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Abstract 

Autophagy is a lysosome-mediated catabolic process that is induced by cell stress and 

functions primarily in cell survival. Previous gene expression studies indicated that the 

transcription cofactor FHL2 is associated with both cell survival and autophagy in breast 

cancer cells, but the function of FHL2 in these processes was unknown. My hypothesis 

was that FHL2 is a component of the molecular machinery regulating survival and/or 

autophagy in breast cancer cells. To test this, FHL2 expression was examined in breast 

cancer cell lines following treatment with the autophagy-inducing breast cancer drugs, 

tamoxifen or epirubicin. These treatments resulted in no substantial change in levels of 

FHL2 transcripts or FHL2 protein.  To assess FHL2 function, siRNA mediated 

knockdown and FHL2 over-expression approaches were employed in MCF7 breast 

cancer cells. FHL2 knockdown led to a significant decrease in cell viability, indicating 

that FHL2 may promote cell survival. Overexpression of FHL2 did not have a significant 

effect on viable cell numbers but resulted in increased levels of the autophagy protein 

LC3II, suggesting that elevated FHL2 may alter autophagy.    
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INTRODUCTION  

1.1 Breast Cancer 

 

Breast cancer is the third most common type of cancer after prostate and lung cancer but 

the most common cancer amongst women (Wadden and Doyle 2005).  In Canada alone, 28% of 

cancer cases are attributed to breast cancer and 15% of those women affected will die from it (De 

et al. 2010).  Mortality is primarily associated with late detection and recurrence that is often 

treatment resistant.  Relapse after primary treatment is often aggressive and unresponsive to most 

available treatments.   Breast cancer prognosis and treatment options are assessed on a number of 

characteristics depending on the stage of the disease, molecular signature of the tumor, and 

individual patient characteristics, including general health and age.  Generally, breast cancers 

have significant variability in morphology, invasiveness, pathology, histology, ploidy, 

proliferation, and receptor expression.  Biological and genetic differences have been described 

by gene expression profiling (Dunn and Demichele 2009).  These factors make breast cancer 

highly variable in its behavior, response to therapy, and outcome.  Thus, breast cancer is a highly 

heterogeneous disease where there is a need for additional biomarkers to improve prognosis and 

predict therapy response.  Over time, biological and epidemiological evidence identified 

hormone receptors associated with the development of breast cancer as crucial biomarkers 

important for treatment recommendations.  

 Hormone receptor and growth factor receptor status was shown to provide great utility in 

predicting response to hormonal therapy.  The three main receptors that are screened are:  human 

epidermal growth factor receptor 2 (HER2), progesterone receptor (PR) and estrogen receptor 

(ER) (Dunn and Demichele 2009).  Numerous studies have also demonstrated that expression of 

ER, PR and HER2 are important for predicting overall survival, distant relapse, and locoregional 
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relapse in early and advanced breast cancer patients (Li et al. 2011).  They have also been key 

targets for the development of new therapies.  The methods used to screen for these biomarkers 

are usually immunohistochemistry for ER, PR, and HER2 as well as fluorescence in situ 

hybridization for HER2 (Dvorkin-Gheva and Hassell 2011).  Furthermore, these biomarkers 

assist in answering three distinct questions used in distilling patient and tumour features to reach 

treatment decisions: i) what justifies the use of endocrine therapy ii) what justifies the use of 

anti-HER2 therapy and iii) what justifies the use of chemotherapy?  This biomarker 

identification and treatment screening process is mostly used as a basis for trastuzumab (an 

antibody to HER2) and endocrine therapies.   

These three biomarkers can also be used to approximate the molecular category (Table 

1.1) of breast cancer or the intrinsic subtype of the breast cancer, as defined by gene expression 

profiling  (Schnitt 2010).  That is, the characterization of gene expression profiles and receptor 

status of breast cancers compared to normal breast tissue has led to the classification of breast 

carcinomas into five types beyond the traditional hormone receptor positive and hormone 

receptor negative types (Perou et al. 2000; Schnitt 2010).  Variations in gene expression patterns 

were dissected in a large number of human breast tumors and analyzed by cDNA microarrays 

and hierarchical clustering to provide distinctive molecular portraits of each tumor (Perou et al. 

2000).  These tumors could then be classified into subtypes based on differences in these 

patterns.  The clinical value of subtypes was explored by searching for correlations between gene 

expression patterns and clinically relevant parameters (i.e. overall and relapse free survival) 

(Sørlie et al. 2001).  These various subtypes allow patient stratification with respect to treatment 

options and prognosis (Brennan et al. 2005; Dunn and Demichele 2009; Kaklamani 2006).  
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 Currently, five biomarker profiles seem to be the most useful panel for approximating 

the molecular subtype of breast cancers:  luminal A (ER+, PR+, HER2-), luminal B (ER+, PR+, 

HER2+), HER2-positve (ER-, PR- HER2+), basal-like (ER-, PR-, HER2-) and normal-like 

carcinomas (ER+ and HER2 normal) (Carey 2010; Tavassoli 2010) (Table 1).  These subtypes 

differ in their patterns of gene expression, clinical features, response to treatment, and prognosis.  

(Schnitt 2010).  Breast cancer subtyping considers all the hormone receptors in combination and 

is of greater clinical value than viewing each in isolation (Schnitt 2010).  This approach has 

formed the basis of a number of schema (ex. St. Gallen criteria (Goldhirsch et al. 2007; 

Goldhirsch et al. 2009) and the NIH consensus criteria (Eifel et al. 2001)) used to group patients 

in various risk categories.  Although these risk categories have been of great value for assessing 

prognosis and risk in groups of patients, their role in determining prognosis and evaluating risk 

in an individual patient with breast cancer is more limited. This is because patients with similar 

combinations of features may still have very different clinical outcomes.  Therefore, better 

methods are still required to help assess prognosis and determine the most appropriate treatment 

on an individual basis.   
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Table 1.1:  Breast Cancer Molecular Subtypes. 

 Molecular Subtype  

 Luminal  HER2-positive Basal Normal 

 A B    

Biomarker 

profile (to 

approximate 

molecular 

subtype) 

ER+, PR+, 

HER2- 

ER+, 

PR+, 

HER2+ 

ER-, PR-, HER2+ ER-, PR-, HER2- ER+ and 

HER2+ 

normal 

 

Gene 

Expression 

Pattern 

High expression of 

hormone receptors and 

associated genes. 

High expression of 

HER2 and other genes  

 

Low expression of ER. 

High expression of basal 

epithelial genes, basal 

cytokeratins.   

 

Low expression of ER.  

Low expression of 

HER2.  

Biological 

relevance and 

molecular 

features 

remain 

enigmatic.  

However, the 

original gene 

expression 

classification 

indicates that 

normal is 

commonly 

associated by 

high 

expression of 

genes 

characteristic 

of basal 

epithelial 

cells and 

adipose cells, 

and the low 

expression of 

genes 

characteristic 

of luminal 

epithelial 

cells (Perou et 

al. 2000; 

Carey 2010). 

Clinical 

features 

~70% of invasive breast 

cancers ER/PR positive 

 
Some luminal B 

overexpress HER2  

~15% of invasive 

breast cancers 

 

 

 

~15% of invasive breast 

cancers  

 
BRCA1 dysfunction 

(germline, sporadic) 

 

Particularly common in 

African American 

women 

Treatment 

response and 

outcome 

Respond to endocrine 
therapy (but response to 

tamoxifen and aromatase 

inhibitors may be 

different for luminal A 

and luminal B) 

 

Response to 

chemotherapy variable 

(greater in luminal B than 

in luminal A) 
 

Prognosis better for 

luminal A than luminal B 

Respond to 
trastuzumab 

(Herceptin)  

 

Respond to 

anthracycline-based 

chemotherapy  

 

Generally, poor 

prognosis  

No response to 
endocrine therapy or 

trastuzumab (Herceptin) 

 

Appear to be sensitive to 

platinum-based 

chemotherapy  

 

Generally poor 

prognosis (but not 

uniformly poor) 
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1.2 Breast Cancer Treatment Strategies  

The receptor status of breast cancer is one of the main features used to define treatment 

options for a patient (Perou et al. 2000; Schnitt 2010).  Below are described the main therapeutic 

strategies used to treat tumors with the following breast cancer subtypes: estrogen receptor 

positive (ER+; luminal), human epidermal growth factor positive (HER2+), or basal (described 

in Table 1).  

1.2.1 HER2+ Breast Cancer and Targeted Therapies  

HER2+ breast cancer (described in Table 1) has been strongly correlated with aggressive 

tumorigenesis as well as poor prognosis.  This suggests that HER2+ breast cancer response to 

treatment is poor and the inability to accurately predict the outcome of the disease.  HER2 is a 

transmembrane receptor tyrosine kinase belonging to the family of epidermal growth factor 

receptors (EGFR).  It functions in a number of capacities including regulation of cell growth via 

growth factor signal transduction that enables cell survival and differentiation.  Herceptin 

(Trastuzumab) was the first available and most widely used HER2 directed therapy against this 

subtype of breast cancer.  Herceptin is a humanized monoclonal antibody that targets the 

extracellular domain of the HER2 and is often used in combination with chemotherapy 

(Valabrega et al. 2007).  It is the first drug to be registered for use in breast cancer patients with 

overexpressing HER2+, which is often associated with reduced survival (Nahta and Esteva 

2007).  

The overall response rate to Herceptin has been reported to be between 15-30% 

(Montemurro and Aglietta 2005; Valabrega et al. 2007).  The majority of breast cancer patients 

who are given Herceptin treatment will experience disease progression within one year or exhibit 

primary resistance.  Many mechanisms of resistance have been proposed but the true nature of 

this cause requires further elucidation.  To overcome resistance to Herceptin a number of other 
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therapeutics are being developed or are used to treat HER2+ breast cancer.  One subset of these 

alternative treatments is the novel antibody-based targeting of HER2; although these target 

HER2 like Herceptin, they do so in different ways.  They function differently than Herceptin 

through interacting at a different region of the molecule or by being delivered differently, such as 

pertuzumab and trastuzumab-DM1, respectively (Tsang and Finn 2012; Krop et al. 2010).  Also, 

there is the HER family tyrosine kinase inhibitors that are available to use as treatment.  These 

include the small molecules, lapatinib, neratinib and afatinib; they function by inhibiting the 

tyrosine kinase activity of EGFR and HER2 (Tsang and Finn 2012).    

1.2.2 Basal Breast Cancer and Chemotherapy 

Since there are no molecular targets in the basal breast cancer subtype, conventional 

chemotherapy is the only option for women with this type of disease (Toft and Cryns 2011). 

 This includes platinum chemotherapy agents along with DNA damaging anthracyclines.  The 

platinum chemotherapy agents function by causing DNA double strand breaks leading to 

apoptosis.  Some of the available platinum chemotherapies include carboplatin and cisplatin.  

Some of the common DNA damaging anthracyclines include doxorubicin and epirubicin.  

Doxorubicin was one of the first antibiotics of this type to be extracted and employed.  

Biochemical modifications have produced similar derivates including epirubicin which is an 

injectable agent that inhibits DNA, RNA, and protein synthesis (Tsukagoshi 1990; Robson and 

Verma 2009).  It functions by intercalating and damaging DNA (Cersosimo and Hong 1986).  It 

may also affect the activity and integrity of cellular membranes (Young et al. 1981; Plumbridge 

and Brown 1978).  Epirubicin has been studied in a number of cancers including ovarian cancer, 

pancreatic cancer, leukemia, lung cancer, and breast cancer.  This drug has been used as an 
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alternative to doxorubicin due to its higher therapeutic index and a comparatively lowered risk of 

cardiotoxicity (Conte et al. 2000).          

1.2.3 ER+ Breast Cancer and Endocrine Therapy 

The luminal subtype of breast cancer (refer to Table 1) is characteristically estrogen 

receptor positive (ER+) and can be further divided into 2 different subgroups (luminal A and B).  

ER+ breast cancer is found in approximately 70% of newly diagnosed breast cancers (Cook et al. 

2011).  For this subtype of breast cancer, tamoxifen has been the standard adjuvant endocrine 

treatment.  Although there have been many pharmacological advances in screening and treating 

this subtype, it is associated with 30-50% of patients that have no initial response to the 

antiestrogen therapy or resistance is acquired after treatment (Gradishar 2010).   

The ER is often a constitutively activated nuclear receptor in breast cancer cells.  There 

are two main isoforms of the ER, encoded by genes located on separate chromosomes: the 

canonical ER-alpha and ER-beta (Clarke et al. 2003).  These isoforms act similarly, in that they 

vary their activity as nuclear transcription factors in response to ligands (e.g. estrogen) (Figure 

1.1).  In breast cancer cells, they have antagonistic functions where ER-alpha stimulates growth 

and proliferation, while ER-beta inhibits this activity (Tyulmenkov et al. 2000). Present in nearly 

two thirds of breast cancers, the ER-alpha isoform is thought to play a larger role in the 

development of breast cancers than ER-beta (Miyoshi et al. 2011).  Studies have indicated that 

measuring ER-alpha alone is sufficient to predict how well the patient will respond to 

antiestrogen treatment.  

 Endocrine therapies act by preventing estrogen synthesis or by blocking binding of 

estrogen to its receptor, thereby preventing growth and proliferation of an estrogen-sensitive 

tumor. 17-beta-estradiol is the cognate ligand to ER-alpha, and is antagonized by various 
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selective estrogen receptor modulators (SERMs) and selective estrogen receptor down regulators 

(SERDs) (Kocanova et al. 2010).  SERDs (e.g. fulvestrant) downregulate and degrade the ER 

(Howell et al. 2004).  SERMs (e.g. tamoxifen) bind to ERs (alpha and/or beta) and depending on 

tissue, cell or signaling pathway response, can act as agonists or antagonists. For example, a 

SERM, like tamoxifen, may stimulate ER function in the bone but inhibit ER function in the 

breast (Jordan et al. 2007; Cummings et al. 1999). 

1.3 Tamoxifen and Resistance 

Since the 1970s, tamoxifen, the first FDA approved non-steroidal SERM, has been the 

most extensively used first-line treatment for ER+ breast cancer (Clarke et al. 2003).  It is used 

as a preventative, neoadjuvant or adjuvant treatment option for breast cancer patients.  

Tamoxifen is estimated to have saved the lives of over 400,000 women since its inception.  

Tamoxifen (clinically referred to as NOLVADEX®) is a nonsteroidal antiestrogen that is 

extensively metabolized after oral administration (Brauch et al. 2009; Jordan 2007).  N-

desmethyl tamoxifen is the major metabolite found in patients. 4-Hydroxytamoxifen (4OH-Tam) 

is another derivative of tamoxifen with a side chain primary alcohol that has been identified as a 

minor metabolite of tamoxifen. It has demonstrated potent antiestrogenic properties in animal 

test systems.  These antiestrogenic effects are related to its ability to compete with estrogen for 

binding sites in target tissues in humans such as breast.    

However, tamoxifen resistance is a common problem.  Therefore, it is common for other 

SERMS, like raloxifene, to be used as second-line therapies. Other alternative therapeutics are 

available for breast cancer and can be used in combination with or instead of tamoxifen 

including aromatase inhibitors (anastrazole, letrozole and exemestane) (Geisler 2008).  These 

drugs effectively block estrogen synthesis by inhibiting aromatase, the enzyme that converts 
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androgen and other steroid precursors to estrogen. Despite the growing number of treatment 

options for ER+ breast cancer, treatment efficacy is still limited due to endocrine resistance.   

1.3.1 Endocrine Resistance: Insights from Tamoxifen   

Endocrine resistance occurs as a result of cells being able to exploit alternate mechanisms 

to enable estrogen-dependent and –independent cell growth and proliferation to occur. There are 

two main types of resistance associated with endocrine therapies:  intrinsic (or de novo) 

resistance and acquired resistance.  The main feature of intrinsic resistance appears to be a lack 

of estrogen receptor alpha expression.  Another intrinsic mechanism, associated with tamoxifen 

resistance, is the disruption of cytochrome P450 2D6 (CYP2D6), an enzyme that metabolizes 

tamoxifen into its active forms (Hoskins et al. 2009).  Acquired resistance can occur through 

different mechanisms, most of which have been elucidated through studies of tamoxifen given its 

relatively long history of use in the clinic.   

1.3.2 ER-dependent Resistance Mechanisms 

Many cells acquire tamoxifen resistance from prolonged ER-dependent stimulation of 

growth/survival pathways (illustrated in Figure 1.2) that can lead to the loss of ER functionality, 

dysregulation of ER co-regulators, or alterations in the ERs‟ protein partners (eg. nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFkB), nuclear receptor coactivator 3 

(NCOA3), and proline, glutamate and leucine rich protein 1 (PELP1)) (Gururaj et al. 2006; 

Johnston et al. 1999; Y. Zhou et al. 2007; Arpino et al. 2009; Masri et al. 2010). Alterations in 

protein interactions involving the ER may also cause alterations in the normal activity of EGFR, 

HER2 or IGF1R that can lead to tamoxifen resistance, along with modifications in signal 

transduction pathway components. 
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Molecules associated with the ER and their function have been investigated to identify 

potential alternative therapeutic targets. Studies outlining various models of endocrine resistance 

have identified many different targets in vitro that can affect estrogen sensitivity.  These targets 

include extracellular signal-regulated kinase (Erk), phosphoinositide 3-kinases (PI3K) pathways, 

steroid receptor coactivator (Src), Breast cancer type 1 susceptibility protein (BRCA1), Protein 

kinase B (Akt), mammalian target of rapamycin complex 1 (mTOR), and NFĸB among others 

(Arpino et al. 2009; Bunone et al. 1996; Campbell et al. 2001; Musgrove and Sutherland 2009) 

(Figure 1.2).  Inhibitors targeting components of such signal transduction pathways (e.g. 

Trastuzumab targeting HER2; Gefitinib targeting EGFR) are currently being evaluated in 

combination with endocrine therapies in clinical trials.  Further research in this area is required to 

identify effective combinations and the patients who will benefit from them. However, this 

becomes increasingly complex as many studies have indicated ER-independent mechanisms of 

resistance as well.     
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Figure 1.1: A simplified model of the classical action of the estrogen receptor (ER).  Estrogen activates ER as a 

transcription factor by inducing a conformational change that causes dimerization and nuclear translocation.  The 

activated estrogen dimer will bind to specific estrogen response elements (ERE) in promoters of primary target 

genes and recruit coactivators needed to form a productive transcription complex at this site that will lead to cell 

growth and proliferation.  Antiestrogens function by antagonizing this normal function of estrogens and disrupting 

cell growth and proliferation.     

1.3.3 ER-independent Resistance Mechanisms 

 ER-independent mechanisms of tamoxifen resistance also exist.  The ability of breast 

cancer cells to sustain growth in an estrogen independent manner was first shown by Clarke et al. 

(1993) who developed estrogen-independent but estrogen-responsive MCF7/LCC1 human breast 

cancer cells. A variant of this line, called MCF7/LCC2 was selected for resistance against 4-

hydroxytamoxifen (4OH-Tam), an active tamoxifen metabolite (Barginear et al. 2011; Jaremko 

et al. 2010).  These cells still expressed ER-alpha but could grow in the absence of estrogen and 

were resistant to tamoxifen in vivo and in vitro (Brünner et al. 1993; Clarke et al. 2003), 

suggesting that even in the presence of a functional ER, the cells were resistant to the growth 
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inhibitory effects of tamoxifen.  This also meant that these cells were using an alternative growth 

and proliferation pathway. Another ER-independent mechanism of resistance has since been 

shown to involve the induction of the oxidative stress response (Weitsman et al. 2009).  Other 

ER-independent effects or mechanisms of resistance include cellular membrane structure 

disruptions, inhibition of the Ca+ binding protein calmodulin, and changes in protein kinase C 

activation and subcellular localization (Masri et al. 2010). These mechanisms were associated 

primarily with relatively high (micromolar) concentrations of tamoxifen that normally result in 

apoptosis-associated cytotoxic effects in breast cancer cells (reviewed in Mandlekar and Kong 

2001).  

In addition to the above outlined mechanisms, a cellular process called autophagy has 

been implicated in tamoxifen therapy resistance. Like the ER, autophagy is also associated with 

an elaborate signaling network that makes studying the mechanisms behind autophagy-mediated 

resistance complex (Figure 1.2). Micromolar concentrations of tamoxifen are required to induce 

autophagy, and this can occur in both ER+ and ER- breast cancer cells (Qadir et al. 2008; 

Brünner et al. 1993; Schoenlein et al. 2009; Samaddar et al. 2008; Gorski laboratory, 

unpublished). These observations are consistent with the notion that cytotoxic 

concentrations of tamoxifen may induce autophagy in an ER-independent manner. The 

mechanisms involved in tamoxifen-induced autophagy are still not well understood.  
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Figure 1.2:  Mechanisms of endocrine resistance  Tamoxifen resistance often results from modulation of the 

estrogen receptor (ER) pathway or alterations in growth factor signal transduction pathways controlling apoptotic or 

anti-proliferative effects (illustrated with solid arrows).  Autophagy‟s role in tamoxifen resistance has been linked to 

the inhibition of apoptosis and increased Beclin 1 expression, and may also be connected to alterations in the other 

denoted cellular signaling pathways.  

1.4 Autophagy 

Autophagy, a term derived from the Greek words meaning “self” and “eating”, is a stress-

induced, degradative process conserved in all eukaryotes (Esclatine et al. 2009; Glick et al. 2010; 

Klionsky 2007).  It was first described in the late 1950s and 1960s by Christian de Duve (de 

Duve et al. 1955; de Duve and Wattiaux 1966)  and has gathered increasing attention as the 

genes involved have been uncovered and methods of detection have evolved (Klionsky 2007).  

There are three main defined types of autophagy that each participate in the proteolytic 
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degradation of cytosolic components by the lysosome:  macroautophagy, microautophagy and 

chaperone-mediated autophagy.  Both macroautophagy and microautophagy take portions of the 

cytoplasm and deliver them to the lysosome/vacuole for degradation and recycling.  The main 

difference between these pathways is with the site of sequestration and the origin of the 

sequestering membrane; that is, there is no intermediate transport vesicle in microautophagy as 

the materials to be degraded and recycled are enveloped by invagination of the 

lysosomal/vacuolar membrane or septation/protrusion of arm like structures (Wang and Klionsky 

2003).  Chaperone-mediated autophagy refers to an autophagic process that is associated with a 

specific consensus motif (Li et al. 2011).  This consensus motif is recognized and associates with 

the chaperone mediated autophagy complex that is composed of heat shock protein 70 and its co-

chaperones.  The targeted substrate protein is delivered directly across the lysosomal membrane 

via specific lysosome receptor proteins (Dong et al. 2010; Li et al. 2011).  This thesis focuses on 

macroautophagy (hereafter referred to as autophagy).  

Autophagy has several functions in the cell, with its primary role being to promote cell 

survival.  For example, during nutrient deprivation and stress conditions autophagy can act as a 

survival mechanism through clearance of damaged organelles and recycling of cellular 

components such as amino acids and fatty acids for protein synthesis or ATP-production 

(Mizushima 2007).  This recycling function also enables autophagy to play a vital catabolic role 

that acts on a basal level to maintain cellular energy requirements by removing damaged or 

aggregated proteins and organelles. The importance of autophagy in organismal survival was 

underscored by studies showing that deficiency of beclin 1, an important autophagy regulatory 

gene, is embryonic lethal (Yue et al. 2003a; Aita et al. 1999), as well as studies showing that the 

autophagy-related genes (ATG), ATG5 or ATG7, knocked out in mice result in neonatal lethality 
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(Kuma et al. 2004; Yue et al. 2003b).  Conversely, prolonged autophagy can degrade necessary 

cellular constituents causing cellular degeneration, or may reach a point where apoptotic or non-

apoptotic cell death occurs (discussed further below) (Azad et al. 2008; Kanzawa et al. 2003; 

Shimizu et al. 2004).   

The cytoprotective role of autophagy is also associated with immune responses against 

pathogens and other foreign invaders detected by the cell (Nedjic et al. 2008; Orvedahl and 

Levine 2009).  Through pathogen detection, antigen presentation, pathogen clearance and 

lymphocyte expansion, autophagy supports innate and adaptive immunity against infectious 

disease (Romao and Münz 2011).  Dysfunction of autophagy can lead to progression of diseases 

such as neurodegeneration (Cheung and Ip 2011), cardiovascular disorders (Nemchenko et al. 

2011), and cancer (Levine and Kroemer 2008; Eisenberg-Lerner and Kimchi 2009; Kondo et al. 

2005).  Autophagy is also integral in the catabolic response to protein aggregation, mitochondrial 

impairment and oxidative stress.  Therefore, loss of proper response to these cellular 

dysfunctions has been attributed to aberrations in autophagy which have been observed in 

Alzheimer‟s, Hungtingtons, and Parkinson‟s among other neurodegenerative diseases (Cherra et 

al. 2010).  This ability of autophagy to help maintain proper cellular function throughout the 

body contributes to its role as a protective mechanism against pathogenesis and disease.  

Uncovering these roles of autophagy was a result of early studies beginning over half a century 

ago.      

1.4.1 Discovering Autophagy  

Early studies of autophagy began over 50 years ago and were based on morphological 

analyses through microscopy.  Initially, George Palade and Alex Novikoff coined the concept of 

the lysosome as a degradative organelle (Klionsky 2008; Novikoff 1959).  They examined 
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cellular differentiation in the kidneys of newborn mice with the electron microscope and 

observed vacuoles containing cytoplasm and mitochondria that appeared to be in varying stages 

of disintegration within membrane bound compartments that included lysosomal enzymes (Clark 

1957; Yang and Klionsky 2010; Novikroff 1959).  However, the official designation of 

autophagy and the term „lysosome‟ began with de Duve‟s work on the action of insulin on liver 

(de Duve et al. 1955).  In 1963, de Duve described the presence of a vesicle that contained parts 

of the cytoplasm and organelles in various states of disintegration.  He found that glucagon was a 

powerful inducer of autophagy in the liver after looking at electron microscopic images of 

autophagic vacuoles in glucagon treated mouse liver tissue samples.  Together, these pioneering 

studies opened up a research field that has gathered increasing momentum over the last decade.   

Although autophagy was initially identified in mammals, the understanding of autophagy 

came from the yeast system.  The original biological model used to uncover the molecular 

mechanisms of autophagy was the yeast, Saccharomyces cerevisiae.  Many orthologs of the ATG 

products have also been identified and studied in higher eukaryotes, such as worms, insects, 

plants, and mammals showing similar roles as those in yeast (Yang and Klionsky 2009).  Genetic 

screening has indentified over 32 autophagy-related genes (Table 2) (He and Klionsky 2009; 

Longatti and Tooze 2009; Nakatogawa et al. 2009; Stipanuk 2009).  Electron microscopic 

examination and biochemical analyses showed that autophagic bodies sequestered cytosolic 

components non-selectively in the vacuoles and electro-injected radioactive probes were used to 

examine the early and intermediate steps of autophagy (Tsukada and Ohsumi 1993).  Autophagy 

in yeast was demonstrated with proteinase-deficient mutants under conditions for autophagy 

induction where morphological features were investigated (Takeshige et al. 1992).  Isolation and 

characterization of autophagy defective mutants of S. cerevisiae was also employed as a method 
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for identifying individual steps in the complex pathway (Tsukada and Ohsumi 1993).  The 

autophagolysosomal stage of yeast is recognized under a light microscope by the accumulation 

of autophagic bodies; therefore, they isolated mutants defective in the autophagic process on the 

basis of the morphology of their vacuoles. 

The accumulation of autophagic bodies at the phagolysosomal stage of vacuoles can be 

detected by light microscopy therefore mutants with defects in the process can be easily 

identified and isolated.  Autophagy can be induced synchronously in almost all cells by placing 

them in nutrient deficient media.  All mutants showed similar phenotypes:  they did not 

accumulate autophagic bodies under nitrogen, carbon or single amino acid starvation conditions; 

they were defective in bulk degradation, in the vacuole, after starvation; homozygous diploids 

with any ATG mutation did not sporulate and lost viability rapidly during nitrogen starvation  

(Tsukada and Ohsumi 1993).  ATG genes were discovered from these genetic screens for 

mutants where protein turnover (non specific autophagy), peroxisome degradation (pexophagy), 

and delivery of resident vacuolar hydrolase (cytoplasm to vacuole targeting pathway) were 

affected (Yang and Klionsky 2009).  Electron microscopic analysis of the morphology of all 

these ATG mutants assisted in their characterization and in determining the order of autophagic 

events.  Many of the vacuolar protein sorting (Vps) genes also function in autophagy and it was 

found that they were similar to many of the ATG mutants identified (Kihara et al. 2001; Kang et 

al. 2011). 

1.4.2 The Autophagy Process  

The following is a description of the autophagic process in yeast, divided into 5 main 

steps: 1) induction 2) vesicle nucleation 3) membrane elongation and autophagosome completion           

4) docking and fusion, and 5) vesicle breakdown and degradation (Figure 1.3) (Maiuri et al. 
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2007; Klionsky 2007).  Autophagy induction occurs when external factors lead to the formation 

of the Atg1:Atg13:Atg17 complex in yeast (Mehrpour et al. 2010).    Atg1 is a highly conserved 

serine/threonine kinase that acts downstream of the target of rapamycin (TOR) (Kamada et al. 

2000; Matsuura et al. 1997).  TOR is a key regulator of the Atg1:Atg13:Atg17 complex that 

inhibits autophagy by decreasing the binding affinity of Atg1 to Atg13 and Atg17.  TOR 

primarily regulates the Atg13 phosphorylation state (Kamada et al. 2000).  Atg13 mediates 

interaction between Atg1 and Atg17.  Under nutrient rich conditions Atg 13 is highly 

phosphorylated causing it to have a lower affinity for Atg1 and Atg17.  Loss of interaction 

between Atg 1 and Atg13 or Atg13 and Atg17 leads to a decrease in Atg1 kinase activity and 

decreased autophagy.  However following autophagy-initiating signals such as starvation, stress 

or rapamycin, TOR becomes repressed and Atg1 catalytic activity is stimulated.  TOR acts as a 

central sensor of growth factors, nutrient signals, and energy status and it is a master regulator of 

autophagy.  TOR also acts through downstream effectors (such as PP2A and/or 2A related 

protein phosphatase (Sit4) (De Virgilio and Loewith 2006)) to control autophagy.    

Vesicle nucleation (the beginning of the formation of the vesicle) involves the initial 

assembly of the autophagosome through Vps34 (the only PtdIns 3-kinase identified in yeast).  

This kinase interacts with specific components in order to regulate the vacuolar protein-targeting 

portion of the pathway.  A core complex between Vps15 and Vps 34 will form that further 

interacts with Vps30/Atg6 and Atg14 (Stack et al. 1993; Stack and Emr 1994). Atg14 is thought 

to act as a connector between Vps 30 and Vps15-Vps34 (Mehrpouret al. 2010).  Vps15-Vps34, 

Vps30 andAtg14 form a complex that is directed to the organizing center of autophagosome 

formation known as the phagophore assembly site (PAS) where phagophore expansion and 

autophagosome formation is established.  
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Elongation of the autophagosome membrane is then mediated by two ubiquitin-like 

pathways.  The first one involves Atg12 that is covalently conjugated to Atg5 (by an isopeptide 

bond between the C-terminal of Atg12 and an internal residue of Atg5) through the action of 

Atg10 and Atg7( Mizushima et al. 1998; Shintani et al. 1999; Tanida et al. 1999).  Atg7 

hydrolyzes ATP activating Atg12 via formation of a high-energy thioesther bond between the C-

terminal of Atg12 and Atg7.  Activated Atg12 is then directly transferred to Atg10.  Finally, 

Atg12 is transferred to the target protein Atg5.  Atg5 is also noncovalently bound to Atg16 to 

form the Atg12-Atg5-Atg16 multimeric structure (Mizushima et al. 1999).  The Atg12-Atg5-

Atg16 complex can be found on the exterior of the phagaphore (Yang and Klionsky 2009).  Its 

function during autophagosome formation may be to drive expansion and/or curvature of the 

membrane.    

The second ubiquitin-like pathway involves Atg8, another ubiquitin like protein, being 

conjugated to a membrane lipid, phosphotidylethanolamine (PE) (Ichimura et al. 2000).  The C-

terminal of Atg8 is proteolytically cleaved by Atg4, a cysteine protease (Kirisako et al. 2000).  

Atg8 then binds to Atg7 and becomes activated.  An amide bond, catalyzed by Atg7 and Atg3, 

will conjugate Atg8 and PE. This lipidation of Atg8 is a critical step in the pathway that only 

occurs upon stimulation of autophagy and converts Atg8-I to Atg8-II modifying it from its 

soluble cytoplasmic form to the membrane-bound form, respectively (Nakatogawa et al. 2009).  

This lipidated form of Atg8 can be found on the outer and inner membranes of the 

autophagosome and is another scaffold candidate to drive membrane expansion and vesicle 

completion.  Autophagosome membrane elongation and membrane-end fusion result in 

autophagosome completion (Strømhaug and Seglen 1993).  
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Mature autophagosomes undergo trafficking and subsequent docking and fusion.  

Vacuolar small ILF3/NF90-associated RNA Es‟ (SNAREs) (including Vam3, Vam7, Vti1, Ykt6, 

and Nyv1) are needed for complete fusion to occur between the double membrane vesicle and 

the vacuole.  Other necessary components of this fusion process involved are the Ras-related 

GTP-binding (Rab) family GTPase: Ypt7 and class C Vps protein complex, Homotypic fusion 

and vacuole protein sorting (HOPS) (Wickner and Haas 2000).  Lastly, vesicle breakdown and 

degradation of its contents occurs in the yeast vacuole. The molecular mechanism above largely 

refers to the yeast autophagy process but there are several differences when it is compared to the 

mammalian system.    

 
 
Figure 1.3:  Autophagy process in yeast. This outlines the core molecular machinery of the autophagic 

process in yeasts.  Adapted by permission from Elsevier Publishers:  Development by Self-Digestion:  

Molecular Mechanisms and Biological Functions of Autophagy (Levine and Klionsky 2004), copyright 

2004. 



 

 

21 

1.4.3 The Yeast vs. Mammalian Autophagy Process 

A few differences between the yeast and mammalian autophagy process will be 

addressed in this section.  In autophagy induction there is no cytosolic structure known as the 

PAS.  Instead, the mammalian equivalent is referred to as the phagophore, the organizing center 

of autophagosome formation.  Also, the mammalian counterpart of the Atg1:Atg13:Atg17 

complex in yeast is the ULK1:Atg13:FIP200 complex (Mehrpour et al. 2010) (Figure 1.4).  The 

structure of this complex is different from the one in yeast.  In mammals, it is a stable complex, 

not regulated by nutrition conditions. Also, the novel mammalian Atg13 binding protein, 

Atg101, is not conserved in yeast.  This protein localizes to the phagophore and stabilizes 

expression of Atg13 (Mercer et al. 2009; Hosokawa et al. 2009).  ULK 1 and 2 are the 

functionally equivalent mammalian homologs of yeast Atg1.   

Vesicle nucleation (the beginning of the formation of the vesicle) involves the initial 

assembly of the autophagosome through the class III phosphatidylinositol 3-kinase (PIK3C3) 

that is equivalent to the yeast ortholog Vps34.  PtdIns3K is a lipid kinase essential for autophagy 

and in mammals, there are two types of PtdIns3K: class I and class II (while only class I exists in 

yeast).  It complexes with regulatory protein kinases including the mammalian ortholog of Atg6, 

Beclin1, the recently discovered mammalian homolog of Atg14, Atg14L and Beclin 1-associated 

ATG key regulators (Barkor) (Itakura et al. 2008; Sun et al. 2008).   This complex is directed to 

the phagophore.  

 During autophagosome formation there is an increase in the level of PtdIns3P, a 

membrane component of the elongating phagophore (Axe et al. 2008).  This step, in yeast, 

involves PtdIns3P to recruit the Atg18:Atg2 complex to the autophagic membranes.  While, in 

humans, the homologs of Atg18 are the human WIPI family of phospholipid-binding effectors, 
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WIPI-1/2, that act as a PtdIns3P scaffold (Proikas-Cezanne et al. 2004).  Furthermore, there is a 

mammalian homolog of Atg2 but its function in autophagy remains to be fully understood.   

For elongation, Atg8 is equivalent to mammalian microtubule-associated protein light 

chain 3B (MAP1LC3β or LC3) that is lipidated by conjugation to PE through enzymatic action 

of Atg7 and Atg3 (Mehrpour et al. 2010).  There are three members in the human LC3 family 

(LC3 A-C) and a number of LC3 paralogs (GATE-16, GABARAP1-3 and Atg8L).  The 

formation and maturation of the autophagosome requires two Beclin1-binding proteins, Rubicon 

and UV radiation resistance associated g1 (UVRAG), either by upregulating (via Beclin 

1:Vps34:p150:UVRAG:Bif-1complex) or downregulating (via Beclin 

1:Vps34:p150:UVRAG:Rubicon complex) the maturation of autophagosomes and endocytic 

trafficking (Liang et al. 2006; Matsunaga et al. 2009; Zhong et al. 2009).       

The steps towards docking and fusion of the autophagosome with a lysosome are 

fundamental to cargo sequestration and degradation in mammals. One of the biggest differences 

between the yeast and mammalian systems is a central vacuole versus multiple lysosomes, 

respectively. The vacuole is the name given to the lysosome in yeast and has been used as a 

model to investigate the mammalian lysosome.  However, there are many differences between 

these two structures; a major one being the difference in size of the larger vacuole compared to 

the smaller lysosome (Wickner and Haas 2000; Armstrong 2010; Li and Kane 2009; Matile and 

Wiemken 1967).   

Also, while yeast require t-SNAREs (Darsow et al. 1997; Ishihara et al. 2001) to 

complete fusion between the autophagosome and vacuole, the mammalian system involves 

mammalian homologues of these components but also the v-SNARES, VAMP3 and VAMP7 
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(Atlashkin et al. 2003; Fader et al. 2009).  Damage regulated autophagy modulator (DRAM) is a 

direct target of p53 that is a multispanning transmembrane protein present in the lysosome and 

has no ortholog in yeast (Crighton et al. 2006).  It regulates the late stages of autophagy and also 

controls formation of autophagosomes.   

Finally, vacuoles and lysosomes have different molecular and biochemical composition.  

Therefore, the vesicle breakdown and degradation machinery and process will differ between 

yeasts and mammals (reviewed in Glick et al. 2010 and Yang and Klionsky 2009). 

Uncovering and understanding the various genes and proteins involved in the autophagy 

process has led to the development of many useful autophagy assays and detection methods.     
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Figure 1.4:  Autophagy process in mammals.  This outlines the key regulators of the autophagic 

process in mammals.  Adapted by permission from Elsevier Publishers Ltd: Mammalian autophagy: core 

molecular machinery and signaling regulation (Yang and Klionsky 2010a), copyright 2010. 
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Table 1.2:  Autophagy genes/proteins. 

Yeast Human 

Homologue 

Function References 

Atg1 ULK1, ULK2 A serine/threonine protein kinase involved in the regulation 

of autophagy induction.  It functions in the recruitment and 

release of Atg proteins from the phagophore assembly site 

(PAS) in yeast.  It may regulate subcellular re-distribution 

of
 
mammalian Atg9 that takes place following nutrient 

starvation.   

(Matsuura et al. 

1997) 

Atg2 Atg2A,B A protein that acts along with Atg18 to mediate the 
retrograde movement of Atg9 away from the PAS. 

(Wang et al. 2001, 

2; Shintani et al. 

2001; Romanyuk et 

al. 2011) 

Atg3 Atg3 

 

An ubiquitin conjugating enzyme (E2) analog that 

conjugates Atg8/LC3 to phosphatidylethanolamine (PE) 

after activation of the C-terminal residue by Atg7. 

(Ichimura et al. 

2000; 

Schlumpberger et 

al. 1997) 

Atg4 Atg4  

(4A,4B,4C, 

4D) 

A cysteine protease that processes Atg8/LC3 by removing 

the amino acid residue(s) that are located on the C-terminal 

side of what will become the ultimate glycine. Atg4 also 

removes PE from Atg8/LC3. 

(Kirisako et al. 

2000) 

Atg5 Atg5 Conjugated and covalently attached to Atg12 through the 

internal lysine to facilitate autophagosome formation 

(Atg12 conjugation system).  This protein contains an 

ubiquitin fold that is part of the Atg12–Atg5-Atg16 

complex, which acts in part as an E3 ligase for Atg8/LC3–

PE conjugation. 

( Mizushima 2007)  

Atg6 beclin 1 Atg6 is a component of the class III phosphotidylinositol-3-

kinase complex that is required for autophagosome 

formation (forms a complex with Atg14) required for the 

Atg and Vps pathways. 

(Kametaka et al. 

1998)  

Atg7 Atg7/GSA7 E1-like, unbiquitin-activating-like enzyme activates Atg8 

and Atg12 before conjugation in an ATP-dependent 

process. 

(Kim et al. 1999;  

Tanida et al. 1999) 

Atg8 MAP1LC3(A-C) 

GATE16, 

GABARAP, 

GABARAPL(1-3), 

Atg8L 

Ubiquitin-like protein conjugated to PE via the C-terminal 

glycine.  It is involved in autophagosome formation and is 

used as a marker for autophagosomes.  The lipidation of 

LC3 paralogues is involved in the closure of 

autophagosomes.  It is involved in cargo recruitment into, 

and biogenesis of, autophagosomes.  Autophagosomal size 

is regulated by the amount of Atg8. Since Atg8 is 

selectively enclosed into autophagosomes, its 

breakdown allows measurement of the autophagic rate.  

(Kirisako et al. 

1999; Huang et al. 

2000; He et al. 

2003; Xie et al. 

2008) 

Atg9 Atg9 (A, B) Transmembrane protein that may be involved in delivering 

membrane to the forming autophagosome and act as a lipid 

carrier for expansion of the phagophore. In mammalian 

cells, mAtg9localizes to the trans-Golgi network and 

endosomes.  In fungi this protein localizes to reservoirs that 

(Noda et al. 2000; 

Reggiori et al. 

2005) 
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are localized near the mitochondria as well as to the PAS. 

Atg10 Atg10 E2- ubiquitin-conjugating-like enzyme that conjugates 

Atg12 to Atg5. 

(Shintani et al. 

2001) 

Atg11 RB1CC1 (RB1-

inducible coiled-coil 

1) 

Specific component involved in cargo recognition binds 

Atg19, Atg30 and Atg32 as part of its role in specific cargo 

recognition. It also binds Atg9 and is needed for its 

movement to the PAS.   

(Kim et al. 2001) 

Atg12 Atg12 Ubiquitin-like protein that is conjugated to Atg5 via a C-

terminal glycine.  It acts during elongation and expansion of 

phagosphore membrane. 

( Mizushima et al. 

1998) 

Atg13 Atg13 Modifier of Atg1 activity by modulating binding Atg1 to 

Atg17.  Essential for autophagy and directly interacts with 

ULK1, ULK2 and FIP200.  It is highly phosphorylated in 

rich medium conditions.  During starvation-induced 

macroautophagy in yeast, Atg13 is partially 

dephosphorylated. In mammalian cells mTOR and 

Ulk1/Atg1 phsophorylate Atg13. The decreased 

phosphorylation of Atg13 that results from TOR inhibition 

is partly offset by the ULK1-dependent phosphorylation 

that occurs upon ULK1 activation. 

(Funakoshi et al. 

1997; Scott et al. 

2000) 

Atg14 Atg14 A component of PtdIns 3-kinase complex I.  Under nutrient 

conditions, it localizes to the ER(phagophore). Upon 

starvation, it localizes to Atg16L and LC3-positive 

structures (autophagosome).   

(Kametaka et al. 

1998, 14) 

Atg15  Putative lipase required for breakdown of intravacuolar 

vesicles.  A vacuolar protein that is needed for the 

breakdown of autophagic bodies within the vacuole lumen. 

(Teter et al. 2001; 

Epple et al. 2001) 

Atg16 Atg16(L1, L2) Component of Atg12-Atg5-Atg16 complex. (Massey and Parkes 

2007) 

Atg17 FIP200 Scaffold protein that modifies Atg1 activity.  It exists in 

complex with Atg1 and Atg13 during the activation of 
autophagy.  In mammals, binds to ULK1 and ULK2 

independent of nutrient status.  It is not essential for 

macroautophagy, but modulates the magnitude of the 

response.  Smaller autophagosomes can be formed 

in the absence of Atg17. 

(Cheong et al. 

2005; Kabeya et al. 

2005) 

Atg18 WIPI1 (WD repeat 

domain, 

phosphoinositide 

interacting 1) 

A peripheral membrane protein required for localization of 

Atg2.  Binds to PtdIns(3)P.  Functions along with 

Atg2 in the retrograde movement of Atg9.  

(Guan et al. 2001) 

Atg19  A cargo receptor that binds to Atg11 and Atg8.  (Scott et al. 2001; 

Leber et al. 2001) 

Atg20  A PtdIns(3)P binding protein that is part of the Atg1 

kinase complex.  

(Nice et al. 2002) 

Atg21 WIPI2 (WD repeat 

domain, 

phosphoinositide 

It is a PtdIns(3)P binding protein that is a homologue of and 

partially redundant with Atg18. 

( Strømhaug et al. 

2004) 
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interacting 2) 

Atg22  An integral membrane protein involved in autophagic body 

breakdown.  It is a vacuolar amino acid permease that is 

required for efflux after autophagic breakdown of proteins. 

(Suriapranata et al. 

2000; Yang et al. 

2006) 

Atg23  A yeast protein that transits with Atg9.  

Atg24 SNX30 (sorting 

nexin family 

member 30) 

It is also a PtdIns(3)P binding protein that is part of the 

Atg1 kinase complex. 

(Nice et al. 2002) 

Atg25  A coiled-coil protein required in 

Hansenula polymorpha. 

(Monastyrska et al. 

2005) 

Atg26  A sterol glucosyltransferase that is required in Pichia 

pastoris, but not in Saccharomyces cerevisiae. 

(Cao and Klionsky 

2007; Yamashita et 

al. 2006) 

Atg27  An integral membrane protein that is required for the 

movement of Atg9 to the PAS. The absence of Atg27 

results in a reduced number of autophagosomes under 

autophagy-inducing conditions. 

(Yen et al. 2007) 

Atg28  A coiled-coil protein involved in Pichia pastoris. (Stasyk et al. 2006) 

Atg29  A protein required for efficient nonspecific 

macroautophagy in fungi. Part of an Atg17-Atg29-Atg31 

complex that functions at the PAS for protein recruitment. 

(Kawamata et al. 

2005) 

Atg30  A protein required for the recognition of peroxisomes 

in Pichia pastoris.  

(Farré et al. 2008) 

Atg31  A protein required for nonspecific macroautophagy in 

fungi. Part of an Atg17-Atg29-Atg31 complex that 
functions at the PAS for protein recruitment. 

(Kabeya et al. 

2007) 

Atg32  A mitochondrial outer membrane protein in fungi. Atg32 

binds Atg8 and Atg11preferentially under certain 

conditions.  

(Kanki et al. 2009; 

Okamoto, Kondo-

Okamoto, and 

Ohsumi 2009) 

Atg33  A mitochondrial outer membrane protein  

in fungi. 

(Kanki et al. 2009) 

 Atg101 An Atg13-binding protein conserved in various 

eukaryotes but not in S. cerevisiae. Forms a stable complex 

with ULK1/2-Atg13-FIP200 (i.e. not nutrient-dependent) 

that is required for macroautophagy and localizes to the 

phagophore. 

(Hosokawa et al. 

2009; Mercer et al. 

2009) 
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1.4.4 Approaches for Monitoring the Autophagy Process 

 

As described above, one of the most distinguishing characteristics of the autophagic 

process is the formation of the double-membrane autophagososme and its fusion with the 

lysosome (or vacuole in yeast).  Therefore, in detecting autophagy, these steps and their 

associated components are primarily used. The following describes detection methods that are 

used in mammals, and thus are most relevant to the studies employed in this thesis.  The first 

direct observation of the double membrane was observed through transmission electron 

microscopy which continues to be a widely used method of detection in conjunction with other 

microscopic approaches, including the measurement of acidic compartments by staining with 

monodansylcadverine (MDC) (Biederbick et al. 1995; Munafó and Colombo 2001).  MDC is a 

lysosomotropic compound that can be visualized through fluorescence microscopy.  Therefore, 

an increase in MDC staining is used to assess an accumulation of autolysosomes.  However, 

MDC is not a specific marker for autophagy and other methods are necessary to detect 

autophagic structures and autophagic flux.  

 The autophagy protein MAP1LC3β (LC3B, or simply LC3, in mammals and Atg8 in 

yeast), is a commonly used specific marker for autophagic structures (Barth et al. 2010).  

Unprocessed (pro)LC3β is a full-length cytosolic protein involved in autophagsosome formation 

that is cleaved by Atg4B, a cysteine protease, to generate LC3-I in mammalian cells.  The LC3-I 

protein is transferred to Atg3 before it becomes conjugated to PE to generate processed LC3-II.  

LC3-II is then recruited and integrated into the growing autophagosome with the help of Atg5-

Atg12 and is found on both the external and internal membranes of the autophagosome 

(Mizushima et al. 1998).  Thus, LC3-II is a useful marker as it can be used to detect 
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autophagosome membranes as well as autophagy induction. LC3 can also be fused to fluorescent 

proteins such as green fluorescent protein (GFP) so that it can be readily observed and quantified 

in GFP-LC3 transfected cells using fluorescence microscopy.  GFP-LC3 appears diffuse in the 

cytoplasm under normal conditions, but appears as measurable punctate structures when inserted 

into the autophagosome membrane upon autophagy induction (Klionsky et al. 2008).   

Another standard technique for autophagy detection is Western blot analysis to detect 

conversion of LC3-I to LC3-II.  The cytosolic form of LC3-I becomes lipidated, forming LC3-II, 

and moves to the autophagosome membrane where it eventually degrades following fusion with 

a lysosome.  The addition of lysosomal inhibitors, such as bafilomycin A1 (baf A1) or 

chloroquine, are used to help measure LC3-II processing and determine whether a given 

treatment results in autophagic flux (i.e. the completion of the autophagic pathway) (Barth et al. 

2010).  LC3-II protein levels on a western blot that show an increased accumulation in the 

presence of a lysosomal inhibitor (such as baf A1 or chloroquine) compared to a control with no 

inhibitor, indicate that the treatment under question normally induces autophagy flux. If no 

further increase in LC3-II is observed, this suggests that the treatment in question does not 

induce flux, but instead signifies impaired lysosomal proteolytic activity, delayed trafficking to 

the lysosomes, or reduced fusion between compartments (Tanida and Minematsu-Ikeguchi 2005; 

Mizushima 2007; Klionsky et al. 2008).  No standard or optimal timeframe has been established 

for this assay as flux and LC3II turnover acts differently in different tissues and environments.   

Another protein used in the detection of autophagic flux is p62/SQSTM1. LC3-II is 

thought to act as a phagophore „receptor‟ that facilitates selective uptake and degradation of 

autophagic targets expressing „adaptor‟ molecules, such as p62/SQSTM1. p62/SQSTM1 

promotes turnover of poly-ubiquinated protein aggregates (Pankiv et al. 2007; Bjørkøy et al. 
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2009) and is degraded in autolysosomes along with the target protein.  Therefore, degraded or 

decreased expression levels of p62 following autophagy induction indicate functional flux, while 

a block in flux is associated with an increased p62 level. The function of p62 in other cellular 

processes is not well known, so p62 levels should not be relied on as a sole indicator of 

autophagy flux.  In summary, the recommended method of autophagy detection is through a 

combination of assays to identify morphological structures as well as to determine autophagic 

flux (Barth et al. 2010).       

1.5 Autophagy and Apoptosis  

Apoptosis is a highly selective cell death process that occurs when a cell actively pursues 

a course towards death after receiving certain stimuli (Wong 2011).  It is a fundamental process 

in physiological and pathological conditions.  Apoptosis is usually divided into two signalling 

cascade pathways:  extrinsic and intrinsic.  These pathways are induced either through stimuli 

affecting the mitochondria or soluble molecules that bind to the plasma membrane receptors.  

The intrinsic pathway relies on the mitochondria as a sensing organelle.  Various stimuli such as 

growth factor deprivation, hypoxia and DNA damaging agents affect the mitochondria to 

activate this pathway. After stimulation, the outer membrane of the mitochondria will become 

permeablized leading to the release of cytochrome c to the cytosol that then binds to apoptotic 

protein activating factor 1 (Apaf-1) (Green 2005; Fadeel et al. 2008).  This leads to the formation 

of a multi-protein platform, the apoptosome, necessary to recruit and activate caspase-9 and 

subsequently caspase-3.  Caspases are central to the apoptotic mechanism because they initiate, 

amplify and execute apoptotic activity (Wong 2011).   

The extrinsic pathway relies on soluble molecules belonging to the Tumor Necrosis 

Factor (TNF) family that bind to the plasma membrane receptors of the TNF-Receptor (TNF-R) 
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family (Lahm et al. 2003).  This causes activation of various caspases (Chaigne-Delalande et al. 

2008; Pennarun et al. 2010; Chowdhury et al. 2008).  In both of the pathways, after the activation 

of the caspases, various nucleases will cause DNA degradation that helps to complete the 

apoptotic program. 

Autophagy is believed to have a lot of connections with apoptosis (Eisenberg-Lerner and 

Kimchi 2009). Both autophagy and apoptosis are stress responses that share many of the same 

molecular regulators (Eisenberg-Lerner and Kimchi 2009).  Some of the regulators that they 

share include p53(Fimia and Piacentini 2010), ATG5(Yousefi et al. 2006; Bhutia et al. 2010), B-

cell CLL/lymphoma 2 (Bcl2) ( Zhou et al. 2011), death-associated protein kinase (DAPK) 

(Zalckvar et al. 2009), Beclin1, and ATG4d (Fimia and Piacentini 2010).  How the two pathways 

interact can be categorized in three ways:  i) as partners in causing cell death, ii) autophagy can 

act to counteract the effects of apoptotic cell death through promoting survival, and iii) 

autophagy can enable apoptotic cell death through contributing to some of its specific events.  

 Each of these classifications has several examples.  Firstly, the two pathways can 

cooperate with each other as back ups for one another in the case where one is non-functional, 

the other intervenes.  Studies showing that inducers of apoptosis can activate autophagy 

demonstrate the ability of both pathways to act simultaneously and perhaps cooperatively. 

Examples of this include TRAIL receptor-2 in cancer cells (Park et al. 2007), etoposide in mouse 

embryonic fibroblasts (Feng et al. 2005), ceramide in breast cancer cells (Feng et al. 2005; 

Pattingre et al. 2009).  It has also been shown that inhibition of autophagy can prevent apoptosis 

(Salazar et al. 2009); again exhibiting that the two may depend on each other to occur.   

Secondly, autophagy‟s ability to consume protein aggregates and misfolded proteins for 

cell survival may limit the ability of apoptosis to induce cell death (Thorburn 2008).  This was 
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demonstrated when DNA damaging conditions such as metabolic stress or drug treatment that 

normally activates an apoptotic response, caused autophagy induction to maintain genomic 

integrity instead (Karantza-Wadsworth et al. 2007; Mathew et al. 2007; Paglin et al. 2001; Ito et 

al. 2005).  Also, suppression of autophagy has been shown to promote apoptosis in response to 

ER stress (Ogata et al. 2006) or loss of nutrient and growth factor signalling pathways (Boya et 

al. 2005).  These are some instances that demonstrate autophagy‟s antagonistic function in 

response to apoptosis.     

Lastly, autophagy may only assist in certain areas of the process that lead up to apoptotic 

cell death.  For instance, autophagy dependent maintenance of cellular ATP levels appears to be 

a major component in the ability for certain processes leading up to apoptosis to occur (Qu et al. 

2007; Inbal et al. 2002).  This model suggests that when autophagy is inhibited it is predicted to 

prevent the ATP-dependent features of apoptosis without affecting other aspects of the apoptotic 

response. 

1.6 Autophagy and Cancer 

Autophagy has been identified as a mechanism associated with several diseases including 

cancer.  It has been shown to play dual roles facilitating either tumor suppression or tumor 

survival in a number of cancers including breast cancer (Levine and Kroemer 2008).  In breast 

cancer cells, Liang et al. was the first group to demonstrate the association between one of the 

main autophagy regulatory genes, Beclin-1, and tumorigenicity (Liang et al. 1999). They showed 

decreased levels of Beclin 1 in breast cancer cells compared to normal adjacent breast tissue.  

When a construct expressing Beclin 1 was reintroduced into MCF7 breast cancer cells, it induced 

autophagy and inhibited tumorigenesis, suggesting that autophagy plays a tumor suppressor role 

in breast cancer cells.  Several breast carcinoma cell lines, including MCF7, have deletions of 
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one Beclin-1 allele (Aita et al. 1999).  Furthermore, Beclin-1 heterozygote and ATG4 

homozygous knockout mice have shown increased tumor formation (Mariño et al. 2007; Mathew 

et al. 2007).   

Autophagy‟s role as a tumor suppressor has been proposed for a number of reasons.  One 

explanation for these tumor suppressor effects is that autophagy acts to mitigate genomic 

instability, a hallmark of cancer.  Vital processes such as DNA replication and repair require 

sufficient generation of ATP and one of autophagy‟s functions is ATP production.  Therefore, 

autophagy can provide the necessary bioenergetic needs to avoid genomic instability (Mathew et 

al. 2007).  There is also a connection between various autophagy regulators and tumor 

suppression; in particular, mTOR is a major autophagy regulating protein that normally inhibits 

autophagy induction.  Signaling pathways like phosphatase and tensin (PTEN), tuberous 

sclerosis complex (TSC) 1 and TSC 2 upstream of mTOR have been demonstrated to inhibit 

mTOR activity and have been designated as tumour suppressors (Arico et al. 2001; Levine and 

Kroemer 2008; Scarlatti et al. 2008).   PTEN, a tumor suppressor that has a number of substrate 

specificities, is well known to be a negative regulator of the class I phosphotidyl-inositol 3-

kinase/(PI3K)/Akt pathway.  Loss of PTEN causes the inhibition of autophagy suggesting that 

the tumor suppressor function of PTEN and autophagy may be linked.  Another example 

suggesting that autophagy plays a role in tumor suppression is by its association with the tumor 

suppressor protein, p53.  This well characterized tumor suppressor has been shown to be closely 

linked with autophagy; that is, DNA damage induces autophagy in a p53 dependent manner 

(Tasdemir et al. 2008).  In summary, autophagy can suppress tumorigenesis by either 
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a) promoting the clearance of damaged materials within the cell, b) suppressing genomic 

instability by cellular maintenance and energy production, and/or c) enabling tumor suppressor 

mechanisms and pathways associated with autophagy to properly operate.   

Evidence suggests that autophagy may alternatively act as a survival mechanism for 

cancerous cells in some cases. For example, the central region of a tumor is often starved of 

nutrients and oxygen and may rely on autophagy for survival of the tumor.  In a number of 

cancer cell lines, including breast cancer cells, autophagy has been shown to confer survival in 

response to stress conditions including nutrient deprivation and drug treatment (Kondo et al. 

2005).  In several different types of cancer cells treated with autophagy inhibitors (siRNA or 

chemical), an increase in cancer cell death was observed (Amaravadi et al. 2007; Apel et al. 

2008; Maiuri et al. 2007).  For example, a study by Qadir et al. (2008) assessed the effect of 

autophagy inhibition on two different tamoxifen-resistant ER+ breast cancer cell lines.  They 

found that autophagy inhibition sensitized the resistant lines to tamoxifen treatment.  This 

suggests that autophagy may potentially act as the protective mechanism causing resistance to 

the drug. Subsequently, other studies have similarly indicated autophagy as a necessary 

component in ER+ breast cancer cell survival and in the development of antiestrogen treatment 

resistance (Duan et al. 2011; Samaddar et al. 2008; Schoenlein et al. 2009).   

A role for autophagy in treatment resistance and/or tumour survival has also been 

indicated with another commonly used breast cancer drug and monoclonal antibody, 

Trastuzumab/Herceptin (Vazquez-Martin et al. 2009).  HER2-overexpressing breast cancer cells 

exposed to this monoclonal antibody showed up-regulation of autophagic activity that protects 

the breast cancer cells from the drug‟s growth inhibitory effects (Vazquez-Martin et al. 2009).  A 

study by Sun et al. (2011) demonstrated that epirubicin-induced autophagy protects against 
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epirubicin-induced apoptosis in MCF7 breast cancer cells.  Furthermore, this study demonstrated 

that epirubicin-resistant cells showed increased autophagy and inhibition of autophagy re-

sensitized the resistant cells to epirubicin treatment. Together, such evidence supports a pro-

survival role for autophagy in response to drug treatment and suggests that autophagy may also 

contribute to treatment resistance. Although there remains much to be uncovered regarding the 

multiple roles of autophagy in cancer it appears to act as a protective mechanism against stressful 

microenvironmental conditions such as anti-cancer therapies. 

1.7 Autophagy and Tamoxifen
4
  

1.7.1 Tamoxifen induces autophagy in association with cell death 

The induction of autophagy by tamoxifen was first described in 1996 by Bursch et al. 

who used electron microscopy analysis to show that addition of the antiestrogens tamoxifen, 4-

hydroxy-tamoxifen (4-OH) and ICI 164 384 to MCF7 breast carcinoma cells in culture led to the 

formation of autophagic vacuoles (Bursch et al. 1996). While treatment of MCF7 cells with 

10uM tamoxifen led to extensive necrosis within 24hr, treatment with 1uM tamoxifen had 

primarily cytostatic effects followed by delayed cell death.  The cells treated with 1uM 

tamoxifen contained numerous autophagic vacuoles and most had normal appearing nuclei, 

though 20-25% of the cells had nuclei with altered morphology that included pyknosis (nuclear 

condensation), crescent pieces of chromatin, or fragmentation. Upon addition of the autophagy 

inhibitor, 3-methyladenine, three or four days after tamoxifen treatment there was a modest 

reduction in nuclear alterations, with 1-5% of cells affected. These results were interpreted to 

                                                           
4
 A version of section 1.7 has been accepted for publication:  Phan L and Gorski SM 2012.  Tamoxifen and 

autophagy:  To cease and resist.  Tamoxifen and cancer: new paradigms.  Early View.  Copyright © 2012 Nova 

Science Publishers, Inc. 
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mean that in response to tamoxifen, the cells were undergoing autophagic cell death – defined 

at that time on a morphological basis (i.e. the dying cells had morphological features of 

autophagy). A subsequent investigation found that tamoxifen also induced signs of autophagy in 

the FM3a murine breast tumor cell line, and cell death was similarly assumed to occur in part via 

autophagy (Bilir et al. 2001).  Today, most evidence from studies exploring “autophagic cell 

death” suggests that autophagy occurs in association with cell death rather than contributing to 

it; instead, autophagy represents a failed attempt at cell survival (Levine and Kroemer 2008; 

Debnath et al. 2005; Giusti et al. 2010). However, these initial observations of tamoxifen-

induced autophagy ( Bursch et al. 1996; Bilir et al. 2001) were instrumental in setting the stage 

for later studies that would directly test the function of autophagy in tamoxifen treated breast 

cancer cell lines. 

1.7.2 Mechanisms underlying the induction of autophagy by tamoxifen 

How does tamoxifen lead to the stimulation of autophagy?  The following are some of the 

suggested mechanisms: 

Lipids 

Multiple lipids have been implicated in the regulation of autophagy induction by 

tamoxifen. The sphingolipid ceramide has established roles in the response to cellular stress.  

Scarlatti et al. (2004) showed that C2-ceramide stimulated an increase in mRNA and protein 

expression of Beclin 1 in MCF7 cells. Furthermore, the addition of myriocin, an inhibitor of 

ceramide de novo synthesis, resulted in reduced Beclin 1 levels and a reduction in autophagic 

vacuole accumulation in response to tamoxifen  (Scarlatti et al. 2004).   
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In 2009, de Medina et al investigated the cellular effects of the antiestrogen binding site 

(AEBS) ligands including tamoxifen and its derivatives.  They found that these compounds 

induced autophagy in MCF7 breast cancer cells. They showed that the induction of autophagy 

was dependent on sterol accumulation, and that the sterols stimulate the production of reactive 

oxygen species (ROS). These authors also found that accumulation of sterols was required for 

autophagy. Interestingly, different AEBS ligands resulted in the accumulation of different sterol 

precursors that induced autophagy to different extents.  These findings indicate that 

accumulation of sterols is one mechanism by which tamoxifen induces autophagy. 

Zinc ions and Reactive oxygen species 

A recent study indicated that zinc (2+) ions might also contribute to the induction of 

autophagy by tamoxifen (Hwang et al. 2010). Labile Zn
2+

 ions were found to accumulate in most 

LC3-positive vacuoles in tamoxifen-treated MCF7 cells.  The addition of a Zn
2+

 chelator led to 

decreased LC3-II levels and reduced vacuole formation. These authors found that ROS levels did 

affect tamoxifen-induced autophagy since treatment with an antioxidant resulted in reduced Zn
2+

 

levels and reduced LC3-II conversion. Thus, this study attributed autophagy induction to the 

presence of both Zn
2+

 ions as well as ROS, the latter consistent with previous reports 

demonstrating the activation of autophagy by ROS (Scherz-Shouval et al. 2007; Scherz-Shouval 

and Elazar 2011).  

1.7.3 Autophagy contributes to cell survival and resistance to tamoxifen 

Multiple lines of evidence now support a survival role for autophagy in response to 

tamoxifen treatment. The function of autophagy in response to tamoxifen was first tested in two 

studies reported in 2008 ( Samaddar et al. 2008; Qadir et al. 2008).  Qadir et al (2008) used a 
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siRNA-based approach to target three essential autophagy components, ATG5, Beclin 1, and 

Atg7, in MCF7 cells.  Knockdown of any of these targets in combination with micromolar 

concentrations of tamoxifen resulted in decreased viability compared to tamoxifen alone, and 

was associated with an increase in mitochondrial-mediated apoptosis as measured by an increase 

in Annexin-V positive cells and a decrease in mitochondrial transmembrane potential. The effect 

of ATG gene silencing on tamoxifen sensitivity was also determined in two cell lines with 

increased resistance to tamoxifen, T47D and MCF7-HER2. Tamoxifen induced autophagy in 

both cell lines, and reduction in autophagy by ATG-siRNAs led to reduced viability, suggesting 

its role as a drug-induced survival mechanism. Interestingly, knockdown of Beclin 1 had the 

greatest effect on viability in all three cell lines examined, and this may be due in part to 

autophagy-independent functions. Together, the results from Qadir et al (2008) suggested that 

autophagy inhibition can sensitize ER+ breast cancer cells, including tamoxifen-resistant breast 

cancer cells, to tamoxifen therapy.  

Additional support for a pro-survival function for autophagy in response to tamoxifen 

came from a study by Samaddar et al. (2008) and Schoenlein et al. (2009) who showed that 

autophagy knockdown by Beclin 1 siRNA or by 3-methyladenine resulted in increased MCF7 

cell death when combined with micromolar concentrations of 4-hydroxytamoxifen (4OH). Cell 

death exhibited features of apoptosis, including activation of caspase-9 and caspase-6. 

Furthermore, MCF7 cells were subjected to a step-wise drug selection protocol using 4OH to 

derive tamoxifen-resistant cell lines. Detailed characterization of autophagy status in one of these 

lines showed that treatment resulted in relatively high levels of autophagy.  Additionally, 

autophagy inhibition with 3-MA, bafilomycin A1 or Beclin 1 siRNA induced a robust death 

response. In summary, these studies suggest that autophagy contributes to survival and is 
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associated with tamoxifen-resistance in ER+ breast cancer cells. Subsequent studies further 

supported a survival role for autophagy in response to tamoxifen treatment. In 2009, de Medina 

et al showed that inhibition of autophagy with Beclin 1 siRNA, 3-methyladenine, or baf A1, 

sensitized MCF7 cells to tamoxifen and AEBS ligands resulting in increased cell death as 

measured by Trypan blue exclusion (de Medina et al. 2009).  

Another study investigated the effects of combination treatment with tamoxifen and a 

histone deacetylase (HDAC) inhibitor in ER+ breast cancer cells (Thomas et al. 2011). The 

HDAC inhibitor was found to increase both apoptosis and autophagy in tamoxifen-treated cells.  

The combination was associated with a decrease in Bcl-2 (a negative regulator of apoptosis and 

autophagy) and an increase in Beclin 1 protein. Despite enhanced apoptosis, a small population 

of cells remained resistant to the combination treatment and exhibited high levels of autophagy. 

Inhibition of autophagy in these remaining cells by either Beclin1-siRNA or chloroquine 

treatment led to apoptosis (Thomas et al. 2011). Together these results support a survival 

function for autophagy and indicate that autophagy inhibition may be an effective treatment 

strategy for ER+ breast tumors.  

1.7.4 Potential mechanisms of autophagy-mediated survival and tamoxifen 

resistance 

 

This section discusses some of the mechanisms by which autophagy facilitates survival and 

resistance to tamoxifen: 

Apoptosis inhibition 

The studies discussed in the previous section indicate that autophagy may contribute to 

survival of ER+ breast cancer cells, at least in part, by mitigating apoptosis (Figure 1.2). 

Consistent with these observations, it is well established that micromolar concentrations of 
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tamoxifen and 4-hydroxytamoxifen (4OH) have cytotoxic effects in addition to cytostatic effects 

in breast cancer cells (reviewed in Mandlekar and Kong 2001).  The cytotoxic apoptosis-

inducing effects of tamoxifen are considered to be predominantly ER-independent, and include 

involvement of caspases, mitochondria, ceramide, MAPK, and JNK (reviewed in Glick et al.  

2010).  Many connections between apoptosis and autophagy regulation have been uncovered 

(reviewed in  Maiuri et al. 2007; Schwarten et al. 2009; Kang et al. 2011).  The specific 

molecules involved in the context of tamoxifen treatment are just beginning to be identified.  The 

studies described above implicate mitochondria, caspase, and Bcl-2 regulation as important 

factors ( Samaddar et al. 2008; Qadir et al. 2008; Thomas et al. 2011).  Several additional reports 

described below have provided further insights into the mechanisms related to the survival role 

of autophagy in response to tamoxifen.  

Modulation of ER-alpha function 

 

Although it seems that tamoxifen-induced autophagy may be ER-independent (based on 

the cytotoxic concentrations of tamoxifen employed), some studies indicate that at least some 

effects may still be ER-mediated.  A recent report suggested that tamoxifen induces Beclin 1 

expression via increased transcription mediated by the ER (Thomas et al. 2011).  Interestingly, 

the Thomas laboratory suggested that Beclin 1 may function to sequester ER-alpha, resulting in 

reduced ER-alpha function (John et al. 2008), and they showed that Beclin 1 overexpression in 

MCF7 cells resulted in a decreased proliferative response to estrogen, the down-regulation of 

several estrogen-responsive genes, decreased Akt phosphorylation, and reduced sensitivity to the 

antiestrogens 4-hydroxytamoxifen and raloxifene. Co-immunoprecipitation of ER-alpha and 

Beclin 1 indicated that these proteins may interact directly in cells (John et al. 2008). Thus, an 
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increase in Beclin 1 protein (associated with induction of autophagy) could lead to reduced ER-

alpha function and a corresponding decrease in tamoxifen sensitivity. In other words, a key 

autophagy protein, Beclin 1, may have an additional autophagy-independent role in the context 

of ER-alpha function and antiestrogen sensitivity.  

Other factors identified by large scale screening approaches  

 

HSPB8 

Gene expression and function-based screening have provided new insights into possible 

mechanisms related to autophagy-mediated resistance in cancer cells. Gonzalez-Malerva et al. 

used high-throughput functional cell-based screening to identify more than 31 candidate kinases 

associated with resistance to tamoxifen. These kinases included previously described EGFR, 

HER2, and IGF1R, and also a newly identified kinase heat shock 22kDa protein 8 (HSPB8). 

They found that, like EGFR, HER2, and IGF1R, the overexpression of HSPB8 resulted in 

reduced autophagy, but the significance of this effect with respect to the observed resistance 

phenotype remains to be investigated (Gonzalez-Malerva et al. 2011).  

Prolylcarboxypeptidase 

Another study employing high throughput functional screening identified 

prolylcarboxypeptidase (PRCP) as a tamoxifen resistance factor associated with elevated 

autophagy. Knockdown of PRCP decreased proliferation, LC3-II, and MDC-staining and 

enhanced 4-hydroxytamoxifen-induced cytotoxicity (Duan et al. 2011). Similarly, Namgoong et 

al (2010) found that high levels of the prolyl isomerase, peptidylprolyl cis/trans isomerase, 

NIMA-interacting 1 (Pin1), correlated with high levels of LC3 in tamoxifen-resistant breast 

cancer.  Also, Pin1-siRNA resulted in robust induction of apoptosis in combination with 4-

hydroxytamoxifen (Namgoong et al. 2010).  While further investigations are required, these 
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results suggest that PRCP and/or Pin1 may confer tamoxifen resistance, at least in part, through 

upregulation of autophagy. 

FHL2 

As described above, it was demonstrated that autophagy is induced when breast cancer 

cells are treated with cytotoxic doses of drugs such as the antiestrogen tamoxifen (Qadir et al. 

2008; Samaddar et al. 2008) and the anthracycline, epirubicin (Sun et al. 2011).  Inhibition of 

autophagy increases cell death; this suggests that autophagy may have a pro-survival role in the 

cellular response to these cytotoxic drug treatments.  However, the molecular mechanisms 

involved in regulating autophagy and its cell survival effects in response to drug treatments 

remain to be fully elucidated.  To understand the mechanisms behind the role of autophagy in 

cell survival and treatment resistance will require further investigations into the genetic and 

molecular components that are associated with its activity. 

 Recently, the molecular mechanisms involved in regulating autophagy and its cell 

survival effects in response to tamoxifen have gained some attention but remain to be fully 

elucidated.  To better understand the molecular mechanism behind autophagy response after drug 

treatment, untreated MCF7 cells and tamoxifen treated (5µM) MCF7 cells were sorted based on 

the intensity of staining with the autophagy marker MDC.  Cell subpopulations with low and 

high levels of the autophagy marker MDC were used to isolate RNA for Affymetrix gene 

expression analyses (in triplicate).  FHL2 was identified as one candidate gene of interest (see 

below) that was associated with autophagy.  Differential autophagy levels were confirmed by 

GFP-LC3 analyses and differential FHL2, Beclin1 and LC3 gene expression (all increased > 2-

fold in autophagy high cells) in the isolated subpopulations was confirmed by qRT-PCR (Gorski 

laboratory, unpublished data).    
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1.8 FHL2 

FHL2 (four-and-a-half LIM-domain protein 2) is a member of the FHL protein subfamily 

of transcription cofactors (transcriptional cofactors modulate the rate and efficiency of 

transcription factor activity) (Kleiber et al. 2007a).  FHL2 belongs to the LIM-only protein 

family. FHL2 structure consists of four LIM domains and a single N-terminal zinc finger motif 

(part of the half LIM) (Ng et al. 2011).  The four-and-a-half LIM domain family has five 

members FHL1-4 and activator of camp (ACT) responsive element modulator.  These cofactors 

can be found in both the cytoplasm and nucleus.  FHL1, 2 and 3 are mainly expressed in muscle 

while FHL1 and 2 are also located in tissues of different origin from muscle tissue.  Expression 

of ACT and FHL4 are found in the testis.  FHL2 is the most widely studied of this group, and is 

involved in various cellular processes including regulation of gene expression, cell survival, cell 

mobility and signal transduction.  FHL2 can repress or activate transcriptional activity depending 

on the cell type and interacting proteins.  It is known to interact with more than 50 different 

proteins belonging to different functional classes including receptors, structural proteins, signal 

transducers, transcription factors and co-factors (Johannessen et al. 2006).   

Little is known about the regulation of FHL2 expression in both normal and cancerous 

cells. FHL2 has been implicated in playing a role as both an oncogene and a tumour suppressor 

depending on tissue type, cell type, and what molecule it is interacting with (Johannessen et al. 

2006). FHL2 often becomes deregulated in cancers, but its role as a tumor suppressor or as an 

oncoprotein appears to be tissue-dependent. FHL2 was found to be overexpressed in a number of 

cancers including ovarian cancer, lung cancer and breast cancer cells (Gabriel et al. 2006a; 

Gabriel et al. 2004; Johannessen et al. 2006). The magnitude of FHL2 expression differences 

appears to vary depending on tissue type.  
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A few studies have demonstrated the potential function FHL2 as a tumor suppressor. A 

study showed that FHL2 was found to act with Smad4 (a molecular inactivated in many cancers 

(Singh et al. 2011; D‟Inzeo et al. 2012; Shao et al. 2012)) to inhibit progression and development 

of several cancers including melanoma (Qu et al. 2007). The role of FHL2 in cancer cell survival 

has also been attributed to its interaction with p53, as indicated by studies conducted in primary 

myoblasts and rhabdomyosarcoma (Genini et al. 1997; Yan et al. 2003). Further investigation is 

required to clarify the role of FHL2 as a tumor suppressor or oncoprotein.  This includes 

determining the transcriptional responses that are involved in pathways associated with FHL2 

that regulate cell survival, cell growth and the cell cycle (Lai et al. 2008).  Although it function 

in some cancers has been investigated, its regulatory role in breast cancer still remains largely 

unknown.      

However, several studies have demonstrated a link between FHL2 and breast cancer. For 

example, FHL2 was found to be overexpressed in breast cancer tissue when compared to normal 

breast tissue using immunohistochemistry (Kleiber et al. 2007b;Gabriel et al. 2006b).  

Furthermore, in comparing FHL2-expression in non-malignant breast tumors to malignant breast 

tumors there appeared to be an increase of FHL2 expression indicated by immunohistochemical 

staining in the latter (Kleiber et al. 2007b).  This overexpression was associated with a poor 

patient survival prognosis and progression towards malignancy.   

There have also been several studies attempting to uncover the role of FHL2 in breast 

cancer development.  A leading study to indicate FHL2 involvement in breast cancer progression 

isolated FHL2 in a yeast two hybrid screen (Yan et al. 2003).  It was found to interact with breast 

cancer susceptibility protein 1 (BRCA1). In another study, a p21-cell cycle regulator dependence 

on FHL2 activity suggested involvement in tumor progression in MDA-MB-231 and MCF7 cells 
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(Martin et al. 2007).  It has also been observed that FHL2 interacts with estrogen receptors alpha 

and beta in a physical and functional manner (Kobayashi et al. 2004;Yan et al. 2003).  In a DNA 

microarray analysis of 17- beta estradiol treated MCF7 breast cancer cells, FHL2-mRNA 

expression was highly increased after treatment with the hormone (Coser et al. 2003).  Also, an 

immunohistochemical-based study investigating the effect of tamoxifen treatment on FHL2 

expression in paraffin-embedded tissues from patients with primary breast cancer showed partial 

reversal of the negative prognostic impact of high FHL2-expression (Coser et al. 2003). All these 

studies indicate a putative role of FHL2 in breast cancer.  However, there still remains little 

understanding about the function of FHL2 in mammary tumors and breast cancer cells.     

FHL2 has been shown to interact with a number of genes and signal transduction 

pathways including those implicated in cell survival and autophagy regulation such as p53, 

ERK1/2 and FoxO1.  The Forkhead class box proteins O (FoxO) transcription factors function 

downstream of the PTEN.  PTEN is a gene frequently found to be mutated or deleted in various 

human cancers and therefore considered to be a tumor suppressor (Wang and Jiang 2008).  p53 

helps the cell to repair itself after the occurrence of DNA damage through initiation of cell cycle 

arrest that facilitates DNA repair  (Zhang 2011).  Scholl et al. (2000) found that p53 regulates 

FHL2 expression and other studies have indicated that FHL2 can interact with p53 (Genini et al. 

1997; Yan et al. 2003). The involvement of FHL2 cell cycling and stress responses was further 

elucidated by Yang et al. (2005) who showed a direct interaction between FHL2 and the FoxO1 

transcription factor.  The interaction of FoxO1 with FHL2 was demonstrated by 

coimmunoprecipitation in vitro.  Moreover, a recent paper by Ying et al. (2010) showed that 

FoxO1 specifically interacts with the autophagy protein, Atg7, to induce the autophagy process.  

These observations led us to postulate that FHL2 may also be involved in autophagy regulation.  
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1.9 Rationale, Hypothesis and Aims 

 

FHL2 is a transcription cofactor that has been implicated in playing a role as both an 

oncogene and a tumour suppressor in various cancers including breast cancer (Amann et al. 

2010; Zhang et al. 2010).  This protein is involved in various cellular processes including 

regulation of gene expression, cell survival and signal transduction (Johannessen et al. 2006).  

FHL2 interacts with FoxO1, a protein implicated recently in autophagy regulation (Yang et al. 

2005).  Autophagy is a cellular process that can also play dual roles in cancer and has been 

linked to treatment resistance.  A previous Affymetrix-based gene expression study identified 

differential expression of FHL2 to be associated with autophagy in MCF7 breast cancer cells 

surviving tamoxifen treatment (Gorski laboratory, unpublished).  Together, these observations 

led us to investigate the possibility that FHL2 may be involved in autophagy regulation and/or 

cell survival in breast cancer cells.     

       The overall objective of this thesis was to investigate the expression and function of 

FHL2 in breast cancer cells.  My hypothesis was that FHL2 is a component of the molecular 

machinery regulating autophagy and/or cell survival in breast cancer cells following autophagy-

inducing stressors such as tamoxifen or epirubicin.  To explore this, I developed three specific 

aims:   

1) Establish whether FHL2 expression is altered in response to autophagy-inducing drugs in 

breast cancer cell lines.  

2) Determine whether FHL2 promotes survival in MCF7 breast cancer cells. 

3) Determine whether there is a functional relationship between FHL2 expression and 

autophagy regulation.  

Together, findings from these aims will provide new insights into the function of FHL2, and its 

association with autophagy in breast cancer cells.   
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2. MATERIALS AND METHODS 

2.1 Tissue Culture 

 

Table 2.1:  Breast Cancer Cell Lines Used in Study. 

Cell Line Receptor status Breast Cancer Subtype 

MDA-MB-231 ER-, low HER2, PR- Basal 

MCF7 ER+, HER-, PR+ Luminal A 

SKBR3 ER-, HER2+, PR- HER2+ 

 

Three different human breast carcinoma cell lines were used in this study (Table 2.1).  These 

lines all originated from the ATCC biological resource centre; MCF7 was obtained from ATCC 

directly while MDA-MB-231 and SKBR3 cell lines were obtained from Dr. M. Bally (BC 

Cancer Research Centre, Vancouver, BC).  All cell lines were grown and passaged in Dulbecco‟s 

modified Eagle medium (DMEM, Gibco) supplemented with 10% heat inactivated fetal bovine 

serum (HI-FBS) (Gibco), 20mM HEPES (Gibco), 1X non-essential amino acids (Gibco), 2mM 

L-Glutamine (Gibco), and 1mM sodium pyruvate. Cells were maintained at 37°C with 5% CO2 

and 95% air humidity.    

2.2 Drug Treatment   

 

Cells were plated at a density ranging from 75,000 cells/cm
2
 to 150,000 cells/cm

2
 in 6-well 

plates containing OPTI-MEM (Invitrogen Canada) with 4% charcoal stripped FBS (DCC-FBS) 
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(used to reduce the concentration of steroid hormones that may interfere with effects of 

tamoxifen).  24 hours after plating, the media was replaced with OPTI-MEM containing 

tamoxifen (0 µM, 2.5 µM, or 5 µM) or epirubicin (0 nM, 25 nM, 50 nM, or 75 nM).  All samples 

were plated in triplicate.  Wells treated with 15µM and 100 nM of tamoxifen and epirubicin, 

respectively, served as positive controls for drug treatment demonstrating 70-90% cytotoxic (cell 

death) effects.  Untreated cells grown in OPTI-MEM served as controls to indicate basal levels 

of autophagy.   

2.3 RNA Isolation and qRT-PCR 

 

On Day 1 and 3 after tamoxifen and epirubicin treatment, cells were lysed with QIAzol 

Lysis Reagent (Qiagen). Cell lysates were homogenized and stored in 1.5ml RNAse-free 

microfuge tubes.  RNA was isolated using RNeasy Plus Mini Kit (Qiagen) as per manufacturer‟s 

protocol.  A Nanodrop Spectrophotometer was used to quantify the amount of RNA in each 

sample.  Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was conducted 

to quantitate FHL2 and autophagy gene (MAP1LC3β and Beclin1) transcript expression levels 

using Invitrogen‟s Platinum SYBR Green PCR Master Mix with ROX.  As recommended by the 

manufacturer, 100-500 ng of total RNA was used to carry out first strand synthesis of cDNA 

using Invitrogen‟s Superscript III Reverse Transcriptase and Oligo dTTP.  The sequences of 

forward and reverse primers are shown in Table 2.1 and were used at a final concentration of  

0.2 µM. The CT values from the qRT-PCR for each autophagy gene transcript or FHL2 

transcript was compared to an internal reference gene (ACTβ) and then normalized to the 

transcript level of the untreated control sample for each particular autophagy or FHL2 transcript. 

The normalized expression of each control sample was set at a value of 1.0 to compare fold 
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differences between samples.  β-Actin was used as a reference gene to normalize expression of 

other genes.  Samples were run in technical triplicates (controls for technical variability through 

multiple labeling of RNA sample) and biological triplicates (controls for biological diversity 

through isolating RNA independently from replicate sources) on an ABI 7900 HT-Fast Real-

Time PCR System (Applied Biosystems, Foster City, CA, USA.).  The data generated was 

analyzed using Q-gene 384
® 

software.  

Table 2.2: Forward and Reverse Primer Sequences used for qRT-PCR 

Gene Direction  Sequence (5’ – 3’) 

FHL2 F GCCGTTCCTCAAAGGAGATGTA 

R TTCACAGCTCGCGATGACTT 

MAP1LC3B 

(autophagy) 

F GAACGATACAAGGGTGAGAAGC 

R AGAAGGCCTGATTAGCATTGAG 

Beclin-1 

(autophagy) 

F GGAGAGGAGCCATTTATTGAAA 

R AGAGTGAAGCTGTTGGCACTTT 

ACTβ 

(reference) 

F CTGGAACGGTGAAGGTGACA 

R AAGGGACTTGTAACAATGCA 

 

 

2.4 Western Blotting 

 

Total cell lysates were collected 24 hours and 72 hours after treatment using RIPA lysis buffer 

with a protease inhibitor cocktail (Santa Cruz Biotechnology).  Protein was quantified using the 

BCA protein assay kit (Thermo Scientific).  A total of 75-100µg of protein from each sample 

was subjected to SDS-PAGE electrophoresis using Invitrogens 12% Bis-Tris NuPAGE gradient 

gel system run for 1h at 200V in 1X MES buffer (Invitrogen).  Samples were then transferred to 
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a PVDF or nitrocellulose membrane using Invitrogen‟s iBlot system.  After rinsing membranes 

with phosphate buffer saline (PBS) they were blocked in Odyssey
®

 Blocking Buffer for 1h at 

room temperature.  Afterwards, membranes were probed with primary antibody:  anti-LC3 

(abcam; ab48394), FHL2 (Sigma-Aldrich), or anti-β-actin(abcam; ab6276)  diluted in Odyssey
®

 

Blocking Buffer with 0.1% Tween-20 overnight at 4°C.  Membranes were then washed 3x in 

PBST (PBS + 0.1% Tween-20) for 20 minutes at room temperature.  Membranes were then 

incubated with IRDye
®

-700DX anti-rabbit and IRDye
®

-800DX anti-mouse antibody for 1h at 

room temperature.  Signal was visualized using Odyssey
®

 Infrared Imaging System.  GE 

Healthcare Amersham Chemiluminescent Western blotting detection reagents and analysis 

system was used to detect FLAG, FHL-2, LC3 and β-Actin protein expression following 

manufacturer‟s recommended protocol.  SuperSignal West Pico Chemiluminescent Substrate 

was also used to detect FHL2 following the manufacturer‟s recommended protocol.  Signal was 

quantified using Adobe Photoshop CS3 densitometry software using the actin loading control to 

normalize protein levels between samples.  

2.5 FHL2 Overexpression in MCF7 Cells 

 

FHL2 expression constructs were obtained from GeneCopoeia.  For overexpression experiments 

a N-3XFLAG-tagged FHL2 (EX-M0686-M12) was used. FHL2 plasmid DNA was prepared by 

the Qiagen Plasmid Plus or Invitrogen PureLink™ HiPure Plasmid Filter Mini- and/or Midi-prep 

kit.  Plasmid DNA was digested with KpnI and PstI restriction enzymes to determine insert size 

and was sequence-verified.  Before transfection, MCF7 cells were plated at 100,000cells/cm
2
 in 

6-well plates.  Cells were plated in F10 and transfected with 4µg of plasmid DNA mixed with 

Lipofectamine2000
TM

 (Invitrogen) in serum-free F10 and incubated for 5h at 37°C.  Afterwards, 
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650µl  20% serum F10 was added to wells.  Following transformation cells were collected after a 

week and were harvested and pelleted for western blot analysis of FLAG, FHL-2, LC3 and β-

Actin protein expression.  GE Healthcare Amersham Chemiluminescent Western blotting 

detection reagents and analysis system was also used in overexpression studies to detect FLAG, 

FHL-2, LC3 and β-Actin protein expression following manufacturer‟s recommended  protocol.     

 For analysis of cell numbers in overexpression studies, cell counts and viability were 

determined using Invitrogen‟s Countess® Automated Cell Counter.  This technique uses a 

hemocytometre and trypan blue staining combined with an image analysis algorithm to 

differentiate and separate dead cells (stains inside the cell) from live cells (stains cell membrane).   

2.6 Short interfering RNA (siRNA) 

 

Prior to transfection, MCF-7 cells were plated at 60,000 cells/cm
2
 in 2ml of serum-free F10 in 6-

well plates.  75pM of siRNA oligonucleotides (see Table 2.3) were transfected into cells for 24h 

using Lipofectamine RNAiMAX
TM

 (Invitrogen) as per manufacturer‟s recommendations. On day 

two, 650µl of 20% serum F10 was added to each well.  For some experiments, siRNA 

knockdown was repeated on day 3 where media was replaced with 2ml serum-free F10 before 

adding siRNA/RNAiMAX complex.  After six hours of incubation, another 650μl of 20% F10 

was added to each well.  On day 6 cells were trypsinized, collected and counted.  Cell counts and 

viability counts were determined using Invitrogen‟s Countess® Automated Cell Counter as 

described above.  Cells were also collected for western blot analysis using both infrared and 

chemiluminescence detection methods as described in previous sections.  A negative control 

(scramble) siRNA and two Atg7-siRNA positive controls were used in all experiments.   

 

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=C10227
http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=C10227
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Table 2.3: siRNA sequences 

FHL2 (1) 5‟-GCCUGAACUGCUUCUGUGACUUGUA-3‟ 

FHL2(2) 5‟-CCUGCUAUGAGAAACAACAUGCCAU-3‟ 

FHL2(3) 5‟-CCCUGGCACAAGGAGUGCUUCGUGU-3‟ 

FHL2 (4) 5‟-CGGCAGUGGCAUAACGACUGCUUUA-3‟ 

FHL2 (5) 5‟-CCGUUGCGUCAAGUCUAAACCAAG-3‟ 

Atg7-1 5‟-AAUGUCCUUGGGAGCUUCAUCCAG-3‟ 

Atg7-2 5‟-AUUCACUGAGGUUCACCAUCCUUGGG-3‟ 

 

2.7 Statistical Analysis 

 

For analyses involving the comparison of only two means a two-tailed student‟s t-test (equal 

variances) was used. For analyses involving comparison of the means of several treatments to the 

mean of the control treatment (from at least three independent experiments), a one-way ANOVA 

with Dunnett‟s post test was performed using GraphPad Prism version 5.00 for Windows 

(GraphPad Software, San Diego California USA).  Differences between means were considered 

significant for p-values < 0.05.  

3. RESULTS 

3.1 FHL2 gene expression in breast cancer cell lines following Tamoxifen 

treatment.  

 

Several studies have indicated that tamoxifen and epirubicin induce autophagy in different breast 

cancer cell lines (Bilir et al. 2001; Bursch et al. 2008; Qadir et al. 2008; Samaddar et al. 2008; 

Sun et al. 2011).  Furthermore, our laboratory has shown that there is an association between 

autophagy gene (Beclin1 and MAP1LC3β ) and FHL2 transcript expression levels in tamoxifen 
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treated and sorted subpopulations of MCF7 breast cancer cells.  To determine whether FHL2 

expression is associated with autophagy induction in response to cytotoxic agents in whole cell 

populations of different breast cancer cell lines, I used quantitative reverse transcription 

polymerase chain-reaction (qRT-PCR) to measure FHL2 transcript levels in breast cancer cells 

treated with tamoxifen or epirubicin.  Three different breast cancer cell-lines were used: MDA-

MB-231 (ER-, low Her2), MCF7(ER+, Her2-), and SKBR3 (ER-, Her2+).  Transcript levels 

were quantitated following no treatment or treatment with several different doses of each drug 

(2.5, and 5µM for tamoxifen and 25, 50, and 75nM for epirubicin) and at two time points (day 1 

and day 3) following treatment.  Along with the FHL2 gene, we selected Beclin1 and 

MAP1LC3β autophagy genes for the qRT-PCR analysis.  It was previously demonstrated that 

there is  an increase in the expression of these autophagy genes at both the transcript and protein 

level upon autophagy induction by some cellular stressors and in some contexts (Klionsky et al. 

2008).   
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Figure 3.1:  FHL2, MAP1LC3β, and Beclin1 transcript levels measured at two time points in MCF7 cells 

treated with varying concentrations of tamoxifen.  The two graphs represent FHL2 (blue), MAP1LC3β (LC3) 

(red), and Beclin1 (green) transcript levels relative to internal endogenous control β-actin and normalized to control 

sample of 0µM tamoxifen for each treatment and time point.  Cells were treated with 0, 2.5, and 5µM tamoxifen (x-

axis) and transcript levels were measured on Day 1 (top graph) and Day 3 (bottom graph) of treatment.  Transcript 

expression is represented as fold difference between treatments normalized to 0µM tamoxifen (y-axis).  Error bars 

represent standard error of 3 independent biological replicates.      

In MCF7 cells, no significant changes in FHL2 or Beclin1 gene transcipt expression were 

observed following treatment with tamoxifen on Day 1 or Day 3.  There was a 0.6 and 0.7 fold 

decrease in MAP1LC3β on Day 3 in 2.5 and 5µM tamoxifen treated samples, respectively (p-

value < 0.05).   
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Figure 3.2:  FHL2, MAP1LC3β, and Beclin1 transcript levels measured at two time points in MDA-MB-231 

cells treated with varying concentrations of tamoxifen.  The two graphs represent FHL2 (blue), MAP1LC3β(LC3) 

(red), and Beclin1 (green) transcript levels relative to internal endogenous control β-actin and normalized to control 

sample of 0µM tamoxifen for each treatment and time point.  Cells were treated with 0, 2.5, and 5µM tamoxifen (x-

axis) and transcript levels were measured on Day 1 (top graph) and Day 3 (bottom graph) after treatment.  Transcript 

expression is represented as fold difference between treatments normalized to 0µM tamoxifen (y-axis).  Error bars 

represent standard error of 3 independent biological replicates.      

In MDA-MB-231 cells, no significant changes were observed in FHL2, MAP1LC3β, or Beclin1 

transcript expression levels following treatment with 2.5 and 5µM tamoxifen on Day 1 or Day 3.  
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Figure 3.3:  FHL2, MAP1LC3β, and Beclin1 transcript levels measured at two time points in SKBR3 cells 

treated with varying concentrations of tamoxifen.  The two graphs represent FHL2 (blue), MAP1LC3β (LC3) 

(red), and Beclin1 (green) transcript levels relative to internal endogenous control β-actin and normalized to control 

sample of 0µM tamoxifen for each treatment and time point.  Cells were treated with 0, 2.5, and 5µM tamoxifen (x-

axis) and transcript levels were measured on Day 1 (top graph) and Day 3 (bottom graph) of treatment.  Transcript 

expression is represented as fold difference between treatments normalized to 0µM tamoxifen (y-axis).  Error bars 

represent standard error of 3 independent biological replicates.      

In SKBR3 cells there was a signifcant decrease (p-value<0.05) of 0.7 fold difference in FHL2 

transcript expression following tamoxifen treatment on Day 1 in 5µM treated cells compared to 

untreated control (Figure 3.3 top graph).  On Day 3 there was a significant 0.4 fold decrease in 

MAP1LC3β transcript expression in 5µM treated cells compared to untreated control (Figure 3.3 

bottom graph).  However, any changes in FHL2, MAP1LC3β and Beclin1 at all other drug 

concentrations on Day 1 and Day 3 were not significant (p-value>0.05) (Figure 3.3).  
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3.2 FHL2 gene expression in breast cancer cell lines following epirubicin 

treatment.   

 

Figure 3.4:  FHL2, MAP1LC3β, and Beclin1 transcript levels measured at two time points in MCF7 cells treated 

with varying concentrations of epirubicin.  The two graphs represent FHL2 (blue), MAP1LC3β (LC3) (red), and 

Beclin1 (green) transcript levels relative to internal endogenous control β-actin and normalized to control sample of 

0nM epirubicin for each treatment and time point.  Cells were treated with 0, 25, 50, and 75nM epirubicin (x-axis) 

and transcript levels were measured on Day 1 (top graph) and Day 3 (bottom graph) of treatment.  Transcript 

expression is represented as fold difference between treatments normalized to 0nM epirubicin (y-axis).  Error bars 

represent standard error of 3 independent biological replicates.      

In MCF7 cells, there were no significant changes in FHL2, MAP1LC3β and Beclin1 at all drug 

concentrations on Day 1 and Day 3 (Figure 3.4).   
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Figure 3.5: FHL2, MAP1LC3β, and Beclin1 transcript levels measured at two time points in MDA-MB-231 

cells treated with varying concentrations of epirubicin.  The two graphs represent FHL2 (blue), MAP1LC3β 

(red), and Beclin1 (green) transcript levels relative to internal endogenous control β-actin and normalized to control 

sample of 0nM epirubicin for each treatment and time point.  Cells were treated with 0, 25, 50, and 75nM epirubicin 

(x-axis) and transcript levels were measured on Day 1 (top graph) and Day 3 (bottom graph) of treatment.  

Transcript expression is represented as fold difference between treatments normalized to 0nM epirubicin (y-axis).  

Error bars represent standard error of 3 independent biological replicates.      

In MDA-MB-231 cells, no signficant changes in gene expression were observed on Day 1 

following drug treatments of epirubicin (25nM, 50nM, or 75nM).  On Day 3, a significant (p-

value<0.05)  increase (~2.5 fold)  in FHL2 transcript expression levels was observed at 75nM 
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epirubicin treatment compared to the 0nM epirubicin control (Figure 3.5 bottom graph).  No 

other signficant changes in gene expression were observed on Day 3.  

 
 

Figure 3.6: FHL2, MAP1LC3β, and Beclin1 transcript levels measured at two time points in SKBR3 cells 

treated with varying concentrations of epirubicin.  The two graphs represent FHL2 (blue), MAP1LC3β (LC3) 

(red), and Beclin1 (green) transcript levels relative to internal endogenous control β-actin and normalized to control 

sample of 0nM epirubicin for each treatment and time point.  Cells were treated with 0, 25, 50, and 75nM epirubicin 

(x-axis) and transcript levels were measured on Day 1 (top graph) and Day 3 (bottom graph) of treatment.  

Transcript expression is represented as fold difference between treatments normalized to 0nM epirubicin (y-axis).  

Error bars represent standard error of 3 independent biological replicates.      

In SKBR3 cells, there was a significant (p-value<0.05) increase (~3.4 fold) in FHL2 transcript 

expression following 75nM epirubicin treatment detected on Day 1 (Figure 3.6 top graph).  

While there was an average increase (~5.1 fold) in FHL2 transcript expression following 25nM 
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epirubicin treatment detected on Day 3 (Figure 3.7 bottom graph), this change was not 

significant due to large variability in the biological replicates.  No other signficant changes in 

gene transcript at any other time point (Day 1 and Day 3) and/or under any other drug treatment 

concentration of epirubicin were observed (25nM, 50nM, or 75nM) (Figure 3.6).   

3.3 FHL2 Protein Expression in MCF7 and MDA-MB-231 Breast Cancer 

Cells  

 

To determine whether FHL2 protein expression was altered after treatment with autophagy-

inducing drugs tamoxifen and epirubicin, I employed western blot analysis in the breast cancer 

cell lines MCF7 and MDA-MB-231.  To determine whether the response was dose dependent, I 

analyzed samples treated with varying concentrations of epirubicin (0, 25, 50, and 75nM) and 

tamoxifen (0, 2.5, and 5µM) on Day 3 of treatment.   
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Figure 3.7:  FHL2 protein expression in tamoxifen treated MCF7 and MDA-MB-231 cells. Representative 

western blots of MCF7 and MDA-MB-231 cells showing FHL2 and β-actin protein levels after 3 days tamoxifen (0, 

2.5, and 5µM) treatment.  The graphs indicate the amount of FHL2 normalized to the loading control (β-actin) on 

the y-axis.  The x-axis represents three different tamoxifen treatment concentrations (0, 2.5, and 5µM).  

Both MCF7 and MDA-MB-231 western blots show detectable protein expression of FHL2 at 

relatively constant levels (0.5, 0.3, and 0.5 expression relative to β-actin and 1.5, 1.3, and 1.4 

expression relative to β-actin, respectively) at all tamoxifen treatment concentrations (0, 2.5, and 

5µM) (Figure 3.7). 
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Figure 3.8:  FHL2 protein expression in epirubicin treated MCF7 and MDA-MB-231 cells.  Representative 

western blots of MCF7 and MDA-MB-231 cells showing FHL2 and β-actin protein levels after 3 days of epirubicin 

(0, 25, 50, and 75nM) treatment.  The graphs indicate the amount of FHL2 normalized to the loading control (β-

actin) on the y-axis.  The x-axis represents four different epirubicin treatment concentrations (0, 25, 50, and 75nM). 

Both MCF7 and MDA-MB-231 western blots show protein expression of FHL2 with no 

significant changes (1.9, 1.3, 1.2, and 0.9 expression relative to β-actin and 0.9, 1.0, 1.0, and 1.0 

expression relative to β-actin, respectively) at all epirubicin treatment concentrations (0, 25, 50, 

and 75nM) (Figure 3.8). 
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3.4 FHL2 siRNA Mediated Knockdown Affects Cell Survival   

.   

 

 

Figure 3.9:  FHL2 protein expression in MCF7 cells following siRNA treatment.  A representative western blot 

of FHL2 protein expression following treatment with two different siRNAs targeting Atg7 or five different siRNAs 

targeting FHL2.  Scramble refers to a negative control scramble siRNA.  

To assess the effects of FHL2 knockdown on cell viability, I used a siRNA-based 

approach to reduce FHL2 levels as described in the “Methods and Materials” section.  To ensure 

knockdown occurred, I examined FHL2 protein expression by Western blot and found that all 

five different FHL2-siRNA constructs resulted in a dramatic decrease in FHL2 protein 

expression compared to the scramble-siRNA control (Figure 3.9).  This analysis also showed that 

knockdown of the essential autophagy protein Atg7 by two different siRNAs (Atg7-1 and Atg7-

2) in MCF7 cells resulted in no substantial change in FHL2 protein expression compared to the 

scramble control (Figure 3.9).  After treatment of MCF7 cells with the siRNAs, I examined live 

cell numbers (as described in the Methods and Materials section) and compared each treatment 

to the scramble-siRNA control to assess the impact of the siRNA treatments on cell viability.   
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Figure 3.10:  Effect of FHL2 knockdown on viability of MCF7 cells.  Percent of live cells (y-axis) was calculated 

after treatment with various FHL2-siRNAs, Atg7-siRNAs, or negative control scramble siRNA (x-axis).  Live cell 

numbers of each sample were counted by the trypan blue exclusion assay and compared to the scramble siRNA  

control.  Error bars represent standard error of 3 independent biological replicates.   

As expected, Atg7 knockdown had a modest effect on cell viability compared to the scramble 

control demonstrating a significant 33% decrease of  live cells (e.g. Atg7-2).  FHL2 knockdown 

with each of the five different FHL2-siRNAs showed a significant decrease in live cell numbers 

with an average 89, 83, 75, 81, and 70% reduction of lives cells, respectively, compared to the 

scramble siRNA control.         

3.5 FHL2 overexpression in MCF7 cells 

 

To further assess the effects of FHL2 on cell number, I also examined viable cell numbers (as 

described in the Methods and Materials section) following overexpression of FHL2 in MCF7 
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cells (Figure 3.11).  An amino-terminal FLAG-tagged FHL2 vector construct was used to 

overexpress FHL2, and an empty FLAG-vector was used as a negative control; overexpression 

was confirmed by Western blot analysis (Figure 3.12).   

 

3.11 Effect of FHL2 overexpression on MCF7 cell viability.  Percent of live cells (y-axis) was calculated and 

compared in MCF7 cells overexpressing FHL2 (FLAG-FHL2) or empty vector control (FLAG-vector) (x-axis).  

Live cell numbers of each sample were counted and normalized to the empty vector untreated control.  Error bars 

represent standard deviation of 3 independent biological replicates.      

 

3.6 FHL2 overexpression in MCF7 cells alters LC3-II levels.  

 

To determine whether there is a possible functional relationship between FHL2 expression and 

autophagy, levels of the autophagy marker, MAP1LC3β, were examined following 

overexpression of FHL2 in MCF7 cells with no treatment.  I found a significant (p-value=0.03) 

increase (~4.3 fold compared to vector control) in LC3II levels in cells overexpressing FHL2 

compared to the vector control (Figure 3.12).   
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3.12 FHL2 over-expression increases LC3II levels.  Representative western blot from 3 replicates of untreated 

MCF7 cells transfected with FLAG-FHL2 and vector control (FLAG-vector). FLAG-FHL2 overexpression resulted 

in a mean 4.3 fold increase in levels of LC3-II as expecteted compared to untreated FLAG-vector control. β-actin 

was used as a loading control.  Error bars represent standard deviation of 3 independent biological replicates.     

 

4. DISCUSSIONS AND CONCLUSIONS  

4.1 Analysis of FHL2, MAP1LC3β, and Beclin1 transcript expression and 

FHL2 protein expression in drug-treated breast cancer cells. 

 
Previous data generated in our laboratory indicated that there is an association between 

the FHL2 gene and autophagy genes where all show expression (by Affymetrix and qRT-PCR) 
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in subpopulations of MCF7 cells displaying high levels of autophagy markers (Gorski 

laboratory, unpublished).   To determine whether these changes were consistent across various 

breast cancer cell lines in whole cell populations and under different cytotoxic treatment 

conditions, I determined transcript expression of FHL2, Beclin1 and MAPILC3β in three 

different breast cancer cell lines using qRT-PCR (Results Section 3.1).  A few significant 

changes in transcript expression levels were detected, although none were consistent between the 

three cell lines.  In addition, there was large variability between the biological replicates.  

Overall, the results suggest that the transcript levels of FHL2 don‟t change significantly in 

response to the autophagy-inducing drugs, tamoxifen and epirubicin. The inconsistency between 

the previous gene expression study of sorted cell populations and my study of whole cell 

populations suggests that FHL2 gene expression changes may occur in a subpopulation of cells 

only and differences were masked in analyses of whole populations.  

In general, FHL2 transcript levels are highly variable among different tissues. For 

example, FHL2 is not expressed in the spleen, thymus, blood leukocytes or skin but consistently 

detected in heart, ovary, placenta, and skeletal muscle (Johannessen et al. 2006). Previous studies 

have identified several factors that can alter FHL2 transcript levels.  One study has shown that 

FHL2 transcript levels are temperature sensitive (Scholl et al. 2000). Other extracellular stimuli 

that induce FHL2 expression and may also contribute to transcription alterations include reovirus 

infection, hypertonicity, and ischemia (Coser et al. 2003; Kawahara et al. 2004). FHL2 transcript 

regulation may also be linked to p53 expression where elevated levels of p53 have been 

correlated with increased FHL2 mRNA transcript levels (Amaar et al. 2002; Scholl et al. 2000).  

Along with having different receptor status, the three breast cancer cell lines I used also have 

different p53 status: MCF7 cells are wildtype for p53 while SKBR3 and MDA-MB-231 cells are 
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mutant for p53 (Gu et al. 2009; Bonofiglio et al. 2011; Hui et al. 2006).  The promoter activity of 

the FHL2 gene is also regulated by a number of transcription factors including serum response 

factor and myocyte enhancer factor-2 (Hinson et al. 2008; Heemers et al. 2007).  These 

extracellular and endogenous factors indicate additional ways that FHL2 is regulated and that 

could contribute to its transcriptional response to the given experimental conditions.  The 

sensitivity of FHL2 expression to extracellular stimuli partially explains the variability observed 

between biological replicates.   

It was previously demonstrated that FHL2 expression is detectable in a number of breast 

cancer cell lines including MCF7 and MDA-MB-231 (Kleiber et al. 2007b), and I used these 

lines in my protein expression study.  My western blot assays were consistent with this previous 

report, indicating that there is FHL2 protein expression in both MCF7 and MDA-MB-231 cells.  

FHL2 protein expression levels showed no significant changes between samples at all 

concentrations of tamoxifen and epirubicin used in MCF7 and MDA-MB-231 cell lines, 

demonstrating the lack of a dose-dependent response to either treatment.   

4.2 Interpretation of the impact of FHL2 knockdown on the viability of MCF7 

cells. 

 
After establishing FHL2 protein expression in MCF7 cells, I investigated its functional 

role by evaluating its effect on cell viability via FHL2-siRNA.  The dramatic decrease in viable 

cell numbers upon knockdown suggests that FHL2 is functionally significant in MCF7 cell 

survival.  Several studies have shown that FHL2 is both directly and indirectly involved with cell 

survival and may be differentially expressed in response to stress in cells (Kleiber et al. 2007b; 

Kobayashi et al. 2004; Martin et al. 2007; Scholl et al. 2000; Xiong et al. 2010).  
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When comparing ATG7-siRNA and FHL2-siRNA mediated effects on cell viability, it 

appears that there is a greater decrease in live cells following FHL2 knockdown.  While trypan 

blue positive (i.e. dead) cells were evident following FHL2-siRNA treatments, I cannot rule out 

the possibility that some of the observed effects were also due to alterations in the cell cycle 

given some of the studies that have been done.  For instance, FHL2 was shown to positively 

control cell cycle-regulated processes in mouse embryonic fibroblasts.  That is, cell growth was 

drastically reduced in fhl2-/- mouse embryonic fibroblasts and stable ectopic expression of FHL2 

induced proliferation in melanoma cells (Chen et al. 2003; Johannessen et al. 2006).    FHL2 was 

also shown to modulate and interact with cyclin D1 and FoxO1 which are both proteins involved 

in cell cycle regulation (Labalette et al. 2004; Wei et al. 2003; Yang et al. 2005).  Overall, 

however, results from these previous studies suggest that FHL2 may be involved in cell survival 

and/or cell proliferation.  My FHL2-siRNA results in MCF7 cells support such a role, and in 

future studies it would be useful to determine if FHL2-siRNA also affects autophagy levels. It 

would also be interesting to further investigate the effects of FHL2-siRNA in combination with 

autophagy inhibition, in the presence and absence of drugs like tamoxifen, and in the context of 

drug-resistance.  

4.3 Effects of FHL2-overexpression in MCF7 cells. 

 

To further assess the functional role of FHL2, I examined the effects of its 

overexpression.  First, I measured viable cell numbers in MCF7 cells with FHL2- overexpression 

compared to a vector control.  There was no statistically significant increase in live cell numbers 

observed in FHL2 transfected cells vs. vector control (Figure 3.11).  It may be more relevant to 

assess the effects of FHL2 overexpression in cells that are exposed to stress. I initiated such 
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experiments, examining viability in FHL2-overexpressing MCF7 cells treated with increasing 

concentrations of tamoxifen (2.5 or 5.0 µM) or epirubicin (25 or 50 nM).  There appeared to be a 

modest increase in the number of viable cells with FHL2 overexpression and low drug 

concentrations, but no difference in cell numbers were observed between control cells and 

FHL2-overexpressing cells in the presence of higher drug concentrations or in the presence of 

baf A1.  It would be useful to examine viability at additional time points and with a broader 

range of drug concentrations to determine whether there is any survival or proliferation 

advantage in cells expressing high levels of FHL2.   

Second, I investigated the effects of FHL2-overexpression using the autophagy marker, 

MAP1LC3β, by western blot analysis. As expected, FHL2 protein levels were elevated in MCF7 

cells transfected with the FHL2 construct relative to the vector control (Figure 3.12).  In the 

absence of any treatment, I found that LC3II levels were elevated by approximately 4-fold in 

FHL2-overexpressing cells compared to the vector control (Figure 3.12).  These results suggest 

that FHL2 overexpression may affect the autophagy mechanism. However, an increase in LC3II 

could also be indicative of either an increase in autophagy or a block in late-stage autophagy (i.e. 

lysosome fusion step).   

Does FHL2 affect autophagy flux or could autophagy flux lead to alterations in FHL2?  I 

made some initial attempts to examine autophagy flux through p62, a marker of autophagy flux.  

Under normal conditions of functional autophagy flux, p62 expression is decreased.  In contrast, 

inhibition of autophagy often correlates with increased levels of p62.  However, my results were 

variable, and overall there was no consistent difference in p62 levels when comparing FHL2-

overexpressing and vector control MCF7 cells.  . When autophagy is induced, p62 transcript 

levels can be correspondingly increased such that static measures of flux are difficult to evaluate 



 

 

71 

(Barth et al. 2010). The inhibition of autophagy by either of the two Atg7-siRNAs (Figure 3.9) 

showed no substantial changes in FHL2 protein levels.  Thus, FHL2 is not likely regulated by 

autophagy, but my results with LC3-II suggest that FHL2 may have some affect on the 

autophagy process.  

Future studies should incorporate alternate markers to determine how FHL2 is affecting 

autophagic flux.  An example is by looking at treatment of the MCF7 cells with the inhibitor of 

autophagy flux, baf A1.  If FHL2 is inducing flux, I expect an increase in LC3-II levels would be 

apparent between FHL2-overexpression and vector control cells following bafA1 treatment. This 

would distinguish between the possibilities of an increase in autophagy versus a block in late-

stage autophagy (as described in section 1.4.4).   

4.4    Current limitations of data and future directions  

 

No apparent changes in FHL2 transcript or protein levels were observed in autophagy-

inducing conditions.  These observations indicate that there may be no link between autophagy 

induction and FHL2 regulation. However, it was shown previously that both autophagy and 

FHL2 are activated in response to cell stress (Yang et al. 2005; Esclatine et al. 2009; Glick et al. 

2010; Rubinsztein et al. 2007). In order to make a more accurate assessment of whether there is 

any significant differential expression  of FHL2 (or Beclin 1 and LC3) gene transcripts studied 

under the given autophagy-inducing conditions,  further qRT-PCR runs could be made in order 

to increase the sample number.  The signaling pathways and FHL2 promoter elements that 

influence FHL2 transcript levels also could be investigated to determine their possible relevance 

in autophagy-inducing conditions. It is also possible that FHL2 is regulated by alternate 

mechanisms. For  example, El Mourabit et al. (2003) have indicated that FHL2 contains a 
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number of putative phosphorylation sites, although it has yet to be demonstrated where 

phosphorylation of FHL2 occurs (El Mourabit et al. 2003; Müller et al. 2002).  It is also 

unknown whether there are other protein modifications associated with FHL2 regulation such as 

ubiquitination, sumoylation, methylation and acetylation.  Previous studies showed that FHL2 

interacts with the estrogen receptor (Kobayashi et al. 2004;Yan et al. 2003), but it is unknown 

how this interaction is affected in the context of tamoxifen treatment.  

As described above, I examined FHL2 protein levels in whole cell lysates but 

endogenous FHL2 has been found in both the cytoplasm and the nucleus. Therefore, since the 

activity of FHL2 in the cell has been shown to be stimulus-regulated (Coser et al. 2003; Morlon 

and Sassone-Corsi 2003; Müller et al. 2002; Nahm et al. 2002) it would be interesting to see if 

other autophagy inducing stimuli could alter FHL2 expression or affect subcellular localization. 

Movement of FHL2 to either nucleus or cytoplasm upon stress could be measured using a GFP 

tagged to FHL2. A GFP tag would enable the study of FHL2 distribution in real time under 

various autophagy-related stress conditions such as hypoxia, starvation, or drug treatment (Coser 

et al. 2003; Morlon and Sassone-Corsi 2003; Müller et al. 2002; Nahm et al. 2002).  Cell 

fractionation could also be utilized to separate nuclear and cytoplasmic components to examine 

the relative distribution of FHL2 by western blot analysis.  Independent assessment of 

subcellular localization may also be determined in future studies using immunofluorescence 

assays if suitable anti-FHL2 antibodies can be identified or developed.  

 FHL2 knockdown by multiple different FHL2-siRNAs led to a dramatic reduction in the 

number of live cells, and there are a number of mechanisms that could explain this observed 

decrease. I quantitated the number of live cells using the trypan blue exclusion assay which did 

identify dead cells, but does not take into account specific factors affecting cell numbers such as 
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the mode of cell death or possible additional affects due to disruption of cell proliferation.  Other 

measures of viability could be utilized to determine how FHL2 has a cell survival impact in these 

cells.  The WST-1 is a colorimetric assay that measures mitochondrial enzyme activity, but is 

also non-specific.  BrdU can be used as a fluorescent marker to detect changes in cell division 

through the incorporation of a BrdU antibody in place of thymidine into newly synthesized 

cellular DNA during cell proliferation. Cytochrome c release could be analyzed and caspase 

activity assays could be conducted to assess whether cells are dying by apoptosis.    

Many factors could have affected my results in the FHL2 overexpression studies.   

Firstly, it is unknown whether the levels of FHL2 in my overexpression study were in a 

physiological relevant range.  The FHL2 concentration in the overexpression study may have 

been too high for limiting concentrations of interaction proteins that direct subcellular 

localization.  I found it difficult to detect endogenous FHL2 protein expression with my initial 

available anti-FHL2 antibody (Abcam); an alternate anti-FHL2 antibody (Sigma) identified later 

in my study was much more sensitive for FHL2 detection.  Furthermore, to increase detection of 

FHL2 I used both wet transfer and a dry blotting system.  As wet transfer is commonly used for 

more sensitive and consistent antibody recognition I expected it would increase my FHL2 

detection.  However, it provided me with similar results as those I had seen using the dry blotting 

system.  I also used two different protein detection techniques on my western blots, infrared and 

enhanced chemiluminescence, to optimize FHL2 detection.  A FLAG-tagged FHL2 construct 

was used in the overexpression studies to increase FHL2 detection sensitivity. Also, since 

available FHL2 antibodies do not appear to work for IF, the FLAG tag may allow an initial 

assessment of subcellular localization.  However, it is important to acknowledge that the fused 

tag may affect the subcellular localization pattern of FHL2 or disrupt the regulatory machinery 
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and/or mechanism associated with FHL2 activity.  It would be valuable to test effects without a 

tag and/or to test effects with the FLAG-tag on the C-terminus. Further, it would be valuable to 

create cell lines stably expressing FHL2 so that transfection efficiency is not a variable.  

  To determine a possible functional relationship between FHL2 and autophagy, I 

examined the effect of FHL2 overexpression on LC3-II and p62 levels. While an increase in 

LC3-II levels was observed in the presence of FHL2 overexpresssion, the p62 results were 

inconclusive since no consistent differences, either up or down, were detected. Because p62 is 

cleaved by caspases (Norman et al. 2010) it is not a useful indicator of autophagy flux in 

apoptotic cell death conditions. Alternate measures of autophagy flux should be used in the 

context of both FHL2 overexpression and particularly FHL2 knockdown.  A potentially useful 

marker to employ is the tandem fluorescent RFP-GFP-LC3 protein requiring the construction of 

stable cell lines (Kimura et al. 2007).  This method provides a more accurate method of detection 

of autophagosome maturation from that of GFP-LC3; because unlike GFP-LC3, the RFP 

component does not lose fluorescence in the acidic and degradative environment of lysosomal 

compartments after fusion. This enables enhanced detection of autophagic flux i.e. before and 

after fusion with the lysosome.   

Malignant features in tumor cells that have been attributed to FHL2 overexpression 

(Gabriel et al. 2006b)could be further validated through siRNA-mediated knockdown of FHL2 to 

determine the effects on characteristics such as contact inhibition or anchorage independent 

growth (two methods to measure effects on tumorgenicity of cells).  Lastly, it may be valuable to 

test the effects of FHL2 knockdown on cell viability in vivo.  One possible strategy would be to 

use an inducible FHL2-shRNA construct in an MCF7 or other breast cancer cell line xenograft 
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mouse model.  With more accurate measures of autophagy activity, investigations into the 

association between FHL2 activity and autophagy will be markedly enhanced.   

6. SUMMARY 

My hypothesis was that FHL2 is a component of the molecular machinery regulating 

autophagy and/or cell survival in breast cancer cells following autophagy-inducing stressors such 

as tamoxifen or epirubicin.  I initially examined whether FHL2 transcript or protein expression 

was altered in response to these treatments in a number of breast cancer cell lines and found no 

significant changes.  Secondly, I investigated whether FHL2 affects survival in MCF7 breast 

cancer cells and found that upon FHL2 knockdown there was a significant decrease in live cell 

numbers.  Lastly, I initiated exploration of a possible functional relationship between FHL2 and 

autophagy regulation by examining FHL2 and autophagy marker protein expression in different 

contexts. There were no changes in FHL2 protein expression upon Atg7-siRNA knockdown, but 

increased levels of LC3II protein were observed in FHL2-overexpressing MCF7 cells.  Overall, 

there is a lack of data in the literature explaining the contribution of FHL2 to cancer growth and 

aggressive disease. This is the first study to demonstrate a cell survival-related function for 

FHL2 in MCF7 breast cancer cells. Further studies are required to clarify whether there is a link 

between FHL2 and autophagy, and to determine the function of FHL2 in other types of cancer 

cells and tissues.  
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