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Summary 

In the past decades, the role of autophagy in cancer biology has entered the spotlight. The 

dependence of tumors on the lysosomal degradation pathway has opened up exciting new 

avenues for precise targeted cancer therapies. In prostate cancer (PCa), the inhibition of 

autophagy interferes with tumor growth and may sensitize them to treatments such as androgen 

ablation therapy. Here, we focus on the potential role that the androgen regulated protein Six 

Transmembrane Protein of Prostate 2 (STAMP2) plays in regulating autophagy in PCa. 

Attenuating STAMP2 levels in PCa cells leads to increased autophagic flux as evidenced by 

the increase in long-lived protein degradation, microtubule-associated protein 1A/1B-light 

chain 3 (LC3) lipidation and characteristic intracellular puncta formation. This repressive 

regulation appears to be, in part, post-translationally regulated through Unc-51-Like kinase 1 

(ULK1) phosphorylation and transcriptionally modulated by upregulation of autophagy related 

genes. Similarly, gene expression analysis in a cohort of 499 primary PCa tumors has shown 

that STAMP2 and LC3 family mRNA expression are inversely correlated with each other. 

Among the group of upregulated genes are the target genes for transcription factor EB (TFEB), 

a master regulator of lysosomal biogenesis. Consistently, TFEB nuclear translocation was 

increased upon STAMP2 knockdown, suggesting that it is activated to transcribe target genes. 

Consequently, lysosomal number was increased upon STAMP2 depletion, supporting TFEB 

activation. In summary, these data show that STAMP2 represses autophagy in PCa by 

modulation of ULK1 phosphorylation and TFEB activity. 
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1 General Introduction 

1.1 Prostate Cancer 

1.1.1 The prostate 

The prostate is a muscular mammalian reproductive gland which in humans is usually the size 

of a walnut and is located within the pelvic region, below the bladder and surrounding the 

urethra (1). Its purpose is to secrete a slightly alkaline fluid to aid sperm cells by promoting 

their viability and motility (2). A typical human adult prostate epithelium is composed of at 

least three different cell types, tall columnar luminal cells, basal cells and a small population of 

neuroendocrine cells. The luminal cells secrete Prostate Specific Antigen (PSA), are androgen 

receptor (AR) positive, and rely on androgens for their survival. The basal cells that lie between 

the basement membrane and the luminal cells express low levels of AR and are not dependent 

on androgen signaling for their survival. Similar to basal cells, a small population of 

neuroendocrine cells express little to no AR and are androgen-independent (1). Neuroendocrine 

cells are found in the basal cell compartment and express neuroendocrine markers, such as 

Chromogranin A and neuron specific enolase (3). The prostate is enveloped by a stroma that is 

made up of nerve cells, smooth muscle, fibroblasts and lymphatic cells and consists of three 

zones: 1) The peripheral zone which is the area closest to the rectum, makes up approximately 

75% of the prostate. This zone is therefore the most easily identified during a digital rectal 

examination 2) The transition zone which is found in between the peripheral and central zone. 

The transition zone of the prostate enlarges as men age, eventually outgrowing the peripheral 

zone to form benign prostatic hyperplasia (BPH). 3) The central zone which is the one that is 

furthest away from the rectum (4, 5). 

1.1.2 Prostate cancer epidemiology 

PCa is the most frequently diagnosed cancer in North America, second only to skin cancer (6), 

and is the second leading cause of death among males (7). In Norway, PCa represents the 

highest diagnosed cancer type in males with 5061 new cases reported in 2015 and makes up 

15.8 % of the 156414 cancer incidences reported between the period of 2011-2015 (8). PCa 

incidences have been on the rise in the past decades and are attributed to the advent of improved 

PCa diagnostics such as Prostate Specific Antigen (PSA) screening (9, 10). Interestingly, the 
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survival rate is higher in the United States and Northern Europe and is believed to be the 

consequence of improved detection of latent tumors (11).  

The predisposition to prostate carcinogenesis is governed by multiple risk factors, such as age, 

diet and smoking. PCa is generally a disease of aging, whereby three quarters of PCa incidences 

were diagnosed in men over 65 years old (11). Racial descent is an additional risk factor with 

the highest rates of incidence and mortality of PCa in the United States of America occurring 

in African-American males (12). Obesity and excessive intake of dietary fat is associated with 

increased susceptibility of developing PCa (13, 14). Other environmental factors, such as lack 

of exercise and smoking are additional important risk factors. Heavy cigarette smokers carry a 

30% increased chance of PCa mortality compared to their non-smoking counterparts (15). 

1.1.3 Prostate carcinogenesis 

The progression of a normal prostate to an aggressive hormone-refractory prostatic 

adenocarcinoma is a complex process involving multiple genetic and epigenetic 

transformations that are yet to be fully understood. The initial detectable morphological change 

is the development of pre-cancerous Prostatic Intraepithelial Neoplasia (PIN). PIN are 

characterized by increased cellular proliferation, luminal epithelial growth, disruption of the 

basal cell layer, variations in DNA content and increased nuclear variation (16). Androgen 

deprivation therapy (ADT) significantly reduces the prevalence of PIN suggesting that PIN 

survival is androgen-dependent (17). PIN are eventually able to develop into PCa that are 

invasive to the neighboring stroma (18). PCa cells that are able to penetrate the basal membrane 

to enter the blood or lymphatic circulatory systems to be re-established as micro metastasis at 

a distant region, most frequently in the bones, brain, liver, lymph nodes or lungs (16).  

PCa severity can be classified by staging systems such that standard descriptions are used to 

communicate the severity of the disease. Staging is based on the results of the prostate biopsy 

including tumor size, spreading of the cancer, the number of observable tumors, and serum PSA 

levels. The two most commonly used staging systems are the TNM (T-Primary tumor size and 

localization; N-Spreading to Lymph Nodes; M-Metastasis) system and Gleason grading (19). 

This is particularly important with respect to the selection of treatment options and estimating 

patient survival. Recent profiling of 333 primary prostate carcinomas has shown that 74% of 

the tumors analyzed belonged to one of seven molecular subtypes. These subtypes are defined 
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by ERG gene fusion, ETV1, ETV4 and FL1 fusion or overexpression and by mutations in SPOP, 

FOXA1 and IDH1 (20). 

Figure 1. Prostate cancer progression. Initial PCa growth is dependent on androgens, which activates and 

promotes tumor growth and survival. Upon depletion of androgens, the size of the tumor regresses. However, the 

disease often recurs in the form of castration resistant tumors that no longer responds to the removal of androgens. 

The dependence of prostatic tissue on androgen signaling provides an avenue for targeting PCa 

in the form of ADT. ADT can exist in the form of surgical castration, AR inhibition using AR 

antagonists such as bicalutamide and preventing testicular and adrenal androgen production 

using abiraterone or leuprolide. However, despite initial regression of tumor growth after ADT, 

tumors often relapse as androgen ablation insensitive PCa (Fig. 1). This form of androgen 

independent PCa is therefore called Castration Resistant Prostate cancer (CRPC). Despite their 

non-responsiveness to androgen ablation, AR is constantly active in CRPC cells by multiple 

mechanisms (21). CRPCs are often more aggressive compared to their androgen dependent 

counterparts and are more prone to metastasis (22). 
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1.2 Autophagy 

1.2.1 Autophagy 

 

Figure 2. The three main pathways of autophagy. A. In chaperone-mediated autophagy, cytoplasmic proteins 

are unfolded and trafficked to the lysosomes by HSC70. The protein is then directly translocated through LAMP2A 

into the lysosomal lumen. B. Cytoplasmic components are engulfed by direct invagination of the lysosomal 

membrane during microautophagy. C. During macroautophagy, the cytosol is enveloped by an initiating 

phagophore. The phagophore is lined with phosphatidylethanolamine conjugated LC3 to which autophagy adaptor 

proteins carrying specific cargo are able to bind. The phagophore seals to form an autophagosome that fuses with 

lysosomes to form an autolysosome, such that hydrolases are able to degrade the contents of the autophagosome. 

(Figure was adapted from Kaur and Debnath, 2015.)  (23) 

The Belgian biochemist Christian de Duve won the Nobel Prize in Physiology and Medicine in 

1974 for his discovery of the lysosome. This hydrolase filled membrane compartment is the 

integral endpoint of a complex set of membrane trafficking pathways including one which de 

Duve termed autophagy. Autophagy, the name being derived from the Greek words auto and 

phagos meaning self-eating, is a catabolic degradation process whereby cellular components 

are translocated to lysosomes for their degradation. Autophagy, specifically macroautophagy, 

A B 

C 



6 

 

is in essence a membrane trafficking event where the cytosol is sequestered in vesicles and is 

brought to the lysosomes. There are three main forms of autophagy: Microautophagy, 

Chaperone Mediated Autophagy (CMA) and Macroautophagy. Microautophagy is the process 

whereby the lysosomal membrane invaginates and engulfs cytoplasmic components (24). 

During CMA, soluble cytosolic proteins are delivered directly to lysosomes by heat shock 

proteins (HSP). Briefly, protein substrates bearing the KFERQ amino acid sequence (25) are 

unfolded and delivered by HSC70 (26) to the lysosome associated membrane protein type 2A 

(LAMP2A) which translocates the substrates directly into the lysosomal lumen.  

Macroautophagy, henceforth referred to as autophagy for simplicity, involves the formation of 

a double membrane vesicle that engulfs cytoplasmic components to be shuttled to the lysosome 

for degradation. This double membrane vesicle, termed the autophagosome, is formed when a 

phosphatidylinositol-3-phosphate (PI(3)P) rich isolation membrane called the phagophore (27), 

engulfs cytoplasmic components. The autophagosome then matures by fusion with endosomes 

to form amphisomes or directly to lysosomes to form autolysosomes for their degradation. The 

origin of the autophagosomal membrane is not well understood and multiple cellular structures 

have been implicated in the initial formation of the autophagosome. Various reports suggest 

that the autophagosomal membrane can be derived from the plasma membrane (28), the 

mitochondria (29), the Golgi apparatus (30) or, the most likely source, the endoplasmic 

reticulum (ER) (27).  

Selective autophagy mediates the degradation of specific cellular components such as damaged 

organelles, protein aggregates or internalized pathogens. The specificity of the cargo that is 

incorporated into the autophagosome is determined by autophagy adaptor proteins. These 

adaptor proteins contain binding domains for association to their cargo and to LC3 

(a ubiquitin-like protein that lines the autophagosme membrane). For example, the autophagic 

degradation of mitochondria, termed mitophagy, is mediated by both NDP52 and OPTN but 

not p62 ( also known as SQSTM1) (31). Other forms of selective autophagy include degradation 

of nuclear material (nucleophagy) (32), lysosomes (lysophagy) (33, 34), peroxisomes 

(pexophagy) (35), endoplasmic reticulum (ER-phagy) (36), bacteria (xenophagy) (37) and 

protein aggregates (aggrephagy) (38). 
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1.2.2 Mechanism of autophagy 

 

Figure 3. The autophagic mechanism. This figure summarizes the progression and development of the 

autophagosome. The phagophore membrane elongates and engulfs cytoplasmic components to form an 

autophagosome. As the autophagosome matures, it fuses with lysosomes and the contents of the autophagosome 

is degraded by lysosomal hydrolases. Autophagy is dependent on four multi-component complexes: A. The ULK 

complex is made up of ULK1, FIP200 and ATG13 and its formation is regulated by AMPK and mTOR. B. The 

PI3K class-III complex becomes phosphorylated and then generates PI3P that is required for recruitment of 

autophagy proteins to the phagophore. C. The ATG16L1-ATG12-ATG5 conjugate binds directly to membranes 

and determines the sites of LC3 lipidation. D. The ubiquitin like protein, LC3 is first cleaved at the C-terminus by 

ATG4 and is conjugated to phosphatidyl ethanolamine by ATG7 and ATG3.  

The autophagic machinery is driven by the products encoded by autophagy-related (Atg) genes, 

of which 33 have been identified in humans. The protein products of these Atg genes are 

necessary in multiple stages of autophagy from autophagosome formation and maturation to 

autophagosome-lysosome fusion (39). The Atg1/unc51-like kinase (ULK) forms a complex 

with ATG13 and FIP200 and is necessary for the initiation stages of autophagy, possibly 

through recruitment of ATG9 to LC3 positive endosomal membranes (40). The ULK kinase 

complex is recruited to the phagophore nucleation site by the C-terminal early targeting (EAT) 

domain of ULK (41) and by a cluster of positively charged amino acids at the N-terminal region 

of ATG13 which associates with phosphatidylinositol 3-phosphate (PI3P) at the omegasome 

(42). Phosphoinositol 3-kinase (PI3K) complex activation allows for the generation of a 

A 

B 

C 
D 
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localized pool of PI3P that is responsible for the recruitment of Atg proteins to the site of 

autophagosome formation. VPS34 is able to form two distinct PI3K complexes that are 

involved in different cellular processes. Complex I consists of VPS34, BECLIN1, VPS15 and 

ATG14L while Complex II is made up of VPS34, BECLIN1, VPS15 and UVRAG. Complex I 

functions mainly in regulating autophagy while Complex II is involved in the vacuolar protein 

sorting pathway in yeast (43). These events form the platform for the binding of ATG12-ATG5-

ATG16L complex (44). The PI3K complex phosphorylates PI at the 3-position of the inositol 

ring to form PI3P to recruit PI3P binding proteins such as WIPI2 (45) and DFCP1 (27). These 

PI3P binding proteins in turn form a platform to recruit other Atg proteins and complexes such 

as ATG16L (44), which determines the site of LC3 lipidation (46) to the growing phagophore. 

