described previously. The 

viability of Figure 5-21 of the MDA-MB-468 with Lamp2A knockdown cell line in the 

presence of 50ng/ml EGF was approximately 30% compared to control. These results are 

compared to those observed in Figure 5-19, where the cell viability of MDA-MB-468 

Lamp2AshRNA was approximately 60%. The addition of EGF decreased the viability by 

another 30% or half. To validate these findings, images of the MDA-MB-468 breast cancer 

cell were taken to visualise the effects of EGF in the context of Lamp2A knockdown. 
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Figure 5-21 EGF does not prevent the decrease in cell viability with Lamp2A KD in the 
MDA-MB-468 breast cancer cell line. 

Cell viability was measured with Alamar Blue assay (RFU) in the MDA-MB-468 breast 
cancer cell lines with either Lamp2AshRNA KD and non-targeting control with or without Dox 
(Dox) and all in the presence of EGF. The percentage of cell viability was determined compared 
to control without Dox. The cells were pretreated with EGF for 24 hours prior to Lamp2A KD 
for 72 hours, and then after the following 24 hours, an Alamar Blue assay was performed. . 
(n=3, ±SD, p<0.05 ANOVA  and Tukey’s post hoc test) 
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This decreased cell viability was witnessed in the micrograph images displayed in 

Figure 5-22. The images are of the MDA-MB-468 Lamp2AshRNA and non-targeting-

shRNA with or without Dox, and all groups were grown in the presence of EGF. The 

MDA-MB-468 Lamp2AshRNA plus Dox show very few viable cells remaining, and the 

cells present are stressed and many rounding up a feature of cellular death. Also, the cell 

with Lamp2A knockdown appears larger than the non-targeting control plus Dox. Further 

studies would be of interest to examine the levels of Lamp2A and the presence of other 

morphological markers such as E-Cadherin and Vimentin in the cells remaining after 

lamp2A knockdown. The data from Figure 5-21 and Figure 5-22 suggest that adding EGF 

enhances the effects due to the reduction in Lamp2A. 

 

 

Figure 5-22 The addition of EGF with Lamp2A knockdown leads to increased cell 
death in the MDA-MB-468 cell line. 

Micrograph images of the MDA-MB-468 cell line transduced with Lamp2A with 
or without Dox in the presence of EGF were captured with phase-contrast microscopy 
(PCM) at 100 X magnification. The cells were treated with EGF for 24 hours prior to 
Dox treatment for 72 hours for maximal Lamp2A KD, and images were taken the 
following 24 hours.  (n=3) (scale bar=100µm) 
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5.3.6.2 Anchorage-dependent clonogenic survival and growth in EMT with Lamp2A 
knockdown 

 

The final study considers the cell's ability to form colonies with this combination. 

The MDA-MB-468 Lamp2-shRNA cell line was pretreated with Dox, seeded, and allowed 

to adhere and form colonies before EGF was added. The data in Figure 5-23 demonstrates 

that colony formation is reduced by approximately 80% in MDA-MB-468 Lamp2AshRNA 

when EGF is added, compared to a reduction of approximately 40% in MDA-MB-468 

Lamp2AshRNA in the absence of EGF. Figure 5-23 findings suggest that the EGF growth 

stimulating activity is suppressed in this context as the EGF is added to the media after 

Lamp2A knockdown. In Figure 5-21 and Figure 5-22, the EGF was added to cause a 

phenotypic change before Lamp2A knockdown was induced. So further studies into 

Lamp2A and EGF need to be undertaken to understand the relationship by changing the 

combination of EGF addition and Lamp2A knockdown. (refer to APPENDIX V for 

combined Figures 5-18 and 5-23 and Figures 5-20 and 5-22) 

 

 

 

 

 

 

 

 

 

Figure 5-23 The presence of EGF further reduced colony formation in MDA-MB-468 
with Lamp2A KD.  

(A) Representative images of colonies formed by MDA-MB-468 with Lamp2A-
shRNA with or without Dox and with or without EGF. The colonies formed by the cell 
lines were fixed and stained after the anchorage-dependent growth assay was completed. 
(B) Graph indicating the number of colonies counted per well with FIJI analysis 
software. (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test) 
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5.3.7 The knockdown of Lamp2A in the breast cancer cell line Hs578T resulted in 
biological changes. 

 

5.3.7.1 Lamp2A knockdown validation 

 

The role of Lamp2A in the TNB subtype was investigated in the Hs578T breast 

cancer cell line, which has a mesenchymal phenotype and is one of the more aggressive 

breast cancer cell line utilised in this study. The study will focus on two cell lines from this 

subtype, the Hs578T and the MDA-MB-231 breast cancer cell line. First to be investigated 

was the Hs578T breast cancer cell line. As depicted in Figure 5-24, the Hs578T breast 

cancer cell line was successfully transduced with Lamp2AshRNA or non-targeting shRNA. 

The knockdown of Lamp2A in the Hs578T breast cancer cell line resulted in an 

approximate 90% reduction of Lamp2A expression, as shown in Figure 5-24 A and B. 

Although there was apparent variability between the groups, the expression of differences 

in Lamp2B was found to be non-significant. When levels of CMA markers were 

investigated within the lysosomal enrichment in response to Lamp2A knockdown, it was 

observed that Lamp2A was lost to a greater extent within the whole cell lysate than the 

lysosome enrichment. At this point of the study, it is becoming common that Lamp2A is 

residually maintained for at least 24 hours, as all Lamp2A knockdown has consistently 

reached its maximal in this study by 48 hours. 
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Figure 5-24 Lamp2A knockdown is confirmed in the Hs578T breast cancer cell line. 
(A) Western blot representative image to confirm Lamp2A  knockdown contrasted 

with another variant Lamp2B. The Hs578T breast cancer cell line was transduced with 
Lamp2A shRNA or non-targeting shRNA (NT) as control, with all samples shown with 
or without Induction by Dox (1µg/mL). (B) Densitometry analysis of intensity compared 
to control of Lamp2A (C) Densitometry analysis of intensity compared to the control of 
Lamp2B. (D) Whole-cell lysate and lysosome enrichment of Lamp2A knockdown and 
control a representative western blot image with the calculated fold change compared to 
control without Dox (set at 1). (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test) 
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To determine the effectiveness of the knockdown through the visualisation of the 

tRFP. Figure 5-25 conforms to the expected results with tRFP present when Dox is added 

and not when it is absent. The phase-contrast images show similarities between all groups. 

There is what appears to be a senescent cell in the Lamp2AshRNA with Dox, and to 

support this further, this cell does not appear to have an RFP signal in the matching TRITC 

images for the PCM. When they reach high density, this cell line can have some round cells 

as seen in the other groups. 

 

 

 

 

 

 

 

 

 

Figure 5-25 The breast cancer cell line Hs578T displays confirmation of Lamp2A KD.  
Micrograph images of the Hs578T breast cancer cell line transduced with Lamp2A 

or non-targeting with or without Dox were captured with phase-contrast microscopy 
(PCM) at 100 X magnification. In addition, images of tRFP were captured with a 
fluorescent filter (TRITC) at 100 X magnification to confirm activation of lentivirus with 
Dox addition. (n=3)(scale bar=100µm) 
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5.3.7.2 Lamp2A knockdown in lysosomal enrichment 

 

The Hs578T cell line transduced with Lamp2AshRNA or non-targeting-shRNA, with 

or without Dox, had lysosomal enrichment fractioned with the whole-cell lysate collected 

before for comparison. The data in Figure 5-26 shows Lamp2A knockdown in the whole 

cell lysate and the lysosomal enrichment, but as seen previously, not to the same extent. 

Thus, there does not appear to be any clear trend in the expression of CMA substrates. 

However, as mentioned previously, this may be a study design limitation. Future 

collections of all cell lines should be completed with a lysosomal inhibitor to prevent 

degradation of the lysosomal content and better understand the CMA substrates. 

 

 

Figure 5-26 The Hs578T breast cancer cells display no changes to CMA substrates 
with Lamp2A knockdown. 

The representative western blot image of the lysosomal enrichment (LE) fractioned 
with comparative whole cell lysate (WL) for the Lamp2 isoforms, lamp1 and confirmed 
CMA substrates to examine the effect of Lamp2A reduction has on CMA processing. 
(n=3) 
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Subsequently, the study determined the effect of Lamp2A knockdown in HS578T 

concerning cell viability. As depicted in Figure 5-27, the knockdown of Lamp2A resulted 

in a decrease in cell viability; in response to Lamp2A, there was a reduction of 40%. It is 

worth mentioning that the Dox is at 1ug/ml, which is a minimal amount to account for any 

off-target effects. It could be reduced further to 0.5ug/ml if further studies were carried out 

in this context.  

 

 

Figure 5-27 The knockdown of Lamp2A reduces cell viability in the Hs578T breast 
cancer cell line.  

The Alamar Blue assay (RFU) measured cell viability in the Hs578T breast cancer 
cell lines with either Lamp2AshRNA knockdown and non-targeting control with or 
without Dox (Dox). The percentage of cell viability was determined compared to control 
without Dox. The cells were grown for 72 hours in the presence of Dox to achieve 
maximal knockdown, and then after the following 24 hours, an Alamar Blue assay was 
performed.   (n=3, ±SD, p<0.05 ANOVA  and Tukey’s post hoc test) 
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5.3.7.3 Anchorage-dependent clonogenic survival and growth in Hs578T breast cancer 
cell line with Lamp2A knockdown 

 

An anchorage-dependent assay was carried out to examine the effects of Lamp2A 

knockdown on the Hs578T breast cancer cell line. As with some of the previous cell lines, 

the assay was completed in two ways (Figure 5-12): with cells seeded before the induction 

of Lamp2A knockdown (Figure 5-28), or the cells were seeded after the knockdown of 

Lamp2A to recapitulate the use of Lamp2A as an intervention or prevention of colony 

formation respectively (Figure 5-29). As demonstrated in Figure 5-29, the knockdown of 

Lamp2A after seeding did not intervene with colony growth. Conversely, the knockdown 

of Lamp2A before seeding prevented colony formation by approximately 30%. It was 

noted that no differences were observed in the other groups with or without Dox. 

These results collectively highlight Lamp2A as necessary in cell viability and colony 

formation in the Hs578T cell line. Notably, it was found that CMA substrates did not show 

any changes; whether this reflects the study limitations or whether the known substrates are 

altered in this oncogenic context is yet to be elucidated. Interestingly, the initial data 

(Figure 5-2) demonstrated that Lamp2A was not as highly expressed in the Hs578T cell 

line as its other TNB subtype counterpart, the MDA-MB-231 breast cell line. This will be 

of interest if this biological importance is increased in the MDA-MB-231 or not and will 

indicate whether the cytosolic expression of Lamp2A is an essential biomarker of CMA 

activity in this context. 
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Figure 5-28 The Hs578T breast cancer cell lines colony growth was not altered by 
Lamp2A knockdown. 

(A) Representative image of completed anchorage-dependent growth assay fixed 
and stained colonies. It was formed by Hs578T cells seeded before Lamp2-shRNA was 
induced and control cell lines. (B) Graph indicating the number of colonies counted per 
well with FIJI analysis software. (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test) 

 

Figure 5-29 The knockdown of Lamp2A decreased the colony-forming capacity of 
the Hs578T breast cancer cell line.  

(A) Representative image of completed anchorage-dependent growth assay fixed 
and stained colonies. It was formed by Hs578T cells seeded after Lamp2-shRNA was 
induced along with control cell lines. (B) Graph indicating the number of colonies 
counted per well with FIJI analysis software. (n=3, ±SD, p<0.05 ANOVA  and Tukey’s 
post hoc test) 
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5.3.8 The knockdown of Lamp2A in the MDA-MB-231 breast cancer cell line has a 
biological impact. 

 

5.3.8.1 Lamp2A knockdown validation 

 

To complete this study investigation of the role of CMA or, more specifically, 

Lamp2A in the breast cell molecular subtype, the triple-negative basal A (TNA) and basal 

B (TNB). The MDA-MB-231 breast cancer cell line was utilised in this part of the study. It 

should be highlighted that these cell lines had the highest expression of Lamp2A (Figure 

5-2 to Figure 5-5) and are regarded as the most aggressive breast cancer cell line. The 

MDA-MB-231 breast cancer cell line was transduced with Lamp2AshRNA in parallel with 

the non-targeting-shRNA, with both shRNA constructs being Dox-inducible. The 

Lamp2AshRNA was observed to knock down Lamp2A by approximately 90% (Figure 

5-30B). There was an increase in Lamp2B observed with the knockdown of Lamp2A, but it 

was not significant between the Lamp2AshRNA without Dox or non-targeting with Dox. 

However, there was a significant difference between non-targeting with Dox and 

Lamp2AshRNA with Dox (p=0.0136). The results from the lysosome enrichment and 

whole-cell samples (Figure 5-30C) demonstrated a reduction of Lamp2A in both, showing 

an increase of HSC70, respectively. There may be an accumulation of HSC70 occurring in 

response to the Lamp2A knockdown, and whether this is within the lysosomal lumen or the 

cytosolic face of the lysosomal membrane requires further elucidation. It is predicted that 

Lamp2A is utilised to deliver the Lys-HSC70 into the lysosome, and further studies with 

lysosomal inhibitor and the use of different lysate buffers to remove the cytosolic fraction 

of HSC70 to delineate this changer is required.  
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The Lamp2AshRNA and non-targeting-shRNA were present and actively expressed, 

as indicated in Figure 5-31. In addition, the cells demonstrate the presence of tRFP in the 

presence of Dox. From a morphological perspective, presented in the micrograph images 

presented in Figure 5-32 show the cell numbers decline in response to the reduction in the 

level of Lamp2A, and there is also a distinct increase in the presence of rounded cells 

indicating cellular death, but it was not significant 

 

Figure 5-30 The MDA-MB-231 breast cancer cell line was successfully transduced 
with Lamp2A knockdown 
(A) Western blot representative image to confirm Lamp2A knockdown contrasted 

with another variant Lamp2B. The MDA-MB-231 breast cancer cell line was transduced 
with Lamp2AshRNA or non-targeting sh-RNA (NT) as control, with all samples shown 
with or without Induction of Dox.(1µg/mL) (B) Densitometry analysis of intensity 
compared to control of Lamp2A. (C) Densitometry analysis of intensity compared to 
control of Lamp2B. (D) Whole-cell lysate and lysosome enrichment of Lamp2A 
knockdown and control a representative western blot image with the calculated fold 
change compared to control without Dox (set at 1). (n=3, ±SD, p<0.05 ANOVA and 
Tukey’s post hoc test) 
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Figure 5-31 MDA-MB-231 breast cancer cell line high tRFP confirms Lamp2AshRNA 
expression. 

Micrograph images of the MDA-MB-231 breast cancer cell line transduced with 
Lamp2A or non-targeting with or without Dox were captured with phase-contrast 
microscopy (PCM) at 100 X magnification. In addition, images of tRFP were captured 
with a fluorescent filter (TRITC) at 100 X magnification to confirm activation of 
lentivirus with Dox addition. (n=3)(scale bar= 100µm) 

 

 

 

 

 

 

 

 

Figure 5-32 The knockdown of Lamp2A reduces MDA-MB-231 breast cancer cell 
numbers. 

Micrograph images of MDA-MB-231 Lamp2AshRNA cell lines with and without 
Dox (after 72hours Dox treatment). Images taken with phase-contrast filter at X200 
(scale bar=50µm) and X100 (scale bar=100µm) magnification. The TRITC (RED) image 
matches corresponding to Lamp2AshRNA+Dox at X200 magnification. 
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5.3.8.2 Lamp2A knockdown in lysosomal enrichment 

 

The effects of Lamp2A knockdown were examined in the lysosomal component of 

the whole-cell lysate. Sucrose gradient fractionation was used to fraction the lysosome to 

collect a sample of lysosome enrichment for analysis. As illustrated in Figure 5-33, 

Lamp2A was lost in the whole-cell fraction and lysosomal enrichment, although not to a 

great extent. There are no apparent differences between the CMA substrates' levels of 

interest, though some inconsistencies between the groups warrant further investigation. 

Further investigations would require the potential CMA substrates to be interrogated further 

with a pulse-chase experiment or mass spectrometry on the lysosomal content. 

 

 

Figure 5-33 The removal of Lamp2A in the MDA-MB-231 breast cancer cell line does 
not affect CMA substrates. 

The representative western blot image of the lysosomal enrichment (LE) fractioned 
with comparative whole cell lysate (WL) for the Lamp2 isoforms, lamp1 and confirmed 
CMA substrates to examine the effect of Lamp2A knockdown has on CMA processing. 
(n=3) 
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5.3.8.3 Cell viability with Lamp2A knockdown 

 

The cell viability of the MDA-MB-231 was measured with Alamar Blue and is 

presented in Figure 5-34. The results indicate that the viability of the MDA-MB-231 breast 

cancer cell line is reduced by 40% compared to all other groups with the knockdown of 

Lamp2A. There was no significant difference in cell viability found between the other 

groups. 

 

 

Figure 5-34 The knockdown of Lamp2A in the MDA-MB-231 breast cancer cell line 
resulted in a decrease in cell viability compared to the control  

The Alamar Blue assay (RFU) measured cell viability in the MDA-MB-231breast 
cancer cell lines with either Lamp2AshRNA knockdown and non-targeting control with or 
without Dox. The percentage of cell viability was determined compared to control without 
Dox. The cells were grown for 72 hours in the presence of Dox to achieve maximal 
knockdown, and then after the following 24 hours, an Alamar Blue assay was performed. 
(n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test) 
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5.3.9 Removal of Lamp2A impaired the functional activity of the breast cancer cell 
line MDA-MB-231. 

 

5.3.9.1 Wound healing with Lamp2A knockdown 

 

This area of the experiment considered the functional capacity of the MDA-MB-231 

breast cancer cell lines transduced with Lamp2AshRNA tetracycline-inducible knockdown. 

The first functional experiment undertaken was to determine the cells' ability to migrate as 

a functional group to close the gap between cells formed by a scratch (wound) being 

administered. For this experiment, the MDA-MB-231 Lamp2AshRNA and non-targeting-

shRNA, both with and without Dox, were included. First, the cells were grown to 

confluence in the specialised wound healing plates for the Xcelligence RTCA MP system 

(as described in Chapter 2). Then the ACCU wound scratch tool (Agilent, California. USA) 

performed scratches in all 96 wells of the plate simultaneously. The real-time analyser then 

undertook continuous readings every 15 minutes, and this data was later analysed with 

RTCA software. The software determines the rate of change of cell index over time, 

referred to as 'the slope', as observed in Figure 5-35 A). The cell index, as mentioned 

previously, is an arbitrary measure of cellular impedance upon the electrode within the 

well. In the context of wound healing, the electrode is located as a strip down the centre of 

the well, as observed in the image of the empty well in Figure 5-35 B. The result of the rate 

of change was decreased with the reduction in Lamp2A significantly when compared to 

non-targeting (p=0.0003), non-targeting with Dox (p=0.0002) and Lamp2AshRNA without 

Dox (p=<0.0001). It should be noted that no significant difference was found between the 

other groups when compared against each other. The wells in which the cell undertook the 

experiment were fixed and stained at completion, as shown in Figure 5-35 B and the real-

time analysis data was included in Figure 5-35 C. 
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Figure 5-35 The MDA-MB-231 breast cancer cell line had a decreased rate of wound 
healing with Lamp2A knockdown. 

(A) The rate of wound healing as determined by the RTCA software, the slope, 
represents the rate of change of the cell index as a function of time between wound scratch 
and 24 hours. (B) A representative image of the wells of the wound plate and stained after 
completion of the assay included an empty well to visualise the scratch area where the 
electrode is located. (C) The plotted results from the RTCA Xcelligence MP system were 
used to measure the respective cell line's in real-time wound healing closure black arrow 
indicates when the wound was applied. (n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc 
test ) 
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5.3.9.2 Microchemotaxis migration with Lamp2A knockdown 

 

In addition to the wound healing experiment, MDA-MB-231 breast cancer cell lines 

with Lamp2AshRNA and non-targeting-shRNA were examined in a transwell migration 

assay, as detailed in Chapter 2. This experiment examines single-cell movement, whereas 

the wound healing assay examines population movement. The Xcelligence RTCA DP 

system was utilised with invasion and migration plates (CIM plates). Cells were seeded into 

the top chamber and were allowed to migrate through the membrane, adhering to the 

underside of the membrane, which contained electrodes that measured impendence. Thus, 

the cell index increased relative to the number of cells adhering and impeding the signal 

from the electrodes. The rate of change over 4 hours was used to determine the slope with 

wound healing. As depicted in Figure 5-36 A, the migration rate was significantly 

decreased in the MDA-MB-231 with Lamp2A knockdown compared to all other groups, 

with no significance determined between the other groups. Figure 5-36 B shows a data 

output from the Xcelligence over real-time with cell impendence measured continuously 

for over four hours. Figure 5-36 C is a fixed and stained image of the CIM plates between 

the electrodes (black circle); migrated cells can be observed in purple. 
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Figure 5-36 The knockdown of Lamp2A impeded migration in the MDA-MB-231 
breast cancer cell line. 

(A) The rate of migration as determined by the RTCA software, the slope, 
represents the rate of change of the cell index as a function of time between 0 hours and 4 
hours. (B) The plotted results from the RTCA Xcelligence DP system were used to 
measure the respective cell lines real-time transwell migration. (C) A representative 
image of CIM plates wells of the respective cell lines stained after completion of the assay 
to visualise the cells migrated to the other side visible in between the well electrodes. 
(n=3, ±SD, p<0.05 ANOVA  and Tukey’s post hoc test)  
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5.3.9.3 Anchorage-dependent clonogenic survival and growth in MDA-MB-231 breast 
cancer cell line with Lamp2A knockdown 

 

The following functional study focused on the cell's ability to form colonies and the 

growth of colonies in response to Lamp2A removal. As shown in Figure 5-37 A, the 

representative image shows that with Lamp2A knockdown, colonies are reduced. After all, 

replicates were counted and analysed, and it was determined that the removal of Lamp2A 

after seeding intervened with the growth of the colonies by approximately 50% (Figure 

5-37B). This finding was significant compared to all groups, where no difference was 

found.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-37 The colony growth was impaired by Lamp2A knockdown in MDA-MB-
231 breast cancer cell lines. 

 (A) Representative image of completed anchorage-dependent growth assay fixed 
and stained colonies. It was formed by MDA-MB-231 breast cancer cells seeded before 
Lamp2-shRNA is induced to knockdown along with control cell lines. (B) Graph 
indicating the number of colonies counted per well with FIJI analysis software. (n=3, 
±SD, p<0.05 ANOVA  and Tukey’s post hoc test) 
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To delineate the role of Lamp2A in growth as displayed in the figure above versus 

anchorage dependence. Another growth assay was performed to examine the preventative 

effects of Lamp2A knockdown in the cell's ability to attach and anchor to enable them to 

form colonies. The cells had Lamp2A knocked down before seeding to assess the effect on 

anchorage capabilities precisely. As displayed in Figure 5-38, the MDA-MB-231 breast 

cancer cell line with Lamp2AshRNA and non-targeting-shRNA with or without Dox were 

seeded after 72 hours of shRNA induction. Again, as demonstrated in Figure 5-38, there is 

nearly a complete loss of colony establishment and formation from the group with Lamp2A 

knockdown. When these colonies were counted for analysis, there was an approximate 97% 

loss of colonies with Lamp2A reduction, and no difference was found between the other 

groups. It indicates that it is important in colonisation but is pivotal in the attachment and 

establishment of the colony with Lamp2A decrease, rendering the cell incapable of colony-

forming. It is speculated that the loss of colonies observed in Figure 5-37 above may be due 

to these same effects observed below and warrant the examination of cell adhesion 

molecules as possible CMA substrates to explain these findings further. 

 

 

Figure 5-38 MDA-MB-231 breast cancer cells could not form colonies with the 
knockdown of Lamp2A.  

(A) Representative image of completed anchorage-dependent growth assay fixed 
and stained colonies. It was formed by MDA-MB-231 breast cancer cells seeded after 
Lamp2-shRNA was knocked down through Dox treatment and control cell lines. (B) 
Graph indicating the number of colonies counted per well with FIJI analysis 
software(n=3, ±SD, p<0.05 ANOVA and Tukey’s post hoc test) 
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5.3.9.4 Anchorage-dependent clonogenic survival and growth in MDA-MB-231 with 
Lamp2A knockdown in the presence of EGF 

 

It was leading on from findings previously with the MDA-MB-468 (Figure 5-23), 

whereby the effects of Lamp2A knockdown were enhanced in the presence of EGF. This 

study investigated whether this response was specific to the MDA-MB-468 cell line or was 

the result of the reduction of Lamp2A causing EGF to become cytotoxic. In addition, a 

preliminary study was performed with another anchorage dependant growth assay 

undertaken in the presence of EGF with MDA-MB-231 breast cancer cell lines 

Lamp2AshRNA and non-targeting-shRNA with or without Dox. Figure 5-39 examines the 

effects of EGF in the context of the MDA-MB-231 breast cancer cell lines with Lamp2A 

knockdown. Although, as seen in Figure 5-37, the removal of Lamp2A still reduced the 

colony growth even in the growth-assisted environment of EGF, there was a net increase in 

colonies of 20% in the presence of EGF. Thus, the colony growth was significantly reduced 

by approximately 60 %. Interestingly, this is slightly higher than without EGF and suggests 

a need for further studies to elucidate these findings. 

 

 

 

 

 

 

 

Figure 5-39 The addition of EGF does not reverse the colony growth inhibition 
observed in MDA-MB-231 with Lamp2A knockdown. 

(A) Representative image of completed anchorage-dependent growth assay fixed 
and stained colonies. It was formed by MDA-MB-231 breast cancer cells seeded after 
EGF exposure but before Lamp2-shRNA is induced to knockdown was similarly 
undertaken in the control cell lines. (B) Graph indicating the number of colonies counted 
per well with FIJI analysis software. (n=3, ±SD, p<0.05 ANOVA  and Tukey’s post hoc 
test) 
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5.3.9.5 Invasion outgrowth with Lamp2A knockdown 

 

Further functional studies were performed, including an invasion outgrowth 

experiment with knockdown of Lamp2A before seeding; however, this resulted in no cells 

surviving, which was not conducive to examining invasion. Therefore, the experiments 

shown in Figure 5-40 are qualitative images showing that the knockdown of Lamp2A 

displays more altered invasiveness than that of the non-targeting shRNA with Dox. In 

addition, the magnified insteps of the colonies demonstrate an altered invasion pattern in 

the presence of Lamp2A knockdown, and the cells appear to grow in larger clusters with a 

spherical appearance. In contrast, without Lamp2A knockdown, the cells display a distinct 

disorganised growth with defined invasive sprouts. It also appears that the addition of Dox 

potentially induces aggregation or regression to an acinus-like structure compared to the 

groups without Dox.  Further Dox titration and staining studies are needed to investigate 

cadherins and other markers to determine whether the phenotype is more epithelial than 

control. Moreover, if there is a luminal component as observed in acini in these structures 

would be recommended. 
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Figure 5-40 The MDA-MB-231 cell line displays altered invasive growth with the knockdown 
of Lamp2A. 

The MDA-MB-231 breast cancer cell line was seeded in Geltrex suspension on to 
solidified Geltrex basement layer. The cells were grown with or without the presence of 
Dox during the assay, and the growth of the cell was captured Scale bar = 50µm . 
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Table 5-1 Summary of findings 
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5.4 DISCUSSION 

 

The earlier chapters (3&4) examined macroautophagy, whereas this chapter has 

focused on the more specific form of autophagy, CMA. This study has utilised a 

progressive breast cancer panel screening approach to guide the cell lines to be included in 

the functional studies of CMA or, more specifically, Lamp2A. It has been demonstrated 

that CMA is upregulated in the more aggressive phenotype. This increase was shown to be 

of biological significance to this breast cancer subtype. Interestingly this functional 

importance was not observed in the “normal” mammary epithelial cell line MCF10A. This 

study has highlighted the importance of CMA to the aggressive phenotype and petitions the 

need for further studies to determine what specifically CMA is targeting or regulating in 

this cellular context that makes it so important.  

 

5.4.1 The breast cell subtype demonstrates a correlation with CMA but not mutant 
RAS  

 

The study described in this chapter followed similar lines of enquiry as previous 

chapters and initially investigated whether CMA showed any expression pattern when 

examined in a progressive panel of breast cell lines. The results demonstrate the critical 

effector protein Lamp2A in the more aggressive subtype’s triple-negative basal A and basal 

B. Interestingly, the opposite expression profile was observed in the Lamp2B transcript 

variant; another variant Lamp2C. However, there is currently no antibody available, 

explaining why it has not been examined in this study. (Figure 5-2 to Figure 5-4) There is 

less known regarding the Lamp2B and Lamp2C variants than that of Lamp2A, but they are 

described to have different functional roles. Currently, Lamp2A is the most well described, 

with its well-established role in CMA; however, there is still much that is not known and 

needs elucidation [274, 580, 581, 592, 594]. In addition, there is some information 

regarding Lamp2B relating to its association with Danon disease [595]; more recently, 

there have been studies relating to its role in exosomes [596], lysosomes and 

autophagosome fusion [590]. Regarding Lamp2C, there is currently very little knowledge, 

but some research shows that it is a facilitator of RNA degradation [591, 597]. It would be 

of interest to examine the role of particular Lamp2B in this context to determine if, as 
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shown by others to be related to autophagy and if so, its reduction in the more aggressive 

phenotypes related to the suppression in autophagic activity observed in these cell lines in 

chapter 3. A great deal of research is still required to investigate the LAMP2 transcripts to 

properly understand their independent and inter-dependent functions, mainly in the context 

of cancer but even at a normal physiological state 

Leading on from this, the RAS progressive panel was further examined to determine 

if there was a correlation to the presence of RAS, particularly mutant RAS. This study 

initially focused on a panel of breast cell lines with varying RAS mutation and activation 

degrees to identify a correlation between CMA markers and activity, as depicted in Figure 

5-5. The result shows no clear pattern or association with mutant or specifically mutant 

HRAS. On further investigation for studies to support these findings concerning CMA and 

oncogenic RAS, a causal relationship was mentioned due to change in energetic demand as 

a consequence of oncogenic RAS, but without any data to support this. Therefore, the 

recently developed KFERQ-like motif finder tool by Kirschner et al. was accessed to 

examine if RAS had a KFERQ-like motif, indicating that it could be a CMA substrate 

[264]. The RAS isoforms NRAS, HRAS and KRAS were all submitted into the KFERQ 

finder and results which have been included in APPENDIX VI demonstrate that all the 

RAS isoforms conserve a canonical KFERQ-like motif at position 101 of the sequence and 

a post-translation modification resulting in a KFERQ-like motif due to acetylation at 

location 161. 

Furthermore, the acetylation causes a KFERQ-like motif of the sequence at 161, and 

the acetylation can substitute for glutamine. Interestingly the KRAS had the presence of a 

further three post-translational modifications that could result in the presence of KFERQ-

like motifs at loctation165; the phosphorylation can result in the substitute for acidic amino 

acids of the KFERQ and at position 166, a possibility of two KERFQ-like motifs due to 

combination of acetylation and phosphorylation at this residue (refer to APPENDIX VII). 

This increase in KFERQ target sites in KRAS may explain the observed upregulation of 

Lamp2A in the MDA-MB-231 cell line, which has a KRAS mutation. Furthermore, it is 

worth noting that it has been recently identified that the KFERQ-like motif can also be 

targeted and utilised in endosomal microautophagy degradation pathways [598]. 

Concerning RAS mutations, there was no evidence to suggest that the HRAS alters 

Lamp2A expression. Although it may be naïve to assume that expression levels alone could 

indicate functional changes, the basal levels of Lamp2A in MCF10A HRAS and Hs578T 
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cell lines may be sufficient to meet any conferred changes with its expression. Without any 

previous literature to aid in these explanations, there is a need to focus more efforts on the 

functional activity of CMA. This aspect of real-time functionality limited this study. It 

could even be proposed that the increase of Lamp2A was observed similarly to those 

observed with increased LC3-II, as shown in chapter 3. Thus, the increase in Lamp2A 

expression may indicate dysfunction rather than increased function. 

There is still much research to be undertaken to confirm RAS isoforms as bona fide 

CMA substrates, and it is warranted as this may identify a feasible target for treatment in 

RAS-driven cancers. 

 

5.4.2 CMA inhibition was shown to have no functional implications in regular mammary 
epithelial compared to a carcinogenic counterpart. 

 

The MCF10A cell line is representative of "normal" non-transformed mammary 

epithelial model cells, and although spontaneously immortalised, it has been used as such 

by us and others [375]. Therefore, MCF10A cells were examined to determine a baseline or 

what would be expected under normal conditions for CMA to compare these transformed 

MCF10A cells and other well-established oncogenic cell lines. The data revealed that 

Lamp2A was present at moderate levels in MCF10A cells, as Lamp2B was slightly higher, 

and all the other results demonstrated expected changes of CMA and its substrates with the 

knockdown Lamp2A. These findings were also noted and detailed by Han et al., who 

identified no impact of Lamp2A knockdown in the MCF-10A in a siRNA model [599]. 

Unlike this current study which developed the Lamp2AshRNA inducible system, it is more 

biologically relevant as it allows for controlled reduction of Lamp2A, and upon removal of 

Dox, Lamp2A returns. In addition, this inducible system reduces off-target effects and 

attenuates stress responses by the cell during transfection [600]. Overall, the study 

suggested that the knockdown of Lamp2A reduced ATG5-dependent macroautophagy. 

Interestingly, these observations were not present in the normal mammary epithelial 

and appeared to be tumour specific. In concordance with this, Tang et al. results show the 

same expression of CMA effector Lamp2A and CMA substrates as this study. However, no 

biological assay was performed to evaluate the function and compare it to this study [601]. 

This study by Tang also showed that this data was similar in the Hela cells derived from 
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cervical tumours, thus does not discount the supposition that the role of CMA is altered 

from non-oncogenic to oncogenic mammary cells. The role of Lamp2A in the carcinogenic 

realm has recently come to the forefront in the study by Wang et al. it was suggested that 

Lamp2A has the potential as a prognostic biomarker for GBM [585]. There have been 

further reports that Lamp2 has the potential as a prognostic marker in other cancers such as 

prostate [602, 603], gastric[575], colorectal [586], breast [587, 604], lung [605, 606]  and 

even tumour-associated macrophages (TAMs) [584] . These findings, along with others, 

demonstrate a change in the role of CMA in the context of cancer that results in its 

upregulation, as shown to have a significant role in the cell function that is not found in the 

non-oncogenic counterpart. 

In other disease contexts, specifically neurodegenerative such as Parkinson's, the loss 

of CMA has been shown to contribute to the disease progression. However, the exact 

reasons cancer is dependent on CMA are yet to be fully understood and the mechanism 

underpinning them. This information could be pivotal in future treatment strategies, and 

given that CMA was not demonstrated to be essential in the normal cell through a Lamp2 

knock out mice [607], particularly in the context of breast epithelia, this was not isoform-

specific. It does, however, indicate that Lamp2A could make a promising target for 

treatment 

 

5.4.3 CMA dependence increases as cells transition from basal to mesenchymal 
phenotype. 

 

The results from the initial part of this study have found the expression of Lamp2A to 

increase in the mesenchymal cell lines compared to epithelial counterparts. This increase in 

the mesenchymal phenotype was examined more precisely in the EMT model; thus, the 

MDA-MB-468 breast cancer cell line exposed to EGF was found to have dose-dependent 

increases in Lamp2A. A study mentioned prior by Tang found that in the MCF10A cell 

line, EMT was suppressed by CMA through the degradation of p65. It is suggested that p65 

accumulation during CMA inhibition activates EMT via snail, which was also observed in 

the Hela cell line [601]. Although this study looked at EMT, it used alternate activation 

methods including TNFα, TGFβ, hypoxia and exclusively in the MCF10A may explain the 

variation observed in this study with Tang's findings. However, concerning oncogenesis, it 
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was clear that CMA was a positive regulator in the breast cancer cell line, unlike that 

observed by Tang in the Hela cell line, suggesting that this may be a cell and context-

specific behaviour. These findings by Tang were also observed by Zheng et al., study 

although there were a few notable differences [588]. Zheng et al. study focused on 

Hepatocellular carcinoma found that increases in Lamp2 inhibited EMT attributes such as 

motility and invasiveness. The study went on to show Lamp2 knockdown increased 

mesenchymal markers. The molecular mechanism underpinning this activity is suggested to 

be Lamp2 suppression of snail. A limitation of this study is that it examined for Lamp2 

total and did not differentiate between the isoforms. It seems unlikely that this would be 

occurring in the context of the MDA-MB-231 breast cancer cell. A study by Paul et al. 

revealed that the MDA-MB-231 cells have shown that Protein Kinase C zeta (PKCζ) is 

involved in the NFκB-p65 signalling pathway responsible for invasiveness [608]. It is even 

suggested that PKCζ may be the link between EGF induction and activation of NFκB. 

When PKCζ was knockdown in the MDA-MB-231, it was found to cause the expression of 

E-cadherin and ZO-1, both epithelial markers. So based on this and these findings, it could 

be speculated that the reverse is true in this context and that Lamp2A knockdown is 

possible due to degradation changes in components of the NFκB-p65 signalling pathway 

resulting in MET and, as a consequence, cytotoxicity, loss of invasive and migratory 

potential similar to what was observed in this study. Leading on from this and what was of 

interest was that in the MD-MB-468 EMT with Lamp2A reduction, there was an observed 

attenuation of the growth stimulating properties of EGF, which also held true for the MDA-

MB-231 breast cancer cell line. On further investigation, it was found with the KFERQ-

finder that the EGFR receptor has 13 putative KFERQ-like motifs at numerous positions 

exposed for targeting by either or combination of phosphorylation, acetylation, or the 

replacement of the "Q" with asparagine as detailed in APPENDIX VII, interestingly there 

were no canonical motifs. So, it is proposed that CMA is used for EGFR recycling, and 

with the knockdown of Lamp2A, the EGFR receptors accumulate and perturb cellular 

function, even resulting in cell death as the reduction may affect not only the EGFR 

receptor but further downstream targets of the NFκB-p65 signalling pathway, reducing the 

cell’s ability to maintain homeostasis. This aspect of the study warrants further 

investigation to elucidate the toxicity incurred by EGF in the context of Lamp2A 

knockdown, and the benefits of these findings would be significant. 
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5.4.4 EGFR activation sensitives cells to the knockdown of Lamp2A  

 

Initially, the study observed an increase in Lamp2A with activation of the pathway by 

exogenous means through the addition of EGF. However, this was also observed with 

Lamp2B and could indicate upregulation in overall lysosomal numbers under these 

conditions. This upregulation in response to EGF may be due to several reasons: it is 

reflective of the increased changing metabolic needs of the MDA-MB-468 as they 

transition into the mesenchymal phenotype triggered by the addition of EGF. In addition, 

there may be a significant shift in the molecular environment, as observed by Chu et al. 

[609]  initially and since supported by others [610]. Chu et al. found that the loss of E-

cadherin resulted in a reduction in glycolysis, shown to be a consequence of the reduction 

in HIF-1α [609]. 

Interestingly, there is evidence by Ferreira et al. [611]  and others [612] who have put 

forth evidence that CMA degrades HIF-1α, specifically during nutrient stress conditions 

[611, 613]. The observed increase in Lamp2A in response to EGF stimulation may be due 

to increased CMA substrate degradation of molecules such as HIF-1α but not limited to 

only HIF-1α. This postulation may flag Lamp2A as part of the molecular underpinnings of 

the concurrent loss of HIF-1α with loss of E-cadherin, as described in studies by Chu et al. 

[609] and Hugo et al. [433].  

Another explanation for the increased expression of Lamp2A in response to EGF is 

that it stimulates NFAT, particularly NFAT-1, a transcription factor that regulates Lamp2 

expression [281, 614]. Several studies have shown that the addition of the EGF ligand and 

resulting epithelial to mesenchymal transition is directed by calcium signalling [615].  

NFAT is suggested to be regulated by calcium-calcineurin, and calcium calcineurin is 

induced by calcium which is increased in response to EGF and EGFR signalling. Therefore, 

an increase in calcium due to the EGF ligand increases NFAT, increasing Lamp2A. This 

postulate, to some extent, has been supported by this study as it has been that the addition 

of EGF ligand increases Lamp2A expression. Therefore, it is also plausible that an increase 

of Lamp2A in the EGF-induced conditions results in increases in calcium, which then 

releases NFAT to facilitate the transcription of Lamp2. However, some of the previous 

studies were in different cellular contexts, and this data suggests that it may hold in this 

cellular context and warrants further inquiry. There is a linear relationship between 

https://www.tandfonline.com/author/Ferreira%2C+Jo%C3%A3o+Vasco
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Lamp2A expression and EGFR activation. It is yet to be determined if this is due to the 

RAS-RAF axis or PI3K-AKT axis, but both pathways require further support to correlate to 

this upregulation in Lamp2A in this setting confidently. 

Further research into the changes in lysosomal content with the addition of EGF with 

and without Lamp2A would assist in determining why Lamp2A is increased. Furthermore, 

additional research could uncover the targeted substrates of that increase, which may 

identify the cause. The Lamp2 transcript variants show differential expression patterns in a 

breast cancer panel. 

 

5.4.5 CMA reduction was demonstrated to impede the more aggressive phenotype's 
functionality significantly. 

 

Kon et al. had similar findings to this current study in that there was a decrease in 

proliferation and colony formation with Lamp2A knockdown. However, that study utilised 

lung cancer cell lines A549 and H460 and recapitulated these findings in vivo resulting in 

regression of tumour growth and reduced metastasis noted in the lung xenografts [616]. In 

line with this study, Han et al. demonstrated that a loss of Lamp2A in MDA-MB-231 and 

MDA-MB-468 reduced the breast cancer cells invasion, migration, and proliferation 

capacity in vitro and in vivo [599]. Interestingly Han et al. observed concomitant changes in 

ATG-5 dependant macroautophagy, although, from the initial findings in this study, there 

was observed to be a decrease in LC3 levels in the MDA-MB-231 and the same antibody 

was utilised in both studies. It should be noted that Han's study utilised siRNA knockdown 

of Lamp2A, which may be where the difference is to be found. Although further 

investigation with nutrient deprivation and Bafilomycin may find similar results. 

Nevertheless, at basal levels in this study, there was a reduction in LC3 expression in 

Lamp2A knockdown and similarly in the parental cell lines and non-targeting with the 

addition of Dox. Therefore, there would also need to be some examination of the levels of 

ATG 5, as this was described to be the modulator of these changes. In recognition of these 

findings, a search of the KFERQ finder found ATG 5 to have a canonical KFERQ motif at 

position 61. This finding is yet to be reviewed experimentally but lends itself to further 

elucidation and a further explanation of Han's findings. 
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A recent study by Tokarchuk et al. supports this current study, as do other studies that 

show that low levels of Lamp2A result in a decrease in cell proliferation. Notably, this 

study focused on HER2 negative cell lines T47D and MCF-7 breast cancer lines [589]. The 

study determined that the disease-free survival of HER 2 negative breast cancer patients 

was decreased with high levels of Lamp2A expression, conferring poorer patient prognosis. 

This study also utilised a lentiviral system, but it was not inducible, and to date, this study 

is the only one to have developed a tetracycline-inducible Lamp2A knockdown.  

This chapter's results highlighted the importance of CMA in breast cancer; 

interestingly, many cell lines showed little change in known CMA substrates at a protein 

and lysosomal level with Lamp2A knockdown. Revealing an important avenue of enquiry, 

although, in research by Saha, it was shown that Lamp2A aids survival in breast cancer 

cells by reducing the oxidated protein from the cellular environment reducing cell death 

and, as a consequence, promoting survival [587]. This study also showed expected changes 

in bona fide CMA substrates GAPDH and PKM. However, that study included the luminal 

subtype and utilised the  T47D and MCF7 cell lines. In contrast, a study by Peng et al. has 

shown the mesenchymal subtype, specifically the Hs578T and BT549 cell lines, to have 

increased oxidation levels, which results in metabolic reprogramming within the hypoxic 

environment facilitating invasive phenotype [617]. Therefore, it could be hypothesised that 

as the cell lines become more aggressive from the luminal through to the mesenchymal 

subtypes, CMA's or, more specifically, Lamp2A's role is modified from what is expected to 

something aberrant or even dysfunctional, as is the case for macroautophagy. The results in 

the MCF10A somewhat support this hypothesis as immortalised "normal" breast cell line 

that did present the expected changes in CMA substrates GAPDH and HSC70 but notably 

no changes in PKM. Alternatively, these differences may reflect CMA-targeted protein 

turnover rates in the different cellular contexts and highlight alterations in metabolism or 

other regulatory molecules that favour oncogenesis. 

Further, a recent study by Hao et al. performed proteomics and bioinformatics 

experimentation of breast cancer cell line SUM159, and they found that translation 

initiating factors were a large portion of the content within the CMA-activated lysosome 

[301]. In particular, eukaryotic translation initiation factor 4A1 (EIF4A1), eukaryotic 

translation initiation factor 4H (EIF4H) and DEAD-box helicase 3 X-linked (DDX3X). 

Identifying translation regulators as CMA targets adds another layer of complexity to 

CMA. It may assist in explaining some of the observed functional changes as EIF4A1 and 
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EIF4H are associated with initiating transcription of proteins that favour oncogenic 

attributes such as proliferation and survival [618, 619]. These findings highlight the need 

for more research into identifying CMA targets and what factors result in these changes if 

these targets change. It could be hypothesised that CMA targets change in response to the 

cellular environment. Is there an upregulation of CMA substrates not found in the non-

oncogenic environment, or are there variations to post-translational modifications and, as a 

result, exposes putative KFERQ like motifs? It may be one or more and likely a 

combination of all these factors, but probably what is more pressing about CMA is its 

importance. It is clear from the results in this study that the knockdown of CMA key 

effector Lamp2A has a significant impact on cell viability, migration, invasion and colony 

formation in all the breast cancer cell lines tested with the highest sensitivity to its 

reduction were observed in the MDA-MB-231. 

Nevertheless, these observations or impacts of Lamp2A knockdown did not hold true 

for the standard counterpart MCF10A breast cell line. This data suggests that in the 

standard mammary cell, the requirement for Lamp2A or CMA is not essential, so, 

therefore, what happens to make the cell turn a non-essential pathway into one of 

dependence. Other degradation pathways could pick up the redundancy of Lamp2A 

knockdown, although, from the previous chapter, macroautophagy is defunct in many 

mesenchymal cell lines, particularly under stress; these other pathways may not 

compensate for this loss. These suggestions are plausible but do not help explain the 

dependence on CMA for many aspects of their biological function in the oncogenic 

phenotype. It proposes that CMA or at least Lamp2A has a regulatory role in migration, 

invasion, proliferation and colony formation, but the question yet to be answered is why 

and how. 

 

5.4.6 Lamp2A roles beyond that of crucial effector molecule for CMA 

 

Some suggest that Lamp2A has other roles than just a key effector for CMA. For 

example, Damaghi et al. showed that Lamp2 was redistributed to the cell membrane in 

acidic environments to protect the cell. In addition, this study demonstrated in-vitro and in 

vivo and patient samples that Lamp2 was increased with cancer stage and aggressiveness, 

which also aligns with increased acidity [620]. However, the study was limited because it 
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examined total Lamp2, so it cannot be determined which variant is responsible for this role. 

These findings were also recapitulated recently by Raschner et al. in the prostate cancer 

context, where Lamp2 was significantly increased in response to the acidic environment 

[621]. Further on from this, a recent paper by Savic et al. used Lamp2 as a histological 

marker for acidosis based on Damaghi's original findings and cross-referenced to the pH 

mapping [620, 622]. It was shown in this context that Lamp2 was induced in response to 

pH, specifically acidosis and more prominent in the chronic acidosis setting. 

Nevertheless, this study found the BT549 cell line to have high levels of Lamp2B and 

Lamp2A, with B being higher than A and these cells are commonly found to create an 

acidic environment, thought to be a consequence of increased protein oxidation and 

metabolic reprogramming within the cell. Alternatively, Sameni et al. observed that the 

BT549 breast cancer cells utilised intracellular proteolysis of the ECM component through 

the lysosome, so maybe the significant increase in Lamp2B is directly correlated with more 

lysosomes [623]. However, it highlights an area worth further investigation in the future as 

this may help target bone metastasis as they require an acidic environment to seed. 

 It should be noted that many cancers show poor prognosis with high expression of 

Lamp2, but to date, all the Kaplan Meier plotters only allow for analysis of total Lamp2, 

and there is much to be learned if the variants were examined independently. 
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5.5 CONCLUSION 

 

In conclusion, this study has demonstrated the importance of CMA or, more 

specifically, Lamp2A in breast cancer cell lines. It has been shown to have a significant 

role in cell viability and is fundamental in the metastatic potential of breast cancer cell 

lines. Its upregulation was associated with the more aggressive subtypes TNA and TNB, 

further increasing with EMT proposing a role specifically in the mesenchymal phenotype. 

The Lamp 2 isoforms A and B showed differential expression in breast cell lines, 

highlighting their independent roles. These findings have further justified the rationale to 

pursue an inhibitor of Lamp2A in the context of cancer, particularly metastasis. 
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Chapter 6: FINAL DISCUSSION 

6.1 INTRODUCTION 

 

The process of autophagy plays an integral role in preventing carcinogenesis by 

maintaining homeostasis and facilitating the degradation of protein aggregates and 

defunct organelles into recyclable molecules [624, 625].  However, in contradiction to 

this, autophagy also maintains and aids the development of the carcinogenic phenotype 

after transformation [393, 626, 627]. Therefore, to target autophagy therapeutically in the 

context of cancer, there needs to be a greater understanding of the molecular mechanisms 

underpinning its activity in the context of cancer. This study has shown a co-dependent 

relationship between RAS and autophagy, conserved between mutant RAS and 

hyperactivated RAS, with the latter more common in breast cancer. Furthermore, the 

flexibility of autophagy to function via numerous pathways demonstrated the complexity 

of its targetability. In addition, these findings identified CMA as an area of interest, and 

the study focused on the less researched area of CMA. Initially, there was limited research 

to guide this part of the thesis, and therefore, this study had to determine the functional 

role of CMA in different breast cancer cellular contexts. It was demonstrated that CMA 

has a significant role in the metastatic phenotype, and these findings point toward further 

potential research avenues within this area.  
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6.2 SUMMARY OF FINDINGS OF THIS STUDY 

 

6.2.1 RAS is reliant on macroautophagy in breast cancer cell lines. 

 

The relationship between RAS and autophagy has been somewhat demonstrated in 

the context of KRAS mutations, particularly in pancreatic cancer [65, 400, 402-404, 628, 

629]. This study showed a relationship between RAS and autophagy in line with these 

findings. Based on the current knowledge of available literature, this study was the first to 

examine it in the context of breast cancer. The results from chapter three have 

demonstrated a significant upregulation in autophagy markers and function at a basal level 

where mutant RAS is present. Furthermore, Eckert et al. [72]  have shown that RAS 

hyperactivation is commonly present in breast cancer compared to mutation. Therefore in 

this study, RAS hyperactivation was examined to determine if the autophagic activity was 

similar to that observed in the RAS mutant cell lines. This RAS hyperactivation model 

was the MDA-MB-468 breast cancer cell line that overexpresses EGFR, so they are 

sensitive to EGF, and its addition induces the epithelial to mesenchymal transition 

through activation of the RAS pathways, and this response is dose-dependent. This RAS 

activation model displayed a similar co-dependence between autophagy and RAS, as did 

the RAS mutant cell lines. Thus, these findings suggested that it was upregulated in both 

RAS mutation and hyperactivation, at least in the context of autophagic activity. These 

increases in autophagic components and regulators were witnessed at an mRNA and 

protein level in the MCF10A HRASV12 model. In addition, bioinformatic analysis of 

breast cancer survival with gene combinations further supported these findings in that 

patient prognosis significantly increased with the combination of RAS and LC3B 

specifically (APPENDIX IV). 

Interestingly, RAS in isolation showed no significance for patient prognosis; 

however, LC3B was an independent prognostic marker for poorer patient outcomes, 

which increased further with the addition of RAS, thus suggesting a deleterious 

combinatorial relationship. This relationship highlights a potential biomarker for adjuvant 

treatment with an autophagic inhibitor or activator. 
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6.2.2 Inhibition of macroautophagy in RAS active breast cancer cell lines 

 

Autophagy inhibition has been demonstrated to be a potential target for cancer 

treatment. Several studies have shown that current first-line treatment combined with an 

autophagic inhibitor is promising in the neoadjuvant and adjuvant regimen, particularly in 

pancreatic cancer [65, 630-635]. In addition, there are other contexts where the inhibition 

of autophagy would be beneficial, such as the observed presence of autophagic activity in 

response to chemotherapeutic treatment; this presence of autophagy is suggested to 

facilitate chemoresistance [636-640]. Although similar to these current findings, some 

studies have identified discrepancies between results of autophagic inhibition being 

efficacious in cancer treatment or, conversely, autophagic inhibition aiding cancer growth. 

These differences appear context-dependent on cell type and experimental conditions 

[631, 641, 642]. 

Nevertheless, the current study has clearly shown the significant efficacy of PI3K 

inhibitors in specific cellular settings reflected by the degree of effectiveness between the 

cell lines. The most consistent treatment was observed with 3-Ma, which was also 

demonstrated recently by Chicote et al., where 3-Ma was shown to cause cytotoxicity in 

numerous cell lines, and observed cytotoxicity was found to be related to DNA damage. 

Furthermore, Chicote et al. examined Bafilomycin A1, which was found to induce high 

levels of cytotoxicity compared to 3-Ma and SAR-405, showing results similar to the 

findings of this study. However, the former utilised genetically modified MEFs and HeLa 

cell lines and was not as comprehensive as this study, which has included up to 11 cell 

lines, of which all are mammary cells to be compared and contrasted [557].  

The results from multiple PI3K inhibitors utilised for this thesis suggest that the 

treatment's inhibitory effects could be circumvented, proposing that numerous other 

pathways could activate the autophagic process, independent of PI3KC3, at least in the 

initial stage. The findings from earlier chapters also showed that autophagy did not utilise 

the canonical pathway preferentially. Therefore, some of the efficacy conferred by 3-Ma 

may be reflective of its PI3K class I activity. To attempt to resolve this latter stage of the 

process was targeted through lysosomal inhibition as this step can not be circumvented. 

The results showed high sensitivity to lysosomal inhibition with the lysosomal inhibitor 

Bafilomycin A1. They suggested that the latter stage of the autophagic process, or the 

lysosome, was a more sensitive and direct target than the earlier stages of autophagy. As 
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was observed in this study, Wu et al. showed Bafilomycin A1 as efficacious in colon 

cancer [643]. These findings were supported further by Morgan et al., who demonstrated 

that bladder cancer's metastatic capability was attenuated by lysosomal inhibition [577]. 

The results from this study have supported previous findings observed in other cancer 

types and added to knowledge regarding breast cancer, highlighting the complexity of 

autophagic inhibition and emphasising the need for improved autophagic inhibitors. 
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Table 6-1 Summary of findings for chapter 3 and chapter 4 

 



  

Chapter 6: FINAL DISCUSSION 260 

6.2.3 Chaperone-mediated autophagy in breast cancer cell progression 

 

In this study, the lysosome was observed to be a location of sensitivity for breast 

cancer. The lysosome is related to macroautophagy and a targeted form of autophagy 

called chaperone-mediated autophagy (CMA). Therefore, the role of CMA was examined 

in breast cancer and was observed to be of functional importance, particularly within the 

metastatic phenotype. Others have supported these findings, and growing evidence 

suggests that CMA has a pivotal role in the aggressive phenotype in many tumour types, 

including breast, lung, gastric and colon [307, 586, 599, 644]. Furthermore, the study 

found that CMA dependence was conserved to the more aggressive basal subtypes with 

increased functional importance, particularly in the mesenchymal cell lines Bt549, 

Hs578T and MDA-MB-231 breast cancer cell lines. These results have supported study 

findings by Han et al. and Kon et al., where the knockdown of Lamp2A reduced cell 

survival, migration, invasion, and colonisation as a prevention and intervention model 

[307, 599]. Thus, this study has added fundamental research in breast cancer that 

advances the field. This study has shown, like others, that CMA has a vital role in cancer, 

yet there is still much to be elucidated. Such as the mechanisms underpinning its activity 

in cancer. Identifying the cancer-related CMA substrates raises questions: Are these 

different from those in the normal cell and, if so, why? Does the critical effector protein 

Lamp2A have other roles in the context of cancer? As the questions are answered, CMA 

may expose itself as a future treatment target, particularly metastatic disease.  
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Table 6-2 Summary of findings chapter 5 
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6.3 TARGETABILITY OF AUTOPHAGY IN BREAST CANCER 

TREATMENT 

 

This study has shown that macro or chaperone-mediated autophagy is upregulated 

in breast cancer. Furthermore, the role of autophagy as a whole was vital to cell survival, 

particularly in the more aggressive phenotype. Significantly, this observed dependence in 

the aggressive cancer phenotype, at least in the context of macroautophagy, was found to 

correlate with RAS mutation and activation. Although this was not as evident in CMA, it 

cannot be ruled out, and further studies would be required to determine if this as the 

presence of the KFERQ motif on RAS isoforms suggests that CMA may be a regulator of 

its degradation but is yet to be confirmed experimentally (APPENDIX VII).  

These findings demonstrated that macroautophagy at a basal level was elevated to 

maximal capacity in the RAS mutant cell lines Hs578T and MDA-MB-231 breast cancer 

cell lines. Furthermore, it was determined that the "normal" inducers of autophagy, such 

as starvation, resulted in dysfunction, suggesting that given autophagy is a rate-limiting 

process, the maximum autophagic processing capacity is reached in this cellular context 

and as such cannot respond to further induction ques. Although beyond the scope of this 

study, it is postulated that the use of an autophagic activator may be just as advantageous 

as an inhibitor. It is reasonable that if the autophagic process is at capacity, then adding a 

chemical inducer such as rapamycin may cause dysfunction to the point of cell death. 

Luan et al. has shown rapamycin as a potential treatment for renal cancer and focused 

explicitly on mTOR inhibition. However, that study did not examine autophagic activity, 

which would be of interest [645]. Evidence suggests that rapamycin is a potential 

therapeutic agent against cancer alone or in combination in different cellular contexts 

[646, 647]. 

 Curiously, autophagy is often identified as a resistance mechanism in cancer cells 

in response to certain chemotherapeutics. So, it is feasible that autophagic activation in 

chemoresistance may be valuable and an additional adjuvant where resistance is observed. 

Furthermore, Gremke et al. has recently shown that mTOR inhibition resistance with 

autophagic blockade exposes metabolic pathways for target, and chemosensitivity is 

regained [648]. These recent findings strengthen this hypothesis of autophagic inhibition 

as a treatment for chemoresistance.  
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In continuation, autophagy has significant potential as a neoadjuvant or even 

adjuvant depending on the context it is being used in cancer treatment, such as if it was 

used clinically to prevent primary tumour growth or whether it was for metastatic disease 

or even chemoresistance. However, as observed in this study and others, there are still 

limited autophagic inhibitors available. Currently, many of the inhibitors either lack 

specificity or have reduced solubility. Regarding PI3K inhibitors used in this study, there 

was evident variation between cell types and drug efficacy which, as discussed 

previously, may reflect the differing degrees of specificity between the drugs, study 

design or initiation circumvention and may even be a combination of all of these factors. 

Concerning the latter by-passing, the initiation complex for activation may represent a 

genuine obstacle. It is speculated that the process may be activated by alternate means and 

is still an area requiring further research. So, in acknowledgement of these findings, it is 

advised that alternate targets of the autophagy process may be more viable. Based on the 

results of this study, it is proposed that developing a small molecule to target LC3B 

specifically could have tremendous potential. This study and the patient data from many 

different patient database platforms have shown consistently that the LC3B isoform 

confers a poor prognosis. However, the LC3A and LC3C isoforms are correlated with 

better patient outcomes. Therefore, a drug developed against LC3B could be a promising 

solution to the common conundrum in drug development, weighing the adverse effects 

against cancer cell cytotoxicity. Theoretically, an inhibitor specifically targeted to LC3B 

would not completely inhibit autophagy, and the "pathologic" autophagy would be 

replaced with the "good" autophagy. However, there is no explanation for why the 

isoforms confer different patient outcomes. In this study, the LC3B isoform was 

preferentially expressed compared to the others. 

Irrespective, LC3 would potentially be a better target than other molecules within 

the initiation complex as it is a fundamental molecule in the autophagic process. Although 

it has been suggested that autophagosome formation still occurs in the LC3β-/- mice 

through compensatory mechanisms, such as GABARAP, there was no increase noted, nor 

was LC3A upregulated in response to the loss of LC3β [649]. Another option relating to 

LC3 inhibition was recently described by Putryski et al. where preliminary data of LC3, 

Gabarap and P62 inhibitors peptides were developed and were found to be effective in 

sensitising AML to Cytarabine. Ultimately it was suggested that inhibition of all three in 

combination was a more effective treatment strategy [650]. Similar efficacy was observed 
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in a study by Gray et al. where peptides against LC3 were utilised in ovarian cancer 

combined with carboplatin, which resulted in tumour regression in vivo [651]. There is 

also some recent evidence by Gomes-da-Silva et al. that LC3 has a role in protecting the 

Golgi during damage which would add to its targetability [652]. Through the blockage of 

autophagy, mitochondrial quality control is lost due to deficiencies in mitophagy. Though 

it has been suggested that the mitochondria can facilitate their degradation via self-

generated vesicles to remove defunct mitochondria to the lysosome in the absence of 

ATG7 or FIP200 precisely, but has not been shown in direct LC3 inhibition [653].   

The high sensitivity to autophagic inhibition was observed with lysosomal 

inhibition with Bafilomycin A1 in all cancer cell lines compared to the normal breast cell 

counterpart was an area of particular interest in this thesis.  Lysosomal fusion to the 

autophagosome is a critical step in the autophagic process and, as a consequence, is a 

robust target for autophagic inhibition [351, 654, 655]. These results were in line with 

findings by Yan et al., although his study was in hepatocellular carcinoma (HCC), he 

found increased sensitivity to treatment, but the sensitivity to Bafilomycin A1 was much 

higher in this study with IC50 within the lower nanomolar [356]. In addition, there have 

been several studies showing various pathway activations in response to Bafilomycin A1 

[355, 577, 656, 657]. For example, studies by Graham et al. showed BCL2 Interacting 

Protein 3 (BNIP3) to be the means of cell death in breast cancer and, further, was reported 

to prevent cell survival mechanisms in the hypoxic environment [658]. 

In contrast, in HCC, Bafilomycin A1 induced cell death was observed to be related 

to PUMA, although both mechanisms are related to Bcl-2 [356]. Nevertheless, clinically 

Bafilomycin A1 has not yet been considered a treatment option because it has shown high 

toxicity and is limited as a viable treatment [659, 660]. More recently, Yuan et al. 

demonstrated in the paediatric xenograft model of leukaemia that Bafilomycin A1 at the 

nanomolar range had no off-target toxicity [355]. Similarly to Yuan et al., IC50 of 

Bafilomycin A1 was observed at the nanomolar range in the cancer cell lines, compared 

to mammary epithelial cell line in the molar range. In response to the limitations of 

Bafilomycin A1, the clinical focus has shifted to chloroquine and hydroxychloroquine. 

These two drugs were already approved to treat patients and work by inhibiting the 

lysosome, albeit by different mechanisms. As a net consequence, chloroquine and 

/hydroxychloroquine also inhibit the lysosome, preventing its functional capacity but 

mechanistically entering the lysosome and interfering with lysosomal pH compared to 
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inhibition of the V-ATPase pumps in the case of Bafilomycin A1. There have been 

several clinical trials with hydroxychloroquine as a neoadjuvant in numerous cancers, 

particularly in pancreatic cancer [641, 661-663]. 

A recent systematic review and meta-analysis by Xu et al. have shown that the 

inclusion of autophagic inhibitor chloroquine/hydroxychloroquine results in a better 

patient response than chemotherapy on its own [363]. However, there have been concerns 

regarding the off-target effects of these drugs; for example, recently, Fedele and Proud 

showed that both Bafilomycin and chloroquine over an extended period have an inhibitory 

effect mTORC1 signalling and, as a result, mimic lysosomal storage disorders [664]. 

Furthermore, Bafilomycin A1 and Chloroquine have been shown to replicate cellular 

features of neurodegenerative diseases [665] such as Parkinson's, suggesting that 

lysosomal dysfunction contributes to disease development [666]. 

It led the study to consider other autophagic pathways as they are all connected by 

the lysosome. On further review, it was indicated that autophagy and CMA are engaged in 

crosstalk [262]. Therefore, the scope of the study to broaden to include it to also focus on 

CMA, and there was some evidence to suggest it was upregulated in the context of cancer. 

In line with other studies, the results from this study have shown that the critical CMA 

effector molecule, Lamp2A, was observed to have a significant role in cancer survival and 

metastatic capacity [307, 310, 599, 667]. Based on these findings and others, developing 

an inhibitor of CMA or Lamp2A hold promise [592]. Because the targeting of CMA 

would not affect all lysosomes as not all lysosomes are CMA active, meaning some 

lysosomes do not have Lamp2A; thus, an inhibitor of Lamp2A would not inhibit all 

lysosomal function. Thus, this may limit the significant adverse effects with complete 

lysosomal inhibition, as noted earlier with its long-term use, particularly in neurons and 

cardiocytes. Therefore, all research relating to pharmacological agents for CMA has been 

on activators due to its identified loss of activity and role in neuronal degeneration. As 

mentioned for macroautophagy, accelerating to dysfunction may also be feasible in CMA, 

as it is a rate-limited process. Thus, a CMA activator may cause dysfunction and lethality, 

but similarly to macroautophagy, this proposition may only be helpful in the most 

aggressive cell lines where basal activity is already elevated. Recently, Endicott et al. has 

shown that CMA is activated in the lysosomes of rat livers in response to PI3K class I 

inhibitors pictilisib or buparlisib [319]. In addition, earlier findings presented by Finn et 

al. show the HSP90 inhibitor geldanamycin and the inhibitor of G6PDH (6-AN) activated 
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CMA activity, whereas its activity was inhibited by anisomycin and cycloheximide [668].  

Further recent evidence suggests that CMA has a regulatory role in ferroptosis through 

HSP90 dependant mechanisms [669]. Furthermore, recent evidence suggest CMA’s role 

may expand to  include the targeted uptake of proteins into the exosome and was observed 

in the delivery of  HIF-1α to normoxic cells under hypoxic conditions[670]. Notably, this 

is the first study to observe these findings, but it warrants further investigation and may 

elucidate much of the lamp2A increases observed in the context of cancer. However, there 

is still much to be understood about CMA in cancer and identifying targeted substrates 

will further the understanding of its importance, whether it be within the lysosome or 

exosome will also be of great interest. 

Currently, the development of robust autophagic inhibitors is impeded due to 

fundamental deficiencies in the literature of the environmental and context differences in 

autophagic activity between cancers. These factors will be resolved as our understanding 

of the molecular mechanisms underpinning them in the context of cancer deepens. So will 

the ability to develop effective drugs and targets with limited adverse effects to the 

potential all the research has identified to date. 
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6.4 FUTURE DIRECTIONS 

 

This thesis has broadened the knowledge and understanding of macroautophagy and 

chaperone-mediated autophagy concerning breast cancer progression. However, there 

remain many questions that need to be answered with the following future studies; 

-The result from macroautophagy has highlighted a relationship between 

RAS and autophagy—study to knockdown LC3B and the consequence to the RAS 

models and sensitivity to treatments.  

 -The result from macroautophagy has exposed a dichotomous role of the 

LC3 isoforms—study to knockdown and overexpress the LC3 isoforms 

individually to elucidate these differences.  

-The results from the 3Ma-IV and Bafilomycin A1 demonstrated significant 

results— further in vivo experimentation to determine efficacy and toxicity is 

warranted. 

-It was a common theme amongst all pharmacological inhibitors that they 

have adverse off-target effects and or lack specificity—studies to continue or 

focus on developing novel inhibitors or small molecules screening to repurpose 

existing agents for future autophagic inhibitors.  

-These studies have shown robust results in the importance of Lamp2A in 

breast cancer metastatic capabilities— a study with a mouse model of metastasis 

with the genetically modified cell from this thesis would support the in vitro 

findings in a complex system. 

-The CMA process from the data has a pivotal role in the degradation of 

vital proteins—studies to examine if the lysosomal content changes in the non-

oncogenic compared to the oncogenic cell would add valuable information. 
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6.5 CONCLUSION 

 

In conclusion, this study has added to and supported the current literature on the 

importance of autophagy in cancer. It has added novel findings to the body of knowledge 

regarding breast cancer and metastatic disease. Most importantly, it has, as have many 

others, strengthened the support and need for further research into molecular mechanisms 

underpinning autophagic activity and the reasons why the autophagic process becomes 

pathologic in the context of cancer. 

 

 

Figure 6-1 Autophagy in metastatic breast cancer. 
Graphical representation of where autophagy (blue arrow) and CMA(green arrow) 

were found to be upregulated and suppressed, with proposed activities denoted by 
dashed lines and respective colours 

                                                                                                                Created with BioRender.com 
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APPENDIX I  

  

 

 

Representative TRIPZ Inducible shRNA clones with Lamp2A constructs were 

grown for 18 hours at 37 °C, and the plasmid was isolated. Clones were then digested 

with XHOI and MLUI run on an agarose gel. The expected band sizes are 14000bp 1200 

bp. No recombinant products are visible. 
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APPENDIX II  

 

Micrograph images of MCF10A and MCF10A HRASV12 at high (scale bar = 100µm) and low magnification 

(scale bar = 200µm) 
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Images of acini formation (scale bar = 100µm)  by MCF10A (A) and MCF10A HRASV12 include a close-up 

of one representative acinus from the image as indicated by the black box.   

 

 

 

 

 

 

 

 

 

 

 

 

Representative images of acini formation at X100 magnification of MCF10A (A) andMCF10A HRASV12  

stained with Hoechst 3342 (living cells) 
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Representative western blot of the epithelial marker E-cadherin in T47D cell compared to 

mesenchymal markers N-cadherin and vimentin in Hs578T and MDA-MB-231 breast 

cancer cell lines.  
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APPENDIX III  

 

 

 

 

Morphological images of Hs578T (A) and MDA-MB-231 (B) breast cancer cell 

lines after 24 hours of the indicated treatments (scale bar 50µM) 
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APPENDIX IV  

 

 

 

The Kaplan-Meier Plotter data for the prognosis probability of breast cancer 

patients' overall survival(OS) was examined. With the presence of gene ratios of the 

LC3 orthologues Gabarap(A), GabarapL1(B) and GabarapL2(C) as a ratio to LC3B. 

 

 

 

The Kaplan-Meier Plotter data for breast cancer patients with gene ratios of 

HRAS to LC3B; OS (A), RFS (B) and DMFS (C). The gene ratio of KRAS to LC3B; 

OS (D), RFS (E) and DMFS (F). 
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APPENDIX V  

 

MDA-MB-231 breast cancer cell line stained with Lamp2A (FITC), Nucleus 

(DAPI) and Phalloidin (TRITC) at 400X magnification 
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Representative micrograph images of MDA-MB-468 transduced with Lamp2AshRNA or non-

targeting shRNA with or without doxycycline. The cells were grown in 3D culture with 

Matrigel as the basement membrane, and images were captured at low magnification (X10) 

with phase contrast and TRITC to capture RFP fluorescence in response to doxycycline 

exposure. Scale bar for phase contrast microscopy (PCM) is 100µm and for images with a 

TRITC filter is  100µm.  

 

 

 

 

 

 

 

 

 

 

 

 



  

 324 

 

 

 

  Micrograph images of the MDA-MB-468 breast cancer cells  from figures 5-18 and 5-23 put together so the 

effects of EGF can be directly compared. (scale bar without EGF= 200 µm with EGF =100µm) 
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Cell viability graphs of MDA-MB-468 breast cancer cell lines from figures 5.20 (A) and 5.22 (B) have 

been combined such that a direct comparison can be made of the effect of EGF. 
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entry status protein_names gene_names length motif motif_start motif_type ubi.inactivated
P01111 reviewed GTPase NRas NRAS HRAS 189 KRVKD 101 acetyl. act. TRUE
P01111 reviewed GTPase NRas NRAS HRAS 189 REIRQ 161 canonical FALSE

APPENDIX VI  

UniProt ID: P01112 protein names: GTPase HRAS (H-RAS-1)  

MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDI

LDTAGQEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHQYREQIKRVKDSDDV

PMVLVGNKCDLAARTVESRQAQDLARSYGIPYIETSAKTRQGVEDAFYTLVREIR

QHKLRKLNPPDESGPGCMSCKCVLS 

 

 

 

UniProt ID: P01116 protein names: GTPase KRAS (K-RAS 2)  

MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDI

LDTAGQEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHHYREQIKRVKDSEDV

PMVLVGNKCDLPSRTVDTKQAQDLARSYGIPFIETSAKTRQRVEDAFYTLVREIR

QYRLKKISKEEKTPGCVKIKKCIIM 

 

 

 

             UniProtID: P01111 protein names: GTPaseNRAS 

 

MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDI

LDTAGQEEYSAMRDQYMRTGEGFLCVFAINNSKSFADINLYREQIKRVKDSDDV

PMVLVGNKCDLPTRTVDTKQAHELAKSYGIPFIETSAKTRQGVEDAFYTLVREIR

QYRMKKLNSSDDGTQGCMGLPCVVM 

entry status protein_names gene_names length motif motif_start motif_type ubi.inactivated
P01112 reviewed GTPase HRas HRAS HRAS1 189 KRVKD 101 acetyl. act. TRUE
P01112 reviewed GTPase HRas HRAS HRAS1 189 REIRQ 161 canonical FALSE

entry status protein_names gene_names length motif motif_start motif_type ubi.inactivated
P01116 reviewed GTPase KRas (K-Ras 2) (Ki-Ras) (c-K-ras)       KRAS KRAS2 RASK2 189 KRVKD 101 acetyl. act. TRUE
P01116 reviewed GTPase KRas (K-Ras 2) (Ki-Ras) (c-K-ras)       KRAS KRAS2 RASK2 189 REIRQ 161 canonical FALSE
P01116 reviewed GTPase KRas (K-Ras 2) (Ki-Ras) (c-K-ras)       KRAS KRAS2 RASK2 189 QYRLK 165 phos. act. TRUE
P01116 reviewed GTPase KRas (K-Ras 2) (Ki-Ras) (c-K-ras)       KRAS KRAS2 RASK2 189 YRLKK 166 acetyl. and phos  TRUE
P01116 reviewed GTPase KRas (K-Ras 2) (Ki-Ras) (c-K-ras)       KRAS KRAS2 RASK2 189 KKISK 169 acetyl. and phos  TRUE
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APPENDIX VII  

UniProt ID: P00533 protein names: Epidermal growth factor receptor (EC 

2.7.10.1) (Proto-oncogene c-ErbB-1) (Receptor tyrosine-protein kinase erbB-1) 
MRPSGTAGAALLALLAALCPASRALEEKKVCQGTSNKLTQLGTFEDHFLSLQRMFNNCEVVLGNL

EITYVQRNYDLSFLKTIQEVAGYVLIALNTVERIPLENLQIIRGNMYYENSYALAVLSNYDANKTGL

KELPMRNLQEILHGAVRFSNNPALCNVESIQWRDIVSSDFLSNMSMDFQNHLGSCQKCDPSCPNGS

CWGAGEENCQKLTKIICAQQCSGRCRGKSPSDCCHNQCAAGCTGPRESDCLVCRKFRDEATCKDT

CPPLMLYNPTTYQMDVNPEGKYSFGATCVKKCPRNYVVTDHGSCVRACGADSYEMEEDGVRKC

KKCEGPCRKVCNGIGIGEFKDSLSINATNIKHFKNCTSISGDLHILPVAFRGDSFTHTPPLDPQELDIL

KTVKEITGFLLIQAWPENRTDLHAFENLEIIRGRTKQHGQFSLAVVSLNITSLGLRSLKEISDGDVIIS

GNKNLCYANTINWKKLFGTSGQKTKIISNRGENSCKATGQVCHALCSPEGCWGPEPRDCVSCRNV

SRGRECVDKCNLLEGEPREFVENSECIQCHPECLPQAMNITCTGRGPDNCIQCAHYIDGPHCVKTCP

AGVMGENNTLVWKYADAGHVCHLCHPNCTYGCTGPGLEGCPTNGPKIPSIATGMVGALLLLLVV

ALGIGLFMRRRHIVRKRTLRRLLQERELVEPLTPSGEAPNQALLRILKETEFKKIKVLGSGAFGTVY

KGLWIPEGEKVKIPVAIKELREATSPKANKEILDEAYVMASVDNPHVCRLLGICLTSTVQLITQLMP

FGCLLDYVREHKDNIGSQYLLNWCVQIAKGMNYLEDRRLVHRDLAARNVLVKTPQHVKITDFGL

AKLLGAEEKEYHAEGGKVPIKWMALESILHRIYTHQSDVWSYGVTVWELMTFGSKPYDGIPASEIS

SILEKGERLPQPPICTIDVYMIMVKCWMIDADSRPKFRELIIEFSKMARDPQRYLVIQGDERMHLPSP

TDSNFYRALMDEEDMDDVVDADEYLIPQQGFFSSPSTSRTPLLSSLSATSNNSTVACIDRNGLQSCPI

KEDSFLQRYSSDPTGALTEDSIDDTFLPVPEYINQSVPKRPAGSVQNPVYHNQPLNPAPSRDPHYQD

PHSTAVGNPEYLNTVQPTCVNSTFDSPAHWAQKGSHQISLDNPDYQQDFFPKEAKPNGIFKGSTAE

NAEYLRVAPQSSEFIGA 

 

 

 

entry status protein_names gene_names length motif motif_starmotif_type ubi.inactiv
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 LKTIQ 79 phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 VRFSN 148 asparagine and phos. act. FALSE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 QKLTK 208 phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 KLTKI 209 acetyl. and phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 LKTVK 395 acetyl. and phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 LRSLK 450 acetyl. and phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 QKTKI 486 phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 KTKII 487 acetyl. and phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 KIISN 489 asparagine and phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 KRTLR 676 acetyl. and phos. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 NKEIL 756 asparagine TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 KFREL 960 acetyl. act. TRUE
P00533 reviewed Epidermal growth factor receptor (        EGFR ERBB  1210 QRYLV 976 phos. act. FALSE


	Declaration
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Acknowledgements
	Chapter 1: Literature Review
	1.1 Breast Cancer – The current landscape
	1.2 Breast Cancer Biology - an overview
	1.2.1 Carcinogenesis
	1.2.2 Intrinsic breast cancer subtypes

	1.3 Breast cancer and RAS - unlikely allies
	1.4 Breast cancer metastasis - how this moves the story
	1.5 Autophagy - what we know to date
	1.6 Microautophagy- the smallest of them all
	1.7 Macroautophagy-the indiscriminaTE member
	1.7.1 Canonical Pathway
	1.7.2 Non-Canonical Pathways

	1.8 Autophagy - friend, foe or both?
	1.9 Autophagy and breast cancer - current findings and contradictions
	1.10 Autophagy and Metastasis-Is There a connection
	1.10.1 Epithelial to Mesenchymal transition and Autophagy

	1.11 RAS and Autophagy - Is there a relationship?
	1.12 Chaperone-Mediated Autophagy - what is known
	1.13 Chaperone-Mediated Autophagy - where does it fit in the cancer story?
	1.14 Autophagic Regulation - the current state
	1.15 Autophagic Activators
	1.15.1 Rapamycin

	1.16  Autophagic Inhibitors
	1.16.1 PI3KC3 Inhibitors
	1.16.2 3-Methyladenine (3Ma)
	1.16.3 SAR-405
	1.16.4 VPS34-INI
	1.16.5 Lysosomal Inhibitors
	1.16.6 Bafilomycin A1
	1.16.7 Chloroquine

	1.17 Conclusion
	1.18 Project Rationale & Objectives
	1.18.1 Rationale
	1.18.2 Objectives


	Chapter 2: Material and Methods
	2.1 MOLECULAR CLONING
	2.1.1  Bacterial cell cultures
	2.1.2 Bacteria transformation
	2.1.2.1 Preparation of competent E.Coli
	2.1.2.2 Plasmid transformation
	2.1.2.3 Bacterial glycerol stock
	2.1.2.4 Plasmid Extraction
	2.1.2.5 Restriction enzyme digestion
	2.1.2.6 Ligation reaction
	2.1.2.7 Agarose gel electrophoresis
	2.1.2.8 DNA sequencing
	2.1.2.9 Generation of retroviral vectors targeting Lamp2A
	2.1.2.1 Generation of stable cell lines expressing inducible Lamp 2A knockdown
	2.1.2.1 Generation of cells stably expressing HRASV12


	2.2 CELL CULTURE AND CELL LINES.
	2.2.1.1 Cryopreservation of cell lines
	1.1.1.1
	1.1.1.1
	1.1.1.1
	1.1.1.1
	1.1.1.1
	1.1.1.1
	1.1.1.1
	2.2.1.2 Cell morphology observations
	1.1.1
	1.1.1
	2.2.2 Compounds

	2.3 IN VITRO EXPERIMENTATION
	2.3.1 Three-dimensional acini formation
	2.3.2 Xcelligence RTCA DP System
	2.3.3 Real-Time Cell Analysis of cytotoxicity induced by autophagic inhibition
	2.3.4 Cell viability
	2.3.5 Epithelial to Mesenchymal Transition (EMT)
	2.3.6 Autophagic Flux assay
	2.3.7 Wound healing assay
	2.3.8 Anchorage-dependent clonogenic survival and growth assay
	2.3.9 Microchemotaxis Migration Assay
	2.3.10 Invasion Outgrowth Assay
	2.3.11 Immunofluorescence of adherent cells
	2.3.12  Staining of MCF-10A acini
	2.3.13 Western Blot Analysis and Antibodies
	2.3.14 Lysosome Enrichment
	2.3.15 Microarray analysis
	2.3.16 Statistical analysis.

	2.4 MATERIALS
	2.4.1 Plasmid constructs utilised in this study
	2.4.1.1 Cloning primers
	2.4.1.2 Cloning reagents

	2.4.2 Cell culture reagents and chemotherapeutics
	2.4.3 In vitro Experimentation Reagents
	2.4.4 Commercial Kits
	Antibodies
	2.4.5  General consumables


	Chapter 3: THE IMPACT OF RAS ON MACROAUTOPHAGY IN THE CONTEXT OF BREAST CANCER CELL PLASTICITY.
	3.1 INTRODUCTION
	3.2 Hypothesis and Aims
	3.3 RESULTS
	3.3.1 Increased expression of LC3-II to LC3-I ratio under basal conditions in Triple-Negative Basal B subtypes with RAS Mutation.
	3.3.2 LC3B expression increases in the presence of RAS mutation in the breast cancer cell lines
	3.3.3 The ectopic expression of the HRASV12 mutation in the mammary epithelial cell line MCF10A models leads to oncogenic transformation.
	3.3.4 MCF10A HRASV12 acini upregulate autophagy and autophagy-related genes.
	3.3.5 Autophagic markers LC3 show increased expression and activity in the   HRASV12 transformed MCF10A compared to the non-transformed MCF10A.
	3.3.6 The HRASV12transformation increased P62 expression at basal conditions compared to MCF10A control cells.
	3.3.7  The expression of HRASV12 alters LC3 isoforms and orthologue turnover rate.
	3.3.8 EGF induced morphological changes to indicate the epithelial to mesenchymal transition in breast cancer cell line MDA-MB-468.
	3.3.9 The expression of autophagic markers increased during RAS activation in the EMT breast cancer model.
	3.3.10 The turnover rates of P62 suggest that during the epithelial to mesenchymal transition, its role shifts NRF2 and KEAP1 pathways.
	3.3.11 The expression profile of LC3 isoforms and orthologues does not change but enhances with the addition of EGF.
	3.3.12 Increased expression of LC3-II to LC3-I ratio under basal conditions in TNBC subtypes with RAS Mutation.
	3.3.13 LC3-II levels and turnover are significantly different between breast cancer subtypes
	3.3.14 Autophagic flux becomes dysregulated in the more aggressive phenotypes in response to nutrient stress.
	3.3.15 RAS mutant induced autophagic activity is independent of the autophagy canonical pathway.
	3.3.16 The HRAS mutation in Hs578T results in differential expression of autophagic marker LC3 isoforms and orthologue.
	3.3.17 The MDA-MB-231 displays a preferential expression of LC3 isoforms and orthologues.
	3.3.18 The LC3 isoforms inpatient data set indicate a difference in prognosis dependent on the level of the LC3 isoform and orthologue expressed.

	3.4  DISCUSSION
	3.4.1 Autophagy and associated gene upregulation in a model of transformation
	3.4.2 Increased autophagic activity sensitises RAS-transformed cells
	3.4.3 Increased dependence on autophagy in breast cancer progression
	3.4.4 RAS activation is an oncogenic driver rather than RAS mutation in breast cancer
	3.4.5 RAS activation increases autophagic activity

	3.5 CONCLUSION

	Chapter 4: IDENTIFICATION OF A RELATIONSHIP BETWEEN AUTOPHAGY AND RAS IN BREAST CANCER PROGRESSION
	4.1 INTRODUCTION
	4.2 Hypothesis and Aims
	4.3 RESULTS
	4.3.1  The expression of HRASV12 in MCF10A increased their sensitivity to 3Ma-IV.
	4.3.2 Breast cancer progression through RAS activation sensitises the MDA-MB-468 breast cancer cell line to treatment with VPS34 inhibitor 3Ma-IV.
	4.3.3 Breast cancer cells demonstrate increased sensitivity to treatment with 3Ma-IV compared to other VPS34 inhibitors.
	4.3.4 The expression of HRASV12 improved the efficacy of VPS34 inhibitor SAR-405.
	4.3.5 VPS34 inhibitor SAR-405 increased cell viability in MDA-MB-468, which was lessened by the addition of EGF.
	4.3.6 The VPS34 inhibitor SAR-405 shows a differential response in breast cancer cell lines.
	4.3.7 The expression of HRASV12 increased sensitivity to treatment with the VPS34 inhibitor VPS34-INI.
	4.3.8 The presence of EGF with breast cancer cell line MDA-MB-468 increased insensitivity to treatment with VPS34 inhibitor VPS34-INI.
	4.3.9 Response to VPS34-INI is reduced with increases in dose concentration in all breast cancer cell lines.
	4.3.10 The presence of HRASV12 significantly increased sensitivity to vacuolar H+ ATPase (V-ATPase) inhibition with Bafilomycin A1 treatment.
	4.3.11 The presence of EGF with breast cancer cell line MDA-MB-468 did not change the sensitivity to treatment with vacuolar H+ ATPase (V-ATPase) inhibitor Bafilomycin A1.
	4.3.12 Lysosomal inhibition demonstrated efficacy in all breast cancer cell lines but significantly increased in the triple-negative subtype.

	4.4 DISCUSSION
	4.4.1 The VPS34 inhibitor's treatment efficacy was more influential in the transformed cells than normal counterparts.
	4.4.2 VPS34 inhibition is an efficacious treatment to target the aggressive breast cancer phenotype.
	4.4.3 VPS34 inhibitors as a potential dual-target for RAS and autophagy in breast cancer.
	4.4.4 The lysosomal inhibitor showed improved efficacy in all subtypes compared to the control.
	4.4.5 Bafilomycin A1 highlights the potential of lysosome inhibition for breast cancer treatment.

	4.5 CONCLUSION

	Chapter 5: THE ROLE OF CHAPERONE-MEDIATED AUTOPHAGY IN THE DEVELOPMENT AND PROGRESSION OF BREAST CANCER
	5.1 INTRODUCTION
	1.1
	1.1
	1.1
	1.1
	1.1
	5.2  HYPOTHESIS AND AIMS
	5.3  RESULTS
	5.3.1 Lamp2A expression is increased in more aggressive breast cancer phenotypes.
	5.3.2 Lamp2A expression does not correlate with the presence of a RAS mutation.
	5.3.3 The loss of Lamp2A in breast cell line MCF10A confers no significant biological effect.
	5.3.3.1 Lamp2A knockdown validation
	5.3.3.1 Lamp2A knockdown in lysosomal enrichment

	5.3.4 Knockdown of Lamp2A showed no functional importance to the MCF10A breast cell line
	5.3.4.1 Cell viability with Lamp2A knockdown
	5.3.4.2 Wound healing with Lamp2A knockdown
	5.3.4.3 Anchorage-dependant clonogenic survival and growth with Lamp2A knockdown
	5.3.4.4 Acini formation with Lamp2A knockdown

	5.3.5 The knockdown of Lamp2A in the basal breast cancer cell line MDA-MB-468 resulted in biological changes.
	5.3.5.1 Lamp2A knockdown validation
	5.3.5.2 Lamp2A knockdown in lysosomal enrichment
	5.3.5.3 Cell viability with Lamp2A knockdown
	5.3.5.4 Invasion outgrowth with Lamp2A knockdown

	5.3.6 The addition of EGF in the MDA-MB-468 with Lamp2A knockdown enhances the biological effects observed.
	5.3.6.1 Cell viability during EMT with Lamp2A knockdown
	5.3.6.2 Anchorage-dependent clonogenic survival and growth in EMT with Lamp2A knockdown

	5.3.7 The knockdown of Lamp2A in the breast cancer cell line Hs578T resulted in biological changes.
	5.3.7.1 Lamp2A knockdown validation
	5.3.7.2 Lamp2A knockdown in lysosomal enrichment
	5.3.7.3 Anchorage-dependent clonogenic survival and growth in Hs578T breast cancer cell line with Lamp2A knockdown

	5.3.8 The knockdown of Lamp2A in the MDA-MB-231 breast cancer cell line has a biological impact.
	5.3.8.1 Lamp2A knockdown validation
	5.3.8.2 Lamp2A knockdown in lysosomal enrichment
	5.3.8.3 Cell viability with Lamp2A knockdown

	5.3.9 Removal of Lamp2A impaired the functional activity of the breast cancer cell line MDA-MB-231.
	5.3.9.1 Wound healing with Lamp2A knockdown
	5.3.9.2 Microchemotaxis migration with Lamp2A knockdown
	5.3.9.3 Anchorage-dependent clonogenic survival and growth in MDA-MB-231 breast cancer cell line with Lamp2A knockdown
	1.1.1.1
	1.1.1.1
	5.3.9.4 Anchorage-dependent clonogenic survival and growth in MDA-MB-231 with Lamp2A knockdown in the presence of EGF
	5.3.9.5 Invasion outgrowth with Lamp2A knockdown


	5.4 DISCUSSION
	5.4.1 The breast cell subtype demonstrates a correlation with CMA but not mutant RAS
	5.4.2 CMA inhibition was shown to have no functional implications in regular mammary epithelial compared to a carcinogenic counterpart.
	5.4.3 CMA dependence increases as cells transition from basal to mesenchymal phenotype.
	5.4.4 EGFR activation sensitives cells to the knockdown of Lamp2A
	5.4.5 CMA reduction was demonstrated to impede the more aggressive phenotype's functionality significantly.
	5.4.6 Lamp2A roles beyond that of crucial effector molecule for CMA

	5.5 CONCLUSION

	Chapter 6: FINAL DISCUSSION
	6.1 Introduction
	6.2 Summary of findings of this study
	6.2.1 RAS is reliant on macroautophagy in breast cancer cell lines.
	6.2.2 Inhibition of macroautophagy in RAS active breast cancer cell lines
	6.2.3 Chaperone-mediated autophagy in breast cancer cell progression

	6.3 Targetability of autophagy in breast cancer treatment
	6.4 Future directions
	6.5 Conclusion

	REFERENCES
	APPENDIX I
	APPENDIX II
	APPENDIX III
	APPENDIX IV
	APPENDIX V
	APPENDIX VI
	APPENDIX VII