ATG9 is the only single transmembrane protein that is required for autophagy. Induction of 

autophagy causes the translocation of ATG9 positive membranes from the Golgi to the 

recycling endosome where it is found to colocalize with ATG16L (47). 

Downstream of the ULK and PI3K complexes, two ubiquitin like protein systems (ATG16L1-

ATG12-ATG5 and ATG8/LC3) are activated. ATG12 is activated by the E1 ubiquitin ligase 

ATG7 and then conjugated to the lysine on Atg5 by the E2-like enzyme ATG10 (48, 49). 

Following this, the ATG12-ATG5 conjugate associates with membrane bound ATG16L. The 

ATG16L1-ATG5-ATG12 complex is recruited to the site of phagophore nucleation by the 

interaction between ATG16L1 and FIP200 (50). ATG16L is also recruited to the phagophore 

by the WD repeat domain phosphoinositide-interacting protein 2 (WIPI2) (44). The ATG16l-

ATG12-ATG5 complex behaves like an E3 ubiquitin ligase that is required for the lipidation of 

ATG8 to phosphatidyl ethanolamine (PE). The ubiquitin like protein Atg8 is cleaved at the 

C-terminal by ATG4 to expose a glycine residue which is conjugated to PE by ATG7 and ATG3 

(51). While only Atg8 is present in yeast, there are 6 LC3/Atg8 family members in mammals 

belonging either to the LC3 subfamily (LC3A, LC3B and LC3C) or the GABARAP family 

(GABARAP, GABARAPL1 and GABARAPL2/GATE16) (52). The ATG16L1-ATG5-

ATG12 complex is responsible for the transfer of LC3 from LC3-ATG3 conjugates to PE (53).  

The autophagosome is lined with lipidated LC3, allowing for autophagy adaptor proteins 

containing LC3-intracting regions (LIRs) (54) to be recruited to the autophagosomes. 

Autophagy adaptor proteins such as p62, ALFY and NBR1 contain LIR and specialized 

domains which allows them to latch onto cargo to be brought to the autophagosome (55). 

Mutations or loss of these adaptor proteins have been associated with physiological defects such 

as Huntington’s (56) or Parkinson’s disease (57).  
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Once the autophagosome has been fully formed, Atg8 lining the outer membrane of the 

autophagosome is cleaved off by the action of Atg4 (58). The sealed autophagosome needs to 

be trafficked to a lysosome for fusion to degrade its contents. Autophagosomes are brought into 

close vicinity to lysosomes by their association to the microtubule motor protein dynein (59). 

Autophagosomes and lysosomes are found in many regions of the cell, but are translocated 

towards the nuclear region where they are in close enough vicinity to fuse (60). STX17, a 

t-Snare found only on fully enclosed autophagosomes, is able to bind to its subsequent v-Snare 

on the lysosomal membrane to aid vesicle tethering (61). ATG14L binds to STX17 located on 

autophagosomes and is required for autophagosome-lysosome fusion (62). Once fused with the 

lysosomes, the contents of the autophagosomes are degraded by the lysosomal hydrolases and 

the products of this degradation are released into the cytosol.  

1.2.3 Regulation of autophagy 

Multiple cellular conditions, such as hypoxia, nutrient deprivation, pathogen infection and ER 

stress regulate autophagy. Autophagy is first and foremost regulated by the nutrient sensing 

mechanisms of the cell, most notably mammalian target of rapamycin complex 1 (mTORC1) 

and AMP-activated protein kinase (AMPK) (63). Depletion of vital cellular nutrients such as 

glucose and amino acids leads to the inactivation of mTORC1 and the increase in cellular 

adenosine monophosphate (AMP) (64). As a result of mTORC1 inactivation and AMPK 

activation, the ULK1 kinase loses its repressive phosphorylation on S757 and gains an 

activating phosphorylation at S555 (65). Activated ULK1, in complex with ATG13 and FIP200, 

together with the PI3K complex, consisting of VPS34, VPS15, BECLIN-1 and ATG14L recruit 

autophagy proteins to the site of autophagosome biogenesis. The PI3K complex is responsible 

for increasing the pool of PI3P at the sites of autophagy initiation and is required for recruitment 

of downstream autophagy proteins (66). Autophagy proteins are recruited to the autophagy start 

sites by binding PI3P via PI3P interacting regions such as FYVE domains (67) or WD40 repeats 

(68). Autophagy is controlled by mTORC1. However, this process can be self-regulating, since 

amino acids released from lysosomes after autophagic degradation through trans-membrane 

amino acid transporters activate amino acid sensors localized at the lysosomal membranes, 

CASTOR1 (69) and SLC38A9 (70). The increase in amino acids close to the lysosomal surface 

recruits and activates mTORC1 at the lysosome (71), thereby forming a negative feedback loop 

to inhibit autophagy.  
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ER stress is also a known regulator of autophagy. The unfolded protein response (UPR) is a 

response towards increased unfolded and misfolded protein in the ER lumen to restore normal 

ER function. For example, the autophagic process assists ER stress recovery by removing 

excessive ER membrane after stress induction by targeting ER membrane compartments to the 

autophagosomes through the LIR of SEC62 of the ER translocon complex (72). The UPR and 

autophagy are two interconnected homeostatic systems, whereby branches of the UPR are able 

to induce autophagy and vice versa. ER stress induces the phosphorylation of the stress 

regulated protein kinase c-Jun N-terminal kinase 1 (JNK1) which in turn phosphorylates B-cell 

lymphoma 2 (BCL2), thereby relieving Beclin 1 (BECN1) from its inhibition by BCL2 and 

allowing autophagic progression (73). Activation of the UPR induces splicing of XBP1, which 

translocates into the nucleus to upregulate BECN1 expression and drive autophagy (74). The 

eiF2α/ATF4 branch of the UPR sustains transcriptional upregulation of autophagy genes during 

amino acid starvation (75), promotes cell survival through upregulation of ULK1 (76) and is 

required for autophagy upregulation and treatment resistance after treatment with the 

proteasome inhibitor bortezomib (77). 

Inflammation regulates and is itself regulated by autophagy. Optineurin, an adaptor protein 

indispensable for mitophagy (31), has been shown to compete with NF-kappa-B essential 

modulator (NEMO) for binding to polyubiquitinated Receptor-interacting protein (RIP) via its 

ubiquitin binding domain, functioning therefore as a competitive inhibitor of the TNFα 

signaling pathway (78). p62 has also been shown to interact with TRAF6, an E3 ubiquitin 

ligase, resulting in polyubiquitination of TRAF6 and NF-kB activation (79) while Paget’s 

disease of bone (PDB) mutations in p62 increase NF-kB pathway activation (80). Furthermore, 

p62 is necessary for TRAIL induced apoptotic signaling through its association to and 

recruitment of caspase 8 to characteristic p62-enriched structures referred to as speckles (81). 

Autophagy is indispensable for the production of IFNα by dendritic cells by delivering viral 

nucleic acids to Toll-like Receptors (TLRs) located in endosomes (82).  

Transcription factors (TFs) regulate the abundance of autophagy proteins at the transcriptional 

level to regulate its flux. ATF4 (75), PPARα (83), NF-κB (84), CREB (85) and TFEB (86) are 

examples of TFs that are able to bind to regulatory regions of autophagy genes to regulate their 

expression. TFEB overexpression is sufficient to induce autophagy whereas depletion of TFEB 

decreases lysosomal size and number and the autophagic flux (86). TFEB is found in both the 

cytosol and the nucleus, and its function is dependent on nuclear translocation. This 

translocation is regulated by its interactions to the scaffold protein 14-3-3 which, when bound, 
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sequesters TFEB in the cytosol. This interaction to 14-3-3 is dependent on the phosphorylation 

on TFEB on S142 and S211, which has been shown to be a direct substrate of the Ser/Thr kinase 

complex mTORC1 (87, 88). This repressive binding to TFEB can be reversed by 

dephosphorylation mediated by the calcium driven phosphatase, calcineurin (89). Calcium 

released from the lysosomes, through the lysosomal ion channel MCOLN1, activates 

Calcineurin, which in turn removes the phosphorylation on TFEB, alleviating it from 14-3-3 

inhibition. The nuclear localization signal of TFEB is now exposed and the transcription factor 

is able to translocate into the nucleus to drive lysosome gene expression (89). 

1.2.4 Autophagy and cancer 

Autophagy has been described as a double edged sword, playing roles in both promoting and 

suppressing cancer (90). On one side, autophagy prevents cancer initiation during the initial 

phases of carcinogenesis; by turning over damaged organelles such as mitochondria, lysosomes 

and ER, the cell is able to reduce the buildup of damaging reactive oxygen species (ROS) and 

cellular waste that may promote DNA damage and downstream proliferative signaling. On the 

other side, towards the later stages of oncogenesis, autophagy is protective towards the 

microenvironmental stress faced by a rapidly growing tumor to survive and proliferate.  

Cellular byproducts such as ROS are reactive molecules formed from the reduction of oxygen 

and are found in abundance in tumors where they may promote tumor development (91). 

However, ROS also function as signaling molecules to induce cell signaling events, such as the 

cyto-protective antioxidant-signaling pathway Nrf2-Keap1 (92). Recent findings have 

described the intersection between the antioxidant-signaling pathway and autophagy. The 

autophagic adaptor protein p62 targets Keap1 to the autophagosome for its destruction, thereby 

stabilizing the transcription factor Nrf2 and leading to prolonged target gene expression (93) 

while overexpression of p62 in mice xenograft models results in increased tumor burden (94). 

The loss of p62 on the other hand leads to enhanced cellular ROS, which is the result of reduced 

NF-κB activation and subsequent expression of ROS scavengers (94, 95). ROS may therefore 

form a possible negative feedback loop where p62 leads to decreased ROS generation that 

prevents damage from free radicals but also leads to prolonged activation of signaling pathways.  

Growing tumors are often faced with multiple challenges as they increase in size. As they grow, 

cells closer to the core of the tumor are often hypoxic due to decreased accessibility to the 

vasculature and blood circulation. This increase in demand for oxygen, nutrient and waste 
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circulation is overcome by angiogenesis, which is the formation of new blood vessels partly 

through activation of hypoxic signaling through Hypoxia-inducible factor alpha (HIF1α). In 

addition to angiogenesis signaling, HIF1α also induces autophagy by transcriptionally 

upregulating BCL2 interacting protein 3 (BNIP3) that relieves the repression of BCL-2 on 

BECN1 (96). Hypoxia signaling is itself regulated by autophagy, where HIF1α is degraded in 

the lysosomes by CMA (97). In addition to HIF1α, hypoxia induced autophagy is also instigated 

by PKCδ through JNK1 but not JNK2 (98). Presumably, due to the lack of oxygen to function 

as electron acceptors, FUN14 Domain containing 1 (FUNDC1) driven mitophagy is 

upregulated during hypoxic conditions in HeLa cells (99). This allows for quality control of 

dysregulated mitochondria. 

Metastasis is the process whereby cancer cells from a primary tumor are able to escape into the 

circulation and colonize distant organs. The metastatic cascade is made up of several stages: 

local invasion, intra-vesation into the circulatory system, migration, extravasation and 

eventually colonization. Autophagy enables migrating cancer cells to establish themselves in 

new, unfamiliar and foreign microenvironments. True to this concept, LC3 punctate structures 

were found to be higher in breast cancer (BCa) and melanoma metastasis (100, 101). Anoikis, 

a form of cell death driven by loss of attachment to the extra-cellular matrix is repressed by 

autophagy (102). The SRC kinase is targeted by Casitas B-lineage Lymphoma (c-Cbl) for 

degradation by autophagy, thereby promoting cell survival when focal adhesion kinase (FAK) 

activity is low during cell migration (103). Autophagy also plays a role in both inhibiting and 

promoting metastasis. Focal adhesion kinase family integrating protein (FIP200), a member of 

the ULK1 kinase complex, represses the autophosphorylation of the FAK which inhibits 

cellular migration (104). 

Cancer cells have increased survival, driven partly by a repressed or aberrant apoptotic 

signaling. BCL2 is capable of binding to either pro-apoptotic Bcl-2-associated X protein (BAX) 

and Bcl-2 homologous antagonist killer (BAK) or BECN1 (105). This binding of BCL2 

sequesters either BAX/BAK or BECN1, allowing the formation of either the apoptotic or 

autophagic complex at any given time. BCl2-binding is therefore a switch whereby either 

apoptosis or autophagy dominate. 
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1.2.5 Autophagy and cancer treatment 

Autophagy is a mechanism that aids cell survival in the face of micro-environmental stress, and 

is thus beneficial for cancer cell survival during treatment. The widely used chemotherapeutics 

paclitaxel and docetaxel inhibit microtubule function and prevent autophagosome-lysosome 

fusion, effectively blocking autophagy (106). Ionizing radiation during radiotherapy induces 

autophagy through decreasing the amount of activating, phosphorylated mTOR (107) and 

activating the UPR by inducing protein kinase R-like endoplasmic reticulum kinase (PERK) 

expression (108), both of which are events that were previously reported to induce autophagy 

(109).  

Tamoxifen is the mainstay treatment of estrogen receptor (E2R) positive BCa. This prodrug is 

taken up orally and is processed in the liver into 4-hydroxytamoxifen (4-OHT), which has 

significantly stronger affinity to the E2R and therefore outcompetes estrogen for binding to the 

active site in the E2R. As for many other chemotherapeutics, there have been multiple 

observations where autophagy is activated upon tamoxifen treatment and that a functional 

autophagic machinery is a prerequisite for tamoxifen resistance (110-113).  

Other treatments, although not specifically targeting the autophagic pathway, affect autophagy 

consequentially. BH3 mimetics such as ABT-737 (114) sequester and inhibit pro-survival Bcl-

2 family proteins, leading to mitochondrial cytochrome c release. Bcl-2, interestingly regulates 

the balance between apoptosis and autophagy by binding to BECN1 complex to inhibit its 

activity, and Bcl-2 homology (BH3) mimetics relieves BECN1 from its repression by Bcl-2 

leading to activation of autophagy (115, 116). 

The findings described above have generated interest in the manipulation of autophagy during 

cancer treatment. There are currently >50 clinical trials listed on clinicaltrials.gov where 

autophagy is being targeted in cancer patients. Many of these clinical trials harness the well-

documented pharmacodynamics and pharmacokinetics of hydroxychloroquine and 

chloroquine, inexpensive and accessible lysothropic drugs currently used in the treatment of 

patients diagnosed with malaria or rheumatoid arthritis (117). Hydroxychloroquine and 

chloroquine are lysosomotrophic bases that accumulate in the lysosomes leading to 

neutralization of H+. The pH increase in the lysosomal lumen are inhibitory to resident 

lysosomal cathepsins and proteases, which prevents lysosomal degradation and thus resulting 

in autophagy inhibition. Interestingly, treatment with chloroquine inhibits the activation of 
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mTORC1, which relieves the repressive phosphorylation on TFEB and ULK1 (118). As such, 

chloroquine is capable of both activating and preventing autophagy.  

1.2.6 Autophagy and prostate cancer 

Early staged PCa is often treated through a regiment of different therapeutic options including 

surgery, radiation therapy, cytotherapy, chemotherapy and ADT. ADT in PCa is often initially 

effective. Regrettably, the tumors eventually advance to ADT-insensitive, castration-resistant 

PCa that is no longer dependent on androgens but is still positive for AR signaling (21). 

Although an array of reports indicated that activation or disruption of AR signaling could affect 

autophagy levels in PCa cells, the observations have been mixed. 

Kaini et al. showed that androgen depletion induced autophagy and lipid droplet degradation 

through lipophagy (119), while siRNA mediated AR knockdown induced autophagy and 

reintroduction of functional AR decreased autophagic flux (120). Similarly, supplementation 

of dihydrotestosterone (DHT) decreased autophagy in LNCaP through mTOR activation (121). 

AR inhibition by ADT using non-steroidal AR antagonists such as bicalutamide induces 

autophagy in PCa cells in the presence and absence of external cellular stressors (122). 

Furthermore, interference of AR function using enzalutamide induces increased autophagy in 

in vitro and in vivo models (123). This induction of autophagy upon ADT appears to be 

protective as Benett et al. showed that the androgen insensitive LNCaP-AI cells were roughly 

twice as resistant to docetaxel than to the androgen sensitive LNCaP, and re-supplementation 

of LNCaP-AI with androgens decreased docetaxel sensitivity (123). Inhibition of autophagy 

and suppression of androgen signaling were combinatorially repressive on PCa cell growth 

(124), a finding that has led to multiple clinical trials involving ADT and androgen receptor 

inhibition in PCa. However, androgen regulated autophagy cannot completely be attributed to 

AR function as autophagy is also induced in PC3 cell lines which do not express AR during 

ADT (121). 

In contrast, Shi et al. found that the synthetic androgen R1881 increased the autophagic flux 

after 3 days in LNCaP and VCaP cells and induced intracellular lipid accumulation (125). The 

same group further show that the AR activates autophagy by directly regulating the expression 

of the transcription factor TFEB and four core autophagy genes, ATG4B, ATG4D, ULK1 and 

ULK2 (126). A unifying explanation is therefore required to explain the mechanisms behind 
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the relationship between androgen signaling and autophagy activation in PCa such that this 

knowledge can be effectively translated to the bedside.  

TNFα-dependent apoptotic cell death is enhanced upon androgen induction by rapamycin 

treatment in the AR negative PCa cell line PC3, while it is potentiated by the PI3K inhibitor 

3-Methyladenine in LNCaP cells (127). Metformin, an AMPK activator commonly used to treat 

diabetes type II, has been shown to repress proliferation in multiple cancer cells lines, PCa 

included. Metformin activates AMPK in PCa, leading to inhibition of mTOR, which would set 

metformin as an autophagy inducer but confusingly it represses autophagy, through 

mechanisms that are yet to be fully determined (123). This finding is further supported by data 

which show that diabetic patients taking metformin have lower incidence of PCa (128). A 

combination of enzalutamide and metformin significantly decreased xenograft tumor sizes 

while LNCaP and PC3 cells treated with bicalutamide and metformin decreased cancer cell 

colony formation (129). 

Nonetheless, targeting specific components of the autophagic machinery during cancer therapy 

is complicated due to the heterogeneity of PCa tumors. This is reflected in the stark differences 

in the status of autophagy in PCa derived cancer cell lines. For example, DU-145, a cell line 

derived from metastasis in the central nervous system lacks expression of canonical ATG5 

transcripts and has very little to no lipidated forms of LC3, as compared to other PCa cell lines, 

LNCaP and PC-3 (130).  
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1.3 Six Transmembrane protein of the prostate 

(STAMP) 

1.3.1 The STAMP family 

  

Figure 3. The structure of the STAMP family proteins. The STAMP family proteins contain a dinucleotide 

binding motif that is necessary for the recruitment of FAD and a NADP oxidoreductase domain that oxidizes 

NADPH. STAMPS catalyze the reduction of Fe3+ and Cu2+ to Fe2+ and Cu+ respectively.  

STAMPs are a family of transmembrane proteins that traverse biological lipid membranes 

through six hydrophobic transmembrane domains (131, 132). The transmembrane domains are 

flanked by a long amino terminus and short carboxyl terminus, both of which are predicted to 

face the cytosol. The STAMP family is comprised of STAMP1, STAMP2 and STAMP3, each 

sharing significant sequence similarity to the F(420)H(2):NADP(+) oxidoreductase present in 

archaea and bacteria at the disordered N-terminal (133). Furthermore, the STAMPs share 

notable homology in their COOH-terminal domain to the transmembrane protein of the FRE 

metalloreductases in yeast (134). Consistent with this the STAMPs were shown to possess ferri- 

and cupricreductase activity (135). Ferri- and cupricreductases reduce ferric iron (Fe3+) to 

ferrous iron (Fe2+), and cupric copper (Cu2+) to cuprous copper (Cu+), which are necessary for 
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their transport from endosomal compartments into the cytosol through the divalent metal 

transporter (DMT1) (136). The proposed model for the catalytic activity of the STAMP family 

proteins are as follows: NADPH plays the role of the initial electron donor and is oxidized by 

the NADP oxidoreductase domain. These electrons are then delivered subsequently to the FAD 

and heme groups located within the transmembrane region. The electrons, through the 

ferrireductase domain, reduce ferric iron to ferrous iron. STAMPs are predicted to bind to iron 

and copper through conserved histidine residues that are responsible for binding to heme groups 

(137, 138). Corroborating the proposed role of STAMPs in cellular metal transport, STAMP2 

has been shown to regulate cellular iron levels in osteoclasts during osteoclastogenesis (139), 

and STAMP3 knockdown induced an anemia-like phenotype in macrophages and hepatocytes 

(136). However, the functions are not limited to metal transport and as described below, the 

STAMPs, although sharing structural and sequence similarities, appear to have both different 

and redundant functions in various aspects of cellular biology.  

All members of the STAMP family localize to early endosomal structures indicating that they 

may be involved in endocytic/endosomal recycling pathways (134, 140, 141) .The STAMPs 

share a common YXXØ consensus sequence that is consistent with their localization to 

endosomes (142). The cellular localization of the STAMPs is summarized in Table 1. 

 Localization Colocalization Cell/Tissue type Reference 

STAMP1 Early endocytic 

vesicles, Golgi 

apparatus, Plasma 

membrane 

TfR, EEA1 LNCaP and 

CWR22 

(Prostate) 

Korkmaz et al., 2002; 

Porkka et al., 2002 

STAMP2 Early endocytic 

vesicles, 

Golgi apparatus, ER, 

Plasma membrane 

TfR, EEA1,  

FAK, Caveolin-1 

LNCaP 

(Prostate) 3T3-

L1 (Adipose) 

Human oemental 

adipose tissue 

Korkmaz et al., 2005; 

Yang et al., 2001; 

Chambaut-Guerin et al., 

2005; Zhang et al. 2008 

STAMP3 Early endosomes, 

Exosomes 

TfR, DMT1, 

TCTP 

HEK293T 

(Embryonic 

kidney) 

Ohgami et al., 2005b; 

Amzallag et al., 2004 

Table 1. Summary of STAMP cellular localization.  



18 

 

Expression of GFP-tagged STAMP1 indicates that the transmembrane protein traffics between 

the Golgi apparatus and the plasma membrane. TNFα-induced adipose related protein (TIARP), 

the mouse homologue of STAMP2, was also present at the plasma membrane in adipocytes 

(88). 

1.3.2 STAMP expression 

STAMP1 is highly expressed in the prostate and to a significantly lesser extent in several other 

tissues (135, 140, 143). STAMP1 is not expressed in AR-negative PCa cell lines such as PC3 

and DU-145 and thus appear to be dependent on AR for its expression. Interestingly, STAMP1 

transcription is not androgen-regulated despite the requirement of functional AR in the cell for 

its expression. STAMP1 expression correlated positively with disease severity in PCa (140, 

143, 144). In murine preadipocytes, STAMP1 is decreased during adipogenesis (145). 

Inflammatory signaling has also been shown to affect STAMP1 mRNA transcription as 

activation of the NF-κB pathway following TNFα treatment decreased STAMP1 expression 

(146). 

STAMP2 mRNA is found in multiple organs, with the highest expression in the bone marrow, 

lung, white and brown adipose tissues, prostate, liver, heart, skeletal muscles, small intestines 

and kidney (135, 141, 147, 148). The regulation of STAMP2 expression has been studied in 

greater depth compared to STAMP1. Similar to STAMP1, STAMP2 expression increases with 

PCa progression (141, 149); however, unlike STAMP1, STAMP2 is upregulated upon 

differentiation in pre-adipocytes in 3T3-L1 and hASC mouse and human pre-adipocytes (145, 

148, 150) and by androgens (141, 149). In addition to adipocyte differentiation, STAMP2 

increases during the biogenesis of osteoclasts and is required for regulation of cellular iron 

uptake (139). However, the most striking regulator of STAMP2 expression in the cell is 

possibly nutrient availability and metabolic signaling. Feeding of hepatic and adipocyte cells 

induces the transcription of STAMP2, while its expression is greatly decreased upon fasting 

(148, 151). Notably, STAMP2 in subcutaneous and visceral white adipose tissues (VWAT) is 

increased in obese mice models (147) while it is decreased in livers of non-alcoholic fatty liver 

disease (NAFLD) human patients and in NAFLD mice under a high fat diet (152), indicating 

an important role of STAMP2 in the development of obesity. The STAMP2 homologue in mice 

was first described as TIARP, a plasma membrane transmembrane protein that is induced by 

TNFα (153). Similar to its homologue, STAMP2 is also positively regulated by multiple 
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cytokines such as TNFα (148, 154, 155), IL-6 (151, 156), IL-Iβ (157), IL-17 (158) and 

Lipopolysaccharides (LPS) (159, 160). 

In parallel to STAMP2, Stamp3 is also increased in differentiating 3T3-L1 murine preadipocytes 

(145). Iron is an important molecule in multiple enzymes, playing important roles as cofactors 

necessary for biochemical reactions in the active site. Hypoferric conditions induce the 

expression of STAMP3 (161), possibly reflecting a cellular compensatory mechanism to 

increase cellular iron uptake. Eliciting the immune response with LPS however decreases 

STAMP3 expression (136). 

The control of STAMP expression in response to various signaling molecules and cellular 

processes suggests that the STAMPs are themselves more than just bystanders but are directly 

involved in the regulation of the respective signaling pathways involved. 

1.3.3 Physiological and cellular functions of the STAMPs 

The STAMPs contain a C-terminal ferrireductase domain that is necessary for iron translocation 

into the cytoplasm during transferrin-dependent iron uptake. Mutations in STAMP3 decreased 

the amount of ferric reductase activity in the blood and higher concentrations of iron and copper 

in the liver in C57BKL/6 mice (162). In primary hippocampal neurons, STAMP1 was also 

found to colocalize to components of the transferrin-dependent iron cycling (135) and was 

suggested to be involved in translocation of iron through the blood brain barrier (163). STAMP2 

depletion in osteoclasts greatly decreased the levels of intracellular soluble iron (139), 

indicating its importance in iron uptake. 

In contrast to the role of STAMP1 as a proliferative factor in PCa (140), STAMP3 appears to 

play the opposite role as a tumor suppressor. pHyde, the homologue of STAMP3 in rats induces 

apoptosis in PCa cells when ectopically expressed, while viral transduction of STAMP3 in 

human PCa cells inhibited cell growth and promoted apoptosis (164). STAMP3 expression is 

regulated by the tumor suppressor protein p53 and through direct interactions with Nix and 

Myt1 is able to drive apoptosis and repress cell cycle progression (165). The localization of 

STAMP3 to endocytic compartments and its regulation by p53 during DNA damage is relevant 

for its role as the moderator in p53 mediated exosome secretion (166). External factors also 

influence STAMP3 expression as smoking induces STAMP3 expression by two fold in Crohn’s 
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disease patients, a chronic inflammatory bowel disease (167), suggesting that STAMP3 may be 

involved in colon function and biology.  

As its complex regulation would suggest, STAMP2 is involved in multiple aspects of cellular 

biology. Most investigations into the role of STAMP2 in cells has been performed in the context 

of metabolic syndrome and obesity. In in vivo mice models, feeding induces the expression of 

STAMP2 in VWAT. This response to feeding is greatly reduced in obese mice. siRNA 

mediated knockdown of STAMP2 in murine 3TL3-L1 adipocytes led to decreases in both 

insulin sensitivity and glucose uptake, while both macrophage recruitment and inflammatory 

gene expression was increased (148). Considering this, STAMP2 protein and mRNA levels in 

adipose tissues were upregulated in obese patients from Sweden (147). Consistent with this 

result STAMP2 mRNA is increased in VWAT and brown adipose tissues (BAT) in obese mice. 

In hepatocytes, STAMP2 attenuates high fat diet induced insulin resistance whereby ectopic 

expression of STAMP2 improves insulin resistance in high fat diet treated mice (152). Further 

corroborating the importance of STAMP2 for metabolic homeostasis, insulin action is 

decreased in STAMP2 deficient mice and induction of STAMP2 after feeding is greatly 

decreased in obese mice (148, 159). The effect of STAMP2 loss on insulin induced glucose 

uptake can be explained by the decrease of glucose transporter 4 (GLUT4) translocation to the 

plasma membrane thereby preventing glucose transport in part by attenuating protein kinase B 

(AKT) phosphorylation (168). 

In STAMP2 knockout macrophages treated with LPS, interleukin-16 (IL-6) and inducible nitric 

oxide (iNOS) expression was increased, suggesting that STAMP2 may repress inflammatory 

signaling. This is true in both human and mice microphages, where STAMP2 represses 

inflammation and protects against atherosclerosis through modulation of NADPH levels, in part 

through degradation of p65 by nuclear translocation of the NADPH sensor NmrA-like family 

domain-containing protein 1 (NMRAL1) and activation of  copper metabolism domain 

containing 1 (COMMD1) (159). Adipocyte and osteoclast differentiation is dependent on 

STAMP2 as osteoclast formation is inhibited by STAMP2 knockdown (139), and adipocyte 

differentiation of 3T3-L1 is significantly reduced upon STAMP2 depletion (145). STAMP2 

may therefore play a role in cellular differentiation in addition to protecting the cell against 

excessive nutrient surplus and aberrant inflammatory signaling. 

Ectopic expression of STAMP2 in the human embryonic kidney 293T cells grown in 

suspension hinders anchorage independent cell growth possibly through the activation of FAK 
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(169). In addition to the decrease in cell growth, the activating phosphorylation of FAK1 on 

tyrosine-397 was also shown to be decreased while the inhibition on cell growth could be 

rescued by supplementation of antibodies against STAMP2 in the culture media. The effects of 

STAMP2 overexpression on anchorage-free cell survival was attributed to the possible direct 

interactions between STAMP2 and FAK as shown by immunoprecipitation (169). This suggests 

that STAMP2 could be involved in facilitating cellular attachment and motility (168).  

1.3.4 STAMP2 in prostate cancer 

As described earlier, STAMP2 expression is tightly regulated by androgens (141). As such, 

STAMP2 protein is decreased when androgens are depleted during ADT, but is greatly 

increased upon the formation of CRPC. Histological and in silico analysis of PCa specimens 

show that STAMP2 expression is increased in advanced and metastasized PCa (141, 149), 

suggesting a role of STAMP2 as a potential oncogene in PCa. siRNA mediated knockdown of 

STAMP2 inhibited tumor colony formation and PCa cell growth, while overexpression of 

STAMP2 rescued these cells from this inhibition and promoted prostate cell proliferation. 

shRNA mediated STAMP2 knockdown in in vivo tumors subcutaneously implanted into male 

SCID mice greatly reduced tumor growth. Furthermore, loss of STAMP2 led to increased 

fraction of cells in the G0/G1 phase, indicating partial cell cycle arrest (149). This was shown 

to be dependent on its ferri-reductase activity, increases in intracellular reactive oxidative 

species (ROS) and activation of the stress transcription factor ATF4. Interestingly, despite its 

AR negative status, shRNA knockdown of STAMP2 in androgen-insensitive 22Rv1 cells also 

decreased PCa cell and tumor growth (149). The knockdown of STAMP2 in adipose stem 

cell-derived adipocytes prevented PCa tumor growth in nude mice, possibly caused by 

decreases in adipokine secretion (170). This shows that STAMP2 levels in the supporting 

stroma also play a role in determining PCa tumor growth. The observations described so far 

suggest that STAMP2 may function as a molecular target and as a biomarker in the detection 

of PCa.  
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2 Aims of Study 

The major aim of this study is to further our understanding of the complex regulation of 

autophagy in PCa, with a focus on the role of STAMP2 whose expression is androgen regulated. 

Efforts to target autophagy in conjunction with androgen inhibition and chemotherapeutic drugs 

in PCa are promising in in vitro and in vivo settings although it has yet to yield improved 

therapeutic outcome in clinical trials. This delay could be largely explained by the lack of 

understanding the complex mechanisms of autophagy in PCa. Previous studies carried out in 

our laboratory have shown that STAMP2 may influence transcription factors involved in 

maintaining gene expression during starvation-induced autophagy. Our initial hypothesis was 

that STAMP2 may potentially promote autophagy by upregulation of autophagy genes, thereby 

providing a survival advantage to cells with increased levels of oncogenic STAMP2. In addition 

to ROS, STAMP2 also affects multiple signaling pathways such as inflammation and insulin 

signaling in PCa, which in turn are known autophagy regulators. We thus set out to elucidate 

in detail the potential involvement of STAMP2 in autophagy in PCa. This thesis describes our 

efforts to test the aforementioned proposed hypothesis. 
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3 Materials and methods 

3.1 Materials 

AppliChem, Darmstadt, Germany. 

- Polyacrylamide (40%) 

 

BI Biological Industries, Kibbutz 

BeitHaemek, Israel. 

- Fetal bovine serum (FBS) 

 

BioRad Laboratories Inc., Hercules, CA, 

USA. 

- ClarityTM Western ECKL substrate 

cat.# 170-5060 

- ImmunoblotTM polyvinylidene 

fluoride (PDVF) membrane  

 

BD Biosciences 

- p62 mouse pAb 

- Precision Plus Dual Color protein 

standard 

 

Biotool, Selleck Chemicals 

- All-in-one cDNA Synthesis 

SuperMix, cat.#B24408 

 

BioWhittaker-Lonza, Rockland, ME, 

USA 

- DMEM 1640 media, 

cat.#BE12-709F 

- L-glutamine cat.#BE17-605E 

- MycoAlert Mycoplasma Detection 

Kit 

- Penicillin/Streptomycin, 

cat.#DE17-603E 

- RPMI 1640 media, cat.#BE12-115 

- SeaPlaque Agarose 

- Trypsin EDTA, cat.#CC-5012 

 

 

 

Roche Diagnostics Corp., IN, USA. 

- Lightcycler 480 SYBR green I 

Master 

- Magnesium Chloride (MgCl2) 

- 4-(2-Hydroxyethyl)piperazine-

1-ethanesulfonic acid (HEPES) 

- Acetic acid 

- Ammonium persulfate (APS) 

- Bovine serum albumin (BSA) 

- Bromophenol blue 

- Chloroform 

- Non-fat dry skimmed milk 

- Ethidium bromide (EtBr) 

- Glycine 

- Horseradish peroxidase 

(HRP)-conjugated a-mouse IgG 

antibody 

- Horseradish peroxidase 

(HRP)-conjugated a-rabbit IgG 

antibody 

- Phenylmethylsulfonyl fluoride 

(PMSF) 

- PhosStop phosphatase inhibitor 

- Protease inhibitor cocktail (PIC) 

- Sodium azide (NaN3) 

- Sodium dodesyl sulphate (SDS) 

- Tetramethylethylenediamine 

(TEMED) 

- Octyl phenoxy polyoxy ethanol 

(Triton X-100) 

- Whatman cellulose chromatography 

papers 

 

Kimetyl AS, Halden, Norway 

- Ethanol 100% 
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Cell Signaling 

- ULK1 rabbit pAb ca.# 4776 

- P-ULK1 (S757) rabbit pAb 

ca.#6888S 

- P-ULK1 (S555) rabbit pAb 

ca.#5869S 

- TFEB rabbit mAb ca.#4240S 

 

Enzo Life Sciences 

- Bafilomycin A1 inhibitor, 

cat.#BML-CM110-0100 

 

Proteintech, Manchester, U.K. 

- HDAC1 rabbit pAb 

- STAMP2 rabbit pAb 

 

QIAGEN 

- siRNA 

 

Santa Cruz Biotechnology Inc., Santa 

Cruz, CA, USA. 

- GAPDH mouse mAb 

 

ThermoScientific 

- Subcellular protein fractionation kit 

for cultured cells, cat.# PI78840 

 

MBL  

- LC3 rabbit pAB, cat.#PM036 

 

Sigma-Aldrich, St. Louis, MO, USA. 

- 10x PBS 

- Isopropanol 

- 37% HCL 

- Dimethyl sulfoxide (DMSO) 

- Oligo-dT reverse transcription 

primer 

- PCR primers 

- R1881 (synthetic androgen) 

- TRI-reagent, cat.#T9424 

- Trichloroacetic acid (TCA) 

- Tween-20’ 

- B-Actin pAb 

Invitrogen, Carlsbad, CA, USA. 

- Dithiothreitol (DTT) 

- SuperscriptTM II Reverse 

Transcriptase kit, cat.#18064 

 

Life technologies, Thermo Fisher 

Scientific Inc. 

- Lipofectamine RNAiMAX 

- Lipofectamine 3000 

- Goat anti-Rabbit IgG Secondary 

Antibody, Alexa Fluor 488 

 

New England biolabs Inc., Ipswich, MA, 

USA. 

- 2-Log DNA ladder 

- DNA loading ladder 

- dNTP (deoxyribonucleotide) 

 

Open Biosystems, Thermo Scientific 

- STAMP2 shRNA 

 

Perkin Elmer 

- Valine, L-[U-14C], cat.# 

NEC291EU050UC 

- UltimaGold Liquid scintillation 

cocktail ca.# 6013329 

 

Promega, Madison, WI, USA. 

- Recombinant RNasin Ribonuclease 

Inhibitor 

 

Qiagen 

- STAMP2 siRNA 

 

VWR International, Leuven, Germany. 

- Ethylenediaminetetra-acetic acid 

disodium salt (EDTA) 

- Methanol 

- Sodium chloride (NaCl) 

- Sodium hydroxide (NaOH) 

            Tris(hydroxymethyl)aminomethane 

 

http://www.perkinelmer.com/product/ultima-gold-2x5-l-6013329
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3.2 Methods 

Cell culture 

Human prostate cancer cell line LNCaP was acquired from the American Type Culture 

collection (ATCC# CRL-1740) and maintained in RPMI 1640 (Lonza). Vertebral metastasis 

derived prostate cancer cell line VCaP (ATCC#CRL-2876) was maintained in Dublecco’s 

Modified Eagle’s Medium (DMEM, Lonza). The cells were cultured in a sterile humidified 5% 

CO2 incubator at 37oC in their respective growth media containing 10% Fetal Bovine Serum 

(FBS), 5 mg/ml penicillin/streptomycin, and 4 mM L-Glutamine, and maintained at a passage 

below 30. The culture medium was changed every 2-3 days. All cells were confirmed to be 

mycoplasma free using the MycoAlert Mycoplasma Detection Kit (Lonza). Synthetic androgen 

R1881 (Sigma) was dissolved in 96% ethanol and was kept shielded from light at -20oC. Where 

stated, R1881 was added to the tissue culture media to obtain a final concentration of 1 nM. For 

starvation treatments, cells were washed in PBS and cultured in EBSS (GIBCO) for the 

indicated times. Bafilomycin (Enzo) was reconstituted in DMSO and kept at -20oC. 

Bafilomycin was added to the media to obtain a final concentration of 100nM for no longer 

than 4 hours. Lysosomes were stained by incubating cells in prewarmed medium containing 

75nM Lysotracker Deep Red (Life technologies) for 30 minutes at 37oC.  

RNA interference 

Gene knockdown was performed using Lipofectamine RNAiMax (Invitrogen) according to 

manufacturer’s protocol for reverse transfection. The siRNA-Lipofectamine transfection was 

first prepared and added into empty tissue culture dishes/plates. Trypsinized cells resuspended 

in RPMI 1640 medium (10%FBS) were then added to the transfection mixture to obtain a final 

siRNA concentration of 10nM. The siRNA oligonucleotide used was STAMP2-In3 (Qiagen) 

AATGCAGAGTACCTTGCTCAT. 

SDS-PAGE 

Prior to harvesting, the cells were washed twice with ice cold PBS. The cells were scraped and 

pelleted by centrifugation at 4 degrees by centrifugation at 3000 rpm for 5 minutes. The cells 

were incubated in 2 times the volume of the pellet of RIPA lysis buffer (150 mM NaCl, 5 mM 

EDTA, 50 mM Tris, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS) for 1 hour. To remove 

cell debris, the lysed cells underwent centrifugation at 13,000 rpm for 15 minutes and the 
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supernatant (whole cell extract) was collected. Protein concentrations were determined using 

the Bradford Protein assay with BSA standard curve reference according to manufacturers 

instructions. Equal amounts of protein extract (30-40µg) were mixed with SDS sample buffer 

(200 mM Tris-HCl (pH 6.8), 400 mM DTT, 8% SDS, 0.4% bromophenol blue, 40% glycerol) 

and heated at 95oC for 5 minutes. The protein samples were separated 12% SDS-page gels 

(Stacking gel : 5% polyacrylamide, 125 mM Tris-HCl pH 6.8, 0.04% APS, 0.1% SDS and 0.1% 

TEMED; Seperating gel : 12% polyacrylamide, 375 mM Tris-HCl pH 8.8, 0.04% APS, 0.1% 

SDS and 0.1% TEMED) at 90-120 V in SDS running buffer (25 mM Tris-HCl, 192 mM glycine 

and 0.1% SDS). Precision Plus Protein dual protein standard (Bio-Rad) was used to estimate 

the protein sizes of each band. After electrophoresis, the proteins were transferred to methanol 

activated PVDF membrane (Bio-Rad) in semi dry transfer buffer (50 mM Tris, 40 mM glycine 

and 1.2 mM SDS) containing 20% methanol. 

Western blot analysis 

After semi-dry transfer, membranes were then blocked in 5% non-fat milk diluted in tris-

buffered saline with tween (TBS-T, 0.2M Tris, 1.4M NaCl, 0.1% Tween-20) for 1 hour, 

followed by overnight incubation in primary antibody dissolved in TBST containing 5% BSA 

and 0.05% NAN3. The membranes were then incubated in secondary antibodies (HRP-

conjugated anti-rabbit IgG antibody (1:10000 dilution) or HRP-conjugated anti-mouse IgG 

antibody (1:10000 dilution)) in TBST for 1 hour at room temperature. Primary antibody 

dilutions were α-ACTB (1:2000), α-LC3 (1:1000), α-p62 (1:1000), α-P-ULK1 (S555/S757, 

1:1000), α-P-p70S6K (1:1000), α-P-AMPK (1:1000), α-p70S6K (1:1000), α-AMPK (1:1000), 

α-TFEB (1:1000), α-HDAC1 (1:1000) and α-GAPDH (1:1000). Chemiluminescence was 

detected using the Clarity HRP substrate (BioRad) and detected using a Kodak 4000R Image 

Station. Stripping for reprobing was carried out by incubating the membrane in mild stripping 

buffer (200 mM glycine, pH 2.5, 2% SDS) on a rocker for 3 x 15 minutes followed by 3 x 5 

minutes washing in PBS. 

Synthesis of cDNA and RT-qPCR 

RNA was extracted by incubation in TRIzol Reagent as described by the manufacturer’s 

instructions. RNA pellets were washed twice in 70% EtOH and resolved in DEPC-treated H2O. 

The RNA purity and concentration were determined using NanoDrop 1000 (ThermoScientific, 

Nanodrop technology). RNA integrity was assessed by agarose gel electrophoresis. 0.5µg total 
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RNA was added to Nucleotides, Oligo-dT, First Strand Buffer, 0.1 M DTT, RNase inhibitor, 

DEPC H2O and SuperScript II Reverse Transcriptase. The mixture was used to synthesize 

cDNA by incubating at 42oC for 1 hour, and the reaction was inactivated at 70 oC for 5 minutes.  

Analysis of real time PCRs were performed using the Light Cycler (Roche) in 96-well plates 

with 10µl total reaction volume, containing 1X Lightcycler 480 SYBR Green 1 Master mix, 0.5 

µM forward primer, 0.5 µM reverse primer. The cDNA was diluted 1:10 in nuclease free water. 

4 µl of the diluted cDNA solution was mixed with 0.5µl of both reverse and forward primers 

(10 µM) and 6 µl of SYBR Master Mixture. The mixture was then added to qPCR plates. The 

qPCR was run at 45 cycles of denaturing at 95 oC for 10 sec, annealing at 60 oC for 10 seconds, 

and elongation and fluorescence reading at 72 oC for 20 seconds. Crossing Point (Cq) values 

were used to calculate mRNA concentrations. Cq values of the genes were normalized to the 

housekeeping gene TBP. Results were presented in the form of relative gene expression. 

Primers 

Target Forward primer Reverse primer 

MAP1LC3B CAGCTTCCTGTTCTGGATAAA GCTGTAAGCGCCTTCTAAT 

MAP1LC3A GTGAACCAGCACAGCAT GGAGGCGTAGACCATATAGA 

ATG5 AGCAACTCTGGATGGGATTG AGGTCTTTCAGTCGTTGTCTG 

BECN1 AAGAGGTTGAGAAAGGCGAG TGGGTTTTGATGGAATAGGAGC 

SQSTM1 AATCAGCTTCTGGTCCATCG TTCTTTTCCCTCCGTGCTC 

STAMP2 CTTGGTAGCTCTGGGATTTG GAGAATCCATTTAGCACCTCC 

GAPDH GTCAGTGGTGGACCTGACCT TCGCTGTTGAAGTCAGAGGA 

ACTB GGCTACAGCTTCACCACCAC GTCAGGCAGCTCGTAGCTCT 

TBP GAGCTGTGATGTGAAGTTTCC TCTGGGTTTGATCATTCTGTA 

NPC1 GCCTACCGAGTATTTCCTTAC CACACCGAGGTTGAAGATAG 

MCOLN1 TCTCCCAGCTCTACCTTTAC GATGCTTGATGGTGTCGTAG 

ATG5 AGCAACTCTGGATGGGATTG AGGTCTTTCAGTCGTTGTCTG 

 

Long-lived protein degradation 

LNCaP cells were seeded into 24 well plates at a density of 0.7 – 1.0 *105 cells/ml. Each 

condition was replicated three times for statistical analysis. 10-8M R1881 (synthetic androgen) 

was added to the cell suspension to induce the expression of STAMP2 and to replicate 

physiological conditions of the prostate. 14C-L-Valine (10 mM) was supplemented to the cell 

suspension to incorporate radioactivity to newly synthesized proteins. After seeding, the cells 

were left to incubate for 48 hours at 37oC to incorporate 14C-L-Valine into newly synthesized 
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proteins. After the 48-hour incubation, the radioactive cell medium was removed and every 

well was washed in warm culture medium. 400 µl culture media supplemented with L-Valine 

(10 mM) (referred henceforth as RPMI-Val/EBSS-Val) was then replenished into each well. 

The plates are left for 24 hours in the RPMI-Val at 37oC to remove radioactively labelled short-

lived proteins. The chase media are removed and the wells were washed with 300 µl of EBSS-

Val for starvation condition cells and RPMI-Val for fed condition cells. The starvation 

condition cells were starved with EBSS-Val in the presence/absence of 100 nM Bafilomycin 

for 4 hours. Fed condition cells were incubated in full RPMI-Val supplemented with/without 

100 nM Bafilomycin for 4 hours. 

After 4 hours, the medium of the samples were collected into Eppendorf tubes. The wells were 

washed with 70 µl 1% BSA and the BSA was transferred into the tubes containing the 

supernatant. Into each tube, 70µl 50 % TCA was added and the tubes were kept for 24 hours at 

4oC. 400 µl 0.2 M KOH was then added to each well and kept at 4oC for 24 hours. The 

supernatant fraction and pellet fraction was dissolved in UltimaGold liquid scintillation 

cocktail, and radioactivity was analyzed on a liquid scintillation counter. 

Immunofluorescence microscopy 

Cells were seeded in 24 well plates containing glass cover slips. Following the respective 

treatments, the cells were washed twice in PBS and fixed in 4% PFA (pH 7.2) for 15 minutes. 

The fixed cells were then washed twice in PBS and incubated with DMEM (10mM HEPES 

pH7.4) for 10 minutes. The cells were then incubated in blocking buffer (PBS, 5% BSA and 

0.05% saponin) for 30 minutes. After blocking, primary antibodies diluted in blocking buffer 

were added to the cells for 1 hour at room temperature. The cover slips were washed in PBS 

and incubated in secondary antibody diluted in blocking buffer for 45 minutes at RT. The cells 

were washed twice with PBS and cell nuclei was stained using DAPI (0.3 µg/ml) in PBS for 5 

minutes at RT. The cells were then washed with distilled water and mounted with Mowiol on 

microscope slides. 

Fluorescence microscopy 

siRNA- or shRNA-treated LNCaP cells were grown on sterilized glass coverslips in 24 well 

dishes. The cells were starved or not for 2 hours in the presence or absence of Bafilomycin A1 

(100nM), washed twice in ice cold PBS and fixed in 4% paraformaldehyde (PFA) for 15 

minutes at room temperature. The nuclei were counterstained with 0.3 µg/ml DAPI in PBS for 
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5 minutes at room temperature. Fluorescence was observed using an ULSAPO 40-X objective 

attached to an automated Olympus ScanR microscope. Fluorescence was quantified using the 

physiology module included in the Zeiss Assaybuilder program. 

Lentivirus transduction and stable cell line selection 

HEK293T cells were transfected with lentivirus plasmids using the ThermoScientific 

Trans-Lentiviral Packaging Kit (TLP5913). 64 hours post transfection, the media containing 

lentivirus was collected and passed through a sterile filter. LNCaP cells to be transduced were 

then incubated in the lentivirus containing media for 4 hours. The media was then removed and 

the cells were incubated for 48 hours, and selected using 1µg/ml puromycin for 2 weeks. The 

cells were then maintained in media containing 0.2µg/ml puromycin to maintain selection 

pressure. The knockdown efficiency was determined by qPCR. 

Subcellular fractionation 

Subcellular fractionation was carried out using the ThermoScientific Subcellular Protein 

Fractionation Kit for Cultured cells (#78840) according to manufacturer’s instructions. In short, 

the siRNA treated cells were grown in 10cm dishes, after which washed with ice cold PBS and 

treated according to manufacturer’s instructions. 

Bioinformatic analyses 

The correlation between STAMP2 and LC3 family gene expression in PCa was conducted with 

RNA sequencing data from the cancer genome atlas study (171) The population of STAMP2 

expressing samples were stratified from the median into two populations based on STAMP2 

expression and plotted in Microsoft Excel.  

Microarray 

The microarray gene expression analysis was performed at the Radium hospital. LNCaP cells 

treated with control or STAMP2 siRNA in the presence or absence of 10 nM R1881 for 48 hours 

were analysed by microarray for gene expression profiling. A bioanalyzer was used to 

determine RNA integrity. Samples with RNA integrity number (RIN) greater than 7 were 

selected for downstream analysis. The RNA was amplified and hybridized to Illumina 

HumanHT-12 v4 arrays. A cutoff of 1.2 fold expression change was used to determine gene 

upregulations.  
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Statistics 

All error bars represent standard deviation. Unless specified, p-values were derived from two-

tailed, two-sample Student’s t-test using Microsoft Excel, and considered statistically 

significant only when p<0.05.  
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4 Summary of results 

The results presented in Paper I describes the involvement of STAMP2 in regulating autophagy 

in PCa cells. In a previous study conducted in our lab, we show that STAMP2 is an oncogenic 

driver of PCa in both in vitro and in vivo settings. However, the exact role of STAMP2 in 

homeostatic maintenance in the cell remains to be investigated. The data obtained in the present 

study is presented in Paper I entitled “The role of STAMP2 in the regulation of autophagy in 

prostate Cancer cells.” 

Autophagic flux. Upon STAMP2 depletion by siRNA mediated knockdown, LC3 lipidation 

and puncta formation increased in LNCaP cells. STAMP2 knockdown led to increased PE 

conjugated form of LC3 (LC3-II), which is closely correlated to the amount of autophagosomes 

in the cell (172). This accumulation was found to be caused by increased autophagic flux as 

inhibition of the autophagy using the lysosomal V-ATPase Bafilomycin A1 (BafA1) induced 

further accumulation of LC3-II and LC3 puncta formation. Conversely, ectopic expression of 

STAMP2 decreased LC3-II formation, indicating that STAMP2 represses autophagy. 

Consistent with the previous hypothesis, long-lived protein degradation in the lysosomes were 

also increased upon the STAMP2 knockdown. 

ULK1 activation. Autophagy initiation is regulated by the ULK complex, which is itself 

regulated by phosphorylation by its activator, AMPK and its repressor, mTOR. We sought to 

investigate if STAMP2 levels regulates autophagy in its early stages, and found that ULK1 

activating phosphorylation was increased upon STAMP2 knockdown, while inhibitory ULK1 

phosphorylation was decreased.  

Gene expression changes. The increase in total LC3 upon STAMP2 knockdown suggested 

transcriptional reprogramming of autophagy genes. STAMP2 knockdown induced the 

upregulation of LC3b and SQSTM1, while the overexpression of STAMP2 repressed 

transcription of the autophagy genes. We wanted to investigate if this observation is also seen 

in the cancer patients. Analysis of clinical data showed that the expression of SQSTM1 and 

every member of the LC3 family of proteins, except GABARAPL1 is increased in tumors with 

lower STAMP2 expression. 

TFEB activation. To identify the transcription factor responsible for this upregulation of 

autophagy, we performed microarray analysis to identify the group of genes that are altered 
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upon STAMP2 knockdown. TFEB target genes were found to be enriched upon STAMP2 

depletion. To follow up on this, we looked at the TFEB activation by comparing the nuclear 

presence of TFEB in STAMP2 knockdown and control cells. Nuclear TFEB was increased in 

the nucleus in both fed and starved states, indicating that STAMP2 is able to regulate TFEB 

activation. 
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5 Discussion and future perspectives 

The main goal of this thesis is to investigate the potential involvement of STAMP2 in autophagy 

in PCa cells and to unravel the possible mechanisms behind it. We initially asked whether 

STAMP2 could represent a novel autophagy-regulating protein given that it is an important 

survival factor in PCa. The results presented in Paper I reveal a novel role for STAMP2 in 

repressing autophagy in PCa cells, at least in part, through regulation of early autophagy 

signaling events and changes in Atg gene transcription.  

To study the autophagic flux, we employed LC3 lipidation assays, LC3 puncta formation 

studies and long-lived protein analysis (173). The amount of PE conjugated LC3 (LC3-II) is 

directly correlated to the number of autophagosomes in the cell. LC3-II abundance can be 

studied by western blotting and by counting LC3 puncta during immunofluorescence 

microscopy. LC3 lipidation and puncta formation is increased when STAMP2 is depleted, and 

was conversely decreased when STAMP2 is overexpressed. These findings suggest that 

autophagosome formation may be inhibited by STAMP2. In order to study this, further 

experiments such as electron microscopy analysis are required. Interestingly, in contrast to the 

obvious increase in LC3-I levels in STAMP2 knockdown cells, LC3-I levels were not lowered 

in LNCaP cells overexpressing STAMP2. This indicates that several different mechanism may 

be involved in repressing and activating autophagy when STAMP2 levels are altered.  

The early stages of autophagy initiation is regulated by both the ULK and PI3K complexes 

(174). The ULK complex, which is necessary for recruitment of Atg proteins to the growing 

phagophore, is activated by increased phosphorylation on serine residues by AMPK or is 

repressed by mTOR-mediated phosphorylation (63, 65). The loss of STAMP2 activated the 

ULK complex, as assessed by the increase of the activating serine phosphorylation at S555 and 

decrease of the repressive serine phosphorylation at S757. Because ULK1 activation leads to 

recruitment of Atg proteins to the growing phagophore (42), we would therefore expect 

increased 1000phagophore formation. To follow up on this, we are currently studying the 

formation of ATG5, ATG16L1 and WIPI2 puncta that functions as markers of the phagophore. 

The increase in mTOR activation upon STAMP2 loss is, however, puzzling as mTOR is a 

known repressor of autophagosome formation (65). However, p70S6K phosphorylation does 

not always correspond to inhibition of autophagy (175). Thus, in addition to p70S6K, another 

readout of mTOR activation, such as phospho-4-EBP1 or mTOR-lysosome colocalization 
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should be used in future experiments. Unfortunately due to difficulties in observing 

phosphorylated AMPK on western analysis with the antibody currently available to us, we were 

unable to confirm changes to AMPK activation when STAMP2 levels are altered, despite 

changes to AMPK dependent ULK1 phosphorylation sites. The activation of AMPK needs to 

be studied further given its direct role in ULK activation. 

Autophagy can be transcriptionally regulated by a multiple array of transcription factors (176). 

The increase in LC3-I protein levels upon STAMP2 knockdown suggests that LC3 is 

transcriptionally upregulated. We therefore asked if autophagy gene expression is altered by 

STAMP2. The expression of multiple autophagy genes was increased by STAMP2 depletion, 

while STAMP2 overexpression repressed autophagy gene expression. For example, we 

observed that MAP1LC3b and SQSTM1 mRNA was increased upon STAMP2 knockdown and 

was decreased when STAMP2 was overexpressed. Because the transcription factor ATF4 is 

regulated by STAMP2 (149), we included its target genes, ATG5 and BECN1, in the RT-qPCR 

analysis. ATF4 regulated autophagy genes (75) were not upregulated when STAMP2 was lost. 

ATG5 and BECN1 expression was not altered when STAMP2 was lost, indicating that ATF4 

might not be the transcription factor responsible for the increase in LC3 and p62 protein levels 

during autophagy in PCa cells.  

Every member of the LC3 family, except GABARAPL1 was upregulated in a PCa cohort with 

low STAMP2 expression. This suggests that the transcriptional upregulation we observed in in 

vitro cell culture experiments extends to in situ disease. Immunohistochemistry (IHC) analysis 

of patient tumor samples should be investigated to study whether the increase in gene 

expression leads to increased autophagy proteins. Additionally, IHC analysis lipidated LC3 and 

STAMP2 in clinical samples needs to be assessed to validate the relationship between STAMP2 

and autophagy in PCa. 

cDNA microarray analysis showed that multiple TFEB target genes were increased in STAMP2 

knockdown cells, and cellular fractionation assays showed that TFEB was primarily nuclear 

when STAMP2 was depleted. These events, in addition to increased lysosome number in 

STAMP2 knocked down cells, suggest that TFEB was activated. Chromatin 

immunoprecipitation experiments may be utilized to validate the binding and activation of Atg 

promoter sequences and luciferase based promoter assays can be used to study the activation of 

Atg gene promoters. The next piece of the puzzle would be a mechanistic explanation to 

describe how STAMP2 is controlling TFEB activation. One hypothesis is that STAMP2 may 
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alter intracellular calcium levels, an event that controls TFEB activation (89). Preliminary data 

suggests that the ER calcium storage and the endolysosomal calcium channel Mucolipin-1 

(MCOLN1) may be involved. 

Global gene expression analysis show that genes involved in lysosome function is upregulated 

when STAMP2 is lost, among them genes involved in lysosomal acidification. The lysosomes 

regulate their pH levels through V-type ATPases that are necessary for amino acid-based 

mTORC1 activation (177), and increased H+ ions may increase the positive charge in the 

lysosomal lumen and thus alter lysosomal membrane potential. It is therefore relevant to 

investigate if lysosomal pH is altered upon STAMP2 knockdown, possibly by quantification of 

lysotracker staining intensity.  

The experiments conducted in Paper I were done in LNCaP and VCaP cells. Experiments 

should eventually be extended to additional PCa cell lines, for example, 22RV1 and PC-3, to 

confirm that the effects of STAMP2 on autophagy are not cell line specific observations. 

Broadening the investigation to include cell lines derived from different organs and organisms 

would further support a general functional association between STAMP and autophagy. 

Investigation of cell lines originating from the liver, which is regarded to have both high 

autophagic flux and high STAMP2 expression (152), could provide a model for studying the 

relationship between STAMP2 and autophagy.  

The repression of autophagy by STAMP2 could possibly be caused by inhibition of 

autophagosome-lysosome fusion. To confirm this, we are currently generating stable PCa cell 

lines expressing mCherry-EGFP-LC3b. As EGFP is more sensitive towards the low pH 

compared to mCherry, EGFP is quenched in the acidic environment of the lysosomes while the 

mCherry signal remains visible (178). Thus, observing the shift of mCherry(+)-EGFP(+)-LC3b 

(Yellow) puncta to mCherry(+)-EGFG(-)-LCb (Red) puncta will allow us to quantitatively 

validate the maturation of autophagosomes into autolysosomes.  

The V-type ATPase inhibitory properties BafA1 (179) was used in this thesis to inhibit 

lysosomal degradation. Since STAMP2 induces differences in gene expression of lysosomal 

genes, cells with differing levels of STAMP2 could have different predisposition to the 

inhibitor, thus providing inaccurate assessment of the autophagic flux. To control for this, we 

should employ the use of additional autophagy inhibitors, such as cathepsin inhibitors (E-64d) 

or PI3K inhibitors (3-Methyladenine (3-MA) or Wortmannin). Autophagy comprises of 
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multiple stages, from initiation, nucleation and fusion with lysosomes. By employing different 

autophagy inhibitors to block autophagy at different stages of its progression, we will be able 

to hone in on complexes or processes that STAMP2 may potentially influence. 3-MA inhibit 

autophagy initiation by preventing PI3P generation (180). If differences to LC3 lipidation is 

observed already after 3-MA treatment, we could assume that STAMP2 affects early 

autophagic events, which would suggest further investigations into the PI3K complex or ULK1 

complex. Conversely, if no changes are observed after 3-MA, we may infer that STAMP2 might 

regulate later stages of autophagy. 

Improved understanding of STAMP2 biology could aid in better understanding its role in 

autophagy. GFP-tagged STAMP2 has been observed in the ER and early endosomal 

compartments (141). However, the presence of an additional 27 kDa fluorophore could possibly 

alter the normal behavior and transport of STAMP2. Unfortunately, due the absence of reliable 

antibodies against STAMP2, we are at present unable to detect the localization of endogenous 

STAMP2. The optimal NADPH oxidase activity of STAMP2 is obtained in the range of pH 5-

5.5 (137), which is close to the pH of the lysosomal lumen. This would suggest that STAMP2 

may have potential functions in the lysosomes and may affect autophagy there. Furthermore, 

the interplay between STAMP1, STAMP2 and STAMP3 remains poorly understood. Given the 

high sequence similarity that the STAMPs share (132), STAMP1 and STAMP3 could also be 

involved in regulating autophagy in addition to STAMP2. Simultaneous knockdown of multiple 

STAMPs could show if the STAMPs are redundant, or if members of the STAMP family have 

individual specific roles in autophagy.  

The close association of STAMP2 to endosomal compartments suggests that it may play roles 

in membrane trafficking events, such as endocytosis and/or secretion (141). Autophagy is a 

membrane trafficking event in the cells that leads to the breakdown of cellular material in the 

lysosomes, which is now accepted to play active roles in carcinogenesis (181). In PCa, 

autophagy is seen to be protective towards unfavorable conditions such as low androgen levels 

or starvation of PCa cells. The numerous roles that STAMP2 play in cellular differentiation 

(139, 170), inflammation (159), insulin signaling (168) and iron uptake (131) suggests that its 

loss or upregulation may affect homeostasis. This led us to question the role of STAMP2 in the 

cell. For example, mitophagy is induced upon iron depletion (182), would then the loss of 

STAMP2, an iron reductase, have any effects on this mitochondrial degradation? Previous 

studies have shown accumulation of damaged mitochondria when cells are treated with anti-

STAMP2 antibodies (183, 184), suggesting that STAMP2 inhibtion may induce mitochondria 
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damage or that mitophagy may be compromised. Thus, the relationship between mitochondria 

degradation and STAMP2 should be investigated. 

Many questions remain concerning the exact function that STAMP2 plays in autophagy. Are 

the functional domains of STAMP2 required for the observed effects on autophagy? The 

NADPH oxidase domain is involved in the generation of ROS, which is capable of both 

activating and repressing autophagy (185). Antioxidants can utilized to remove intracellular 

ROS to examine the relevance of the ROS generated by STAMP2 in autophagy. Moreover, 

previous studies have indicated that cellular iron levels regulate HIF1α signaling (186) and 

mitophagy (182).Given that STAMP2 may be involved in transferrin dependent iron uptake 

(135), it would be of interest to see if iron levels are altered in PCa by the ferrireductase domain 

of STAMP2 and to see if this induces HIF1α dependent autophagy or mitophagy. Thus, 

mutation studies of STAMP2 domains are currently underway to see which STAMP2 region is 

required for autophagy regulation. 

Given that autophagy promotes therapeutic resistance and is a survival factor in multiple 

cancers including PCa (124, 187), low amounts of STAMP2 could possibly be an indication of 

increased treatment survival and drug resistance. One possible way of studying this is to 

challenge STAMP2 knockdown cells with ADT. This further raises the possibility that 

STAMP2 expression profiles could be used as an additional factor in predicting ADT response 

in PCa. Alternatively, PCa tumors with low STAMP2 expression, corresponding to increased 

autophagy activation, would possibly benefit from combinatorial treatments with autophagy 

inhibitors. The results of this study might thus contribute towards better understanding of PCa 

cell biology and may provide novel approaches to detect and target this disease. 
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Abstract 

Autophagy is a process of catabolic degradation of cellular components in the lysosomes. In 

prostate cancer (PCa), autophagy has gained increased attention following findings that it 

contributes to tumor growth, survival and treatment resistance. Here, we investigated the 

potential role of Six Transmembrane of Prostate 2 (STAMP2), a driver of PCa progression, in 

the regulation of autophagy in PCa cells. We show that STAMP2 (also known as Six 

transmembrane epithelial antigen of prostate 4, STEAP4) inhibits LC3 lipidation and puncta 

formation, as well as the degradation of long-lived proteins. siRNA mediated knockdown of 

STAMP2 led to upregulation of a number of autophagy genes, such as p62 (also known as 

SQSTM1) encoding sequestosome 1 and MAP1LC3b encoding Microtubule-associate proteins 

1A/1B light chain 3B (LC3b). This was corroborated by gene expression data available on 

primary PCa, which shows that STAMP2 levels are inversely correlated with LC3 family gene 

expression. Furthermore, STAMP2 knockdown increased Unc-51 Like Autophagy Activating 

Kinase 1 (ULK1) activation, suggesting regulation at the early stages of autophagy. 

Consistently, STAMP2 knockdown increased Transcription Factor EB (TFEB) target gene 

while TFEB was predominantly nuclear indicating its activation. Additionally, the amount of 

lysosome structures was higher in STAMP2 depleted cells. These data suggest that STAMP2 

is involved in repression of the autophagic pathway through regulation of transcriptional events 

and post-translational modifications. Further studies are required to provide a mechanistic 

framework for these observations. 
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Introduction 

Macroautophagy (henceforth autophagy), is a catabolic process whereby cytosolic components 

are engulfed in double bilayered membranes called autophagosomes. As the autophagosomes 

mature, they undergo fusion with lysosomes such that their contents are degraded by the 

hydrolases contained within the lysosomal lumen (1). Autophagy is a homeostatic process that 

is central in both normal and cancer cell biology. Autophagy can work against cancer 

development during the early stages of carcinogenesis; however, in developed tumors it is 

considered to play a pro-survival role (2). Defects in autophagy leads to accumulation of 

damaged organelles, aberrant intracellular signaling, increases in cellular reactive oxygen 

species (ROS) and DNA damage (3, 4) which can drive both normal and cancer cells into death. 

Conversely, autophagy is induced during cancer treatment and it facilitates treatment resistance 

in multiple cancer types such as cancers of the breast (5, 6), lung (7, 8), liver (9), and prostate 

(10-13).  

Worldwide, prostate cancer (PCa) is the second most commonly diagnosed cancer in men, 

second only to lung cancer (14). PCa cells are often reliant on androgens to maintain growth 

and survival. This dependence of PCa cells on androgens provides an additional avenue to target 

PCa. Repressing the AR signaling pathway using androgen deprivation therapies usually results 

in regression of the tumor, which unfortunately often relapses at a later stage in an androgen 

ablation insensitive form called castration resistant prostate cancer (CRPC) (15). Direct 

targeting of the AR by antagonists such as bicalutamide and enzalutamide, or the removal of 

androgens from in vitro cell culture models leads to increased autophagic flux that contributes 

to PCa cell survival (11, 13). Inhibition of autophagy in combination with ADT led to 

synergistic inhibition of tumor cell growth in vitro (11, 16) as well as in vivo (17). These 

findings have spurred multiple clinical trials in PCa patients where autophagy is modulated in 

combination with other canonical therapies. 

The STAMP2 is a membrane protein that is embedded through its six transmembrane domains 

(18). It contains an oxidoreductase domain on its disordered N-terminal tail that is necessary 

for its physiological functions in adipose (19), osteoclast (20) and prostate tissues (21). 

STAMP2 is localized to transferrin receptor positive early endosomal compartments and is 

suspected to be involved in regulating endocytic and secretory pathways. STAMP2 is an 

androgen-regulated gene that is crucial for PCa cell growth and progression (18). The 

ferrireductase domain in the N-terminal region of STAMP2 is indispensable for driving PCa 
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growth, at least in part, through the generation of ROS (21). Here we show that depletion of 

STAMP2 induces autophagy in PCa cells and that the effect is mediated, in part, through ULK 

activation and TFEB regulated autophagy gene expression. 

Methods and materials 

Cell culture  

LNCaP (ATCC# CRL-1740) and VCaP (ATCC#CRL-2876) cells were obtained from 

American Type Culture Collection (ATCC) and was maintained in RPMI40 and DMEM 

(Lonza; 10% Fetal Bovine Serum, 5 mg/ml penicillin/streptomycin, 200mM L-Glutamine) 

respectively at 37oC with 5% CO2 in a humidified sterilized incubator. The cells are routinely 

split at 90% confluency and the medium changed every 3 days. All cells were confirmed to be 

mycoplasma free using the MycoAlert Mycoplasma Detection Kit (Lonza). Cells stably 

expressing shRNAs were maintained in growth media containing 0.2 µg/ml puromycin. For 

starvation treatments, the cells are washed in PBS and incubated in EBSS (Gibco). Autophagy 

is inhibited by treatment with 100 nM Bafilomycin A1 (BafA1; Enzo) for the indicated times. 

siRNA transfection 

Gene knockdown was performed using Lipofectamine RNAiMax (Invitrogen) according to 

manufacturer’s protocol for reverse transfection. Reverse transfection was performed according 

to manufacturer’s instructions. Cells were incubated in antibiotic free media containing a final 

siRNA concentration of 10nM for a minimum of 48 hours. siRNA oligonucleotides were 

STAMP2-In3 AATGCAGAGTACCTTGCTCAT.  

Western Blot Analysis 

Western blotting was performed according to standard protocols. After separation by SDS-

PAGE, the proteins in the polyacrylamide gel were transferred to methanol activated 

polyvinylidene fluoride (PVDF) membranes by a standard semi dry transfer method. The 

membranes were thereafter blocked in 5% non-fat milk dissolved in tris-buffered saline with 

0.1% Tween-20 (TBS-T). The membranes are then incubated overnight in primary antibody 

diluted in TBS-T. The following primary antibodies were used: rabbit anti-ULK1 (Santa Cruz, 

Sc-33192, 1:1000), rabbit anti-LC3 (MBL, PM036, 1:1000), rabbit anti-phospho-ULK1 Ser555 

(Cell signaling, 5869S, 1:1000), rabbit anti-phospho-ULK1 Ser757 (Cell signaling, 6888S, 
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1:1000), mouse anti-ACTB (Sigma Aldrich, 1:1000), mouse anti-GAPDH (Santa Cruz, 

1:1000), rabbit anti-HDAC1 (Proteintech, 1:1000), rabbit anti-TFEB (Cell Signaling, 4240S, 

1:1000), mouse anti-p62 (BD biosciences, 1:1000), rabbit anti-phospho-p70S6K Thr389 (Cell 

Signaling, 9205, 1:1000), rabbit anti-p70S6K (Cell Signaling, 9202, 1:1000), rabbit anti-

phospho-AMPK Thr172 (Cell Signaling, 2531, 1:1000), rabbit anti-AMPK (Cell signaling, 

2532, 1:1000). The blocked membranes were then incubated in secondary antibodies (HRP-

conjugated anti-rabbit IgG antibody (1:10000 dilution) or HRP-conjugated anti-mouse IgG 

antibody (1:10000 dilution) in TBST for 1 hour at room temperature. Chemiluminescence was 

detected using the ECL Western Blotting System according to manufacturer’s instructions. 

Long-lived protein degradation 

To label long-lived proteins, LNCaP cells were incubated in medium containing 10 mM 

14C-L-Valine (Perkin Elmer) for 48 hours. Then the radioactive medium was removed and the 

cells were replenished in regular growth medium for 16 hours to allow for the degradation of 

short-lived proteins. The cells were washed and starved or not in the presence of 100 nM BafA1 

or vehicle for 4 hours. The supernatant was then collected and trichloroacetic acid (Sigma 

Aldrich) was added to precipitate non-degraded radioactive proteins. The supernatant and pellet 

fraction was dissolved in UltimaGold liquid scintillation cocktail (Perkin Elmer). The amount 

of radioactivity was counted at 3 minutes per sample in a liquid scintillation counter (Tri-Carb 

3100TR, Perkin Elmer). Protein degradation was described as the ratio of non-degraded long-

lived proteins relative to total detected radioactivity. 

Synthesis of cDNA and RT-qPCR 

Total RNA was isolated using the TRIzol Reagent (Sigma Aldrich) as described by the 

manufacturer’s instructions. The RNA pellet is washed in 70% EtOH and resolved in nuclease 

free water. RNA purity and concentration were determined using NanoDrop 1000 

(ThermoScientific, Nanodrop technology). The RNA was reversed transcribed to synthesize 

complementary DNA (cDNA) using SuperScript II Reverse Transcriptase (Invitrogen) 

according to the protocol provided by the manufacturer. The relative expression level was 

normalized against selected housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) or TATA-binding protein (TBP). Primer sequences were as follows;  

MAP1LC3B fwd. 5’ CAGCTTCCTGTTCTGGATAAA 3’ and rev. 5’ TAATCTTCCGCGAA

TGTCG 3’; MAP1LC3A fwd. 5’ GTGAACCAGCACAGCAT 3’ and rev. 5’ AGATATACCA



55 

 

GATGCGGAGG 3’; ATG5 fwd. 5’ AGCAACTCTGGATGGGATTG 3’ and rev. 5’ GTCTG

TTGCTGACTTTCTGGA 3’; BECN1 fwd. 5’ AAGAGGTTGAGAAAGGCGAG 3’ and rev. 

5’ CGAGGATAAGGTAGTTTTGGGT 3’; SQSTM1 fwd. 5’ AATCAGCTTCTGGTCCATC

G 3’ and rev. 5’ CTCGTGCCTCCCTTTTCTT 3’; STAMP2 fwd. 5’ TTGGTAGCTCTGGGA

TTTG 3’ and rev. 5’ CCTCCACGATTTACCTAAGAG 3’; GAPDH fwd. 5’ GTCAGTGGT

GGACCTGACCT 3’ and rev. 5’ AGGAGACTGAAGTTGTCGCT3’; ACTB fwd. 5’ GGCTA

CAGCTTCACCACCAC 3’ and rev. 5’ TCTCGATGCTCGACGGACTG 3’; TBP fwd. 5’ G

AGCTGTGATGTGAAGTTTCC 3’ and rev. 5’ ATGTCTTACTAGTTTGGGTCT 3’; NPC1 

fwd. 5’ GCCTACCGAGTATTTCCTTAC 3’ and rev. 5’ GATAGAAGTTGGAGCCACAC 

3’; MCOLN1 fwd. 5’ TCTCCCAGCTCTACCTTTAC 3’ and rev. 5’ GATGCTGTGGTAGT

TCGTAG 3’; ATG5 fwd. 5’ AGCAACTCTGGATGGGATTG 3’ and rev. 5’ GTCTGTTGCT

GACTTTCTGGA 3’. 

Immunofluorescence microscopy 

Cells were grown in 24 well plates on sterilized glass coverslips and fixed in 4% PFA (pH 7.2) 

for 15 min. After fixation, the cells were incubated in LC3 antibody (MBL; 1:100 dilution) for 

1 hour, anti-rabbit alexafluor-488 antibody (Thermo Fisher Scientific; 1:400) for 45 minutes 

and 0.3 µg/ml DAPI for 5 minutes at room temperature. The immune-labelled cells were then 

fixed on glass slides with Mowiol and visualized on an automated Olympus ScanR microscope 

equipped with a ULSAPO 40 X objective, and the results were quantified using the physiology 

module available in the Zeiss Assaybuilder program. Lysosomes are labelled with the 

LysoTracker Red DND-99 lysotrophic dye (Thermo Fisher Scientific). Lysotracker was added 

into prewarmed growth media to achieve a final concentration of 50 nM for 30 minutes. 

Lentivirus transduction and stable cell line selection 

HEK293T cells were transfected with lentivirus plasmids using the Trans-Lentiviral Packaging 

Kit (Thermo Scientific) 64 hours post transfection, the media containing lentivirus was 

collected and passed through a sterile filter. LNCaP cells to be transduced were then incubated 

in the lentivirus containing media for 4 hours. The media was then removed and the cells were 

incubated for 48 hours, and selected using 1µg/ml puromycin for 2 weeks. The cells were then 

maintained in media containing 0.2µg/ml puromycin to maintain selection pressure. 

Transduction efficiency was determined by qPCR. The shRNA targeting STAMP2 
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(TATCCATCACTCTTTGCTTGG) was expressed from a Lentiviral pLKO.1 vector (Open 

Biosystems, Thermo Fisher Scientific). 

Subcellular fractionation 

Nuclear and cytoplasmic protein lysates were obtained using the Subcellular Protein 

Fractionation Kit for Cultured cells (Thermo Scientific) according to manufacturer’s 

instructions. 

Bioinformatic analyses 

RNA sequencing data from the cancer genome atlas study (TCGA) PCa cohort was used for 

correlation analysis of gene expression (22). The samples (N=499) were stratified two 

populations by the median based on STAMP2 expression. The differential expression of 

autophagy genes in two groups were presented in a boxplot. 

Microarray 

LNCaP cells were treated with control or STAMP2 siRNA and incubated in growth media 

containing 10 nM R1881 (Sigma Aldrich) or an equal amount of 96% EtOH (Vehicle) for 48 

hours before analysed by cDNA microarray analysis for gene expression profiling. RNA 

integrity was determined by a bioanalyser. Samples with RNA integrity number (RIN) greater 

than 7 were selected for downstream analysis. The RNA was amplified and hybridized to 

Illumina HumanHT-12 v4 arrays. 

Statistics 

Significance was determined based on p-values derived from two-tailed, two-sample Student’s 

t-test, and considered statistically significant only when P<0.05. 
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Results 

STAMP2 knockdown induces LC3 lipidation. 

Since the amount of phosphatidyl ethanolamine (PE) conjugated LC3 (LC3-II) is correlated to 

the amount of autophagosomes in a cell (23), the change of LC3-II in the presence and absence 

of the lysosomal inhibitor BafA1 was used as a readout of the autophagic flux. To investigate 

the potential effect of STAMP2 on autophagy, we estimated the amount of LC3-II in LNCaP 

cells upon siRNA-mediated STAMP2 knockdown. As shown in Fig. 1A, STAMP2 depletion 

increased the conversion of LC3-I into the LC3-II form by about two-fold compared to the 

control cells. In the consensus model of autophagy, the autophagosomes are concentrated with 

membrane bound LC3 and appear as puncta when immuno-labeled; thus, the number of LC3 

puncta can be correlated to the amount of autophagosomes in the cell (Fig. 1C). We observed 

an increase in LC3 puncta when STAMP2 was depleted (Fig. 1B-C). The levels of LC3-I were 

also increased in STAMP2 knockdown cells (Fig. 1A), consistent with transcriptional 

upregulation of LC3b as shown in the gene expression data in the experiments presented below 

(Fig. 4C). 

 

Changes in the autophagy adaptor protein p62 can also be used as a readout of autophagic flux 

(24). However, p62 levels did not accumulate upon BafA1 treatment, as might have been 

expected after the inhibition of lysosomal degradation (Fig. 1A), possibly due to protein 

precipitation during protein lysates preparations. p62 is accumulated upon BafA1 treatment in 

the experiment with STAMP2 overexpressing cells (Fig. 1D). In agreement with the inverse 

correlation between downregulated STAMP2 expression and increased autophagosome 

formation, ectopic STAMP2 expression in LNCaP cells decreased LC3 lipidation (Fig. 

1D). The data suggest that STAMP2 may inhibit LC3 lipidation and autophagosome formation. 
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Figure 1: LC3 lipidation and puncta formation was increased upon depletion of STAMP2.         

A. LNCaP cells were transiently transfected with control or STAMP2 siRNA. After 48 hours, the cells were either 

left fed or starved with EBSS for 4 hours in the presence of 100 nM BafA1 or vehicle. The protein levels of p62 

and LC3 were determined by western blot analysis. Blots show the protein abundance of LC3 normalized to 

Beta-actin (ACTB). The bar graph (right panel) represents quantification of band intensities in of LC3 normalized 

to ACTB. The data presented are from three independent experiments B. Immunofluorescence microscopy 

analysis of LC3 puncta (green) in LNCaP cells treated as in A. Nuclei were stained by DAPI (blue). C. 

Quantification of LC3 puncta (green) of B. D. LNCaP cells stably expressing His-Tag (Control) or His-STAMP2 

(STAMP2) is subjected to starvation and BafA1 treatment as in A. The cells were harvested and subjected to 

Western analysis of p62 and LC3 expression. The bar graph (right panel) represents quantification of band 

intensities in of LC3 normalized to ACTB. The data presented are from three independent experiments. 

 

STAMP2 depletion leads to increased lysosomal degradation.  

Since the level of LC3 makes up only half of the LC3 family proteins in mammalian cells, it is 

not sufficient to fully represent and describe the autophagic flux. We therefore evaluated the 

degradation of autophagic substrates in the lysosomes. Long-lived proteins (LLPs) are 

preferentially degraded in lysosomes following autophagy. To determine the flux of LLP 

degradation, siRNA-treated LNCaP cells were incubated in growth media containing 

radioactive 14C-Valine to radioactively label LLPs. The cells were then chased with 

non-radioactive media. During the chase period, short-lived proteins are turned over in the cell 

and are resynthesized with non-radioactive valine, while radioactively labeled are not degraded 

and LLPs remain radioactively labelled in the cell. The degradation of LLP is calculated from 

the ratio of free radioactivity released into the supernatant (degraded LLP) against total 

radioactivity (supernatant + cells dissolved in KOH), and is displayed as the percentage of 

degraded LLP. The percentage of LLPs was obtained from the differences between Baf1 treated 

and untreated samples. 

 

Upon STAMP2 knockdown, the degradation of radioactively labeled LLPs, in the form of free 

14C-Valine, was increased in both fed and starved conditions (Fig. 2), indicating that 

degradation of cytoplasmic constituents through the lysosomes is increased when STAMP2 was 

lost, further confirming that STAMP2 represses autophagy.  
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Figure 2: Long-lived protein degradation is increased upon STAMP2 depletion.        

LNCaP cells were reverse transfected with control or STAMP2 siRNA. The cells were incubated in media 

containing 14C-Valine for 48 hours, and in media containing non-radioactive valine for 16 hours. The cells were 

then either starved or not with EBSS in the presence or absence of BafA1 for 4 hours. Non-degraded LLPs are 

precipitated by TCA and sample radioactivity was analyzed on a liquid scintillation counter. The bar charts 

represent the relative ratios of acid-labile radioactivity versus total radioactivity in control and STAMP2 

knockdown cells in both fed and starved conditions. The chart represents quantification of three independent 

experiments. 

 

STAMP2 is involved in ULK1 phosphorylation. 

The main early regulators of autophagy are the nutrient sensors of the cell, mTOR and AMPK; 

each phosphorylating ULK1 on residues Serine 757 (S757) or Serine 555 (S555), respectively, 

to regulate downstream autophagy initiating events (25). We therefore assessed the 

phosphorylation of ULK1 to determine its activation. Starvation induces ULK1 

phosphorylation at S555 by AMPK (25). We observed that in the fed state prior to starvation, 

ULK1 phosphorylation on S555 was increased upon STAMP2 knock down in LNCaP cells 

(Fig. 3A) as well as in VCaP cells (Fig. 3B). Interestingly, upon starvation, the phosphorylation 

of ULK1 at S555 was decreased in LNCaP in both control and STAMP2 knockdown cells, 

instead of increasing as would be expected given that AMPK is activated upon starvation. In 

VCaP cells this phosphorylation is decreased in STAMP2 knockdown cells but increased in 

cells treated with control siRNA. This difference indicates cell type specific responses towards 

starvation. The activation of mTORC1 was assessed by the phosphorylation of one of its 

substrates, p70S6K at Threonine 389. P-p70S6K was increased upon STAMP2 depletion prior  



61 

 

 

 

 

 

 

 

Figure 3: Depletion of STAMP2 increases activating and decreases inhibitory phosphorylation on 

ULK1.  

A siRNA-treated LNCaP cells were starved or not for 1 hour in EBSS B. siRNA-treated VCaP cells were starved 

for the indicated times in EBSS. The cells were harvested and subjected to western analysis for protein expression 

of P-ULK1 (S555) and p70S6K. Total ULK1, total p70S6K and ACTB were used as loading control. C. siRNA 

treated LNCaP cells were starved for the indicated times in EBSS before subjected to western anaylsis of P-ULK1 

(S757), P-ULK1 (S555), P-AMPK and P-p70S6K, Total ULK1, total p70S6K and ACTB were used as loading 

control. 
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to starvation in both LNCaP and VCaP cells, while it was abolished upon starvation. mTORC1 

phosphorylates ULK1 on S757 to inhibit its association with Atg13 and FIP200. Irrelevant to 

mTORC1 activation, S757 phosphorylation of ULK1 was greatly decreased in LNCaP cells 

upon  STAMP2 knockdown (Fig. 3C). S757 phosphorylation of ULK1 was decreased during 

starvation, as expected, and was almost undetectable in STAMP2 knockdown cells. P-AMPK 

levels were unfortunately indiscernible due to lack of a suitable antibody. These results suggest 

that STAMP2 mediated regulation of autophagy in LNCaP cells involves the ULK complex 

and is independent of mTORC1 activity. 

Autophagy gene expression is modulated by STAMP2.  

As the LC3-I protein level was higher in STAMP2 knockdown cells even under fed conditions 

(Fig. 1A), we assessed whether LC3 expression was regulated at the transcriptional level by 

employing real-time PCR (RT-qPCR) analysis. Gene expression of MAP1LC3b and SQSTM1 

were increased upon STAMP2 knockdown. However, the expression of other autophagy genes, 

such as ATG5 and BECN1, were not affected (Fig. 4A). Conversely, reciprocal observations 

were reversed in cells stably overexpressing STAMP2 (Fig. 4B).  

 

To assess if STAMP2 also affected LC3 gene expression in human PCa specimens as observed 

in the previous experiments (Fig. 2A-B), we analyzed the possible correlation between LC3 

family and that of STAMP2 in a publicly available PCa RNA sequencing dataset of the TCGA 

PCa cohort (22). STAMP2 expression was separated into high and low expressing at the median 

and was stratified with that of MAP1LC3A, MAP1LC3B, MAP1LC3C, GABARAP, 

GABARAPL1, GABARAPL2 and SQSTM1.  Gene expression for all members of the LC3 

family, except GABARPL1, were found to be significantly inversely correlated (Fig. 4C). 

Consistent with the results from RT-qPCR in cell lines (Fig. 4A-B), SQSTM1 expression in PCa 

was also higher in tumors with lower STAMP2 expression. 

 

  



63 

 

 

 

 

Figure 4: STAMP2 affects autophagy gene expression     

A. LNCaP cells stably transduced with control or STAMP2 shRNA 

lentiviral constructs were harvested, total RNA was isolated, reverse 

transcribed and subjected to RT-qPCR analysis (n = 3, p<0.05). B. Total 

RNA was collected from control and LNCaP cells stably expressing 

STAMP2 and gene expression was analysed by RT-qPCR. (n = 3, p<0.05)  

C. LC3 family (GABARAP, -L1, -L2, MAP1LC3A, -B, -C) and p62 

expression values were extracted from RNA sequencing data from 

Abeshouse et al (26). STAMP2 expression was stratified into high and low 

expression groups and autophagy gene expression were compared. 
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TFEB target gene expression and nuclear translocation is increased upon STAMP2 

depletion.  

TFEB is a master regulator of autophagy and directly regulates the expression of genes with 

known roles in lysosomal function (27). Global gene expression profiling by microarray 

analysis in siRNA treated LNCaP cells revealed that TFEB target gene expression was altered 

upon STAMP2 knockdown (Yang Jin et al., unpublished data). By analyzing the gene 

expression profile of STAMP2 knockdown LNCaP cells, we found that genes involved in 

lysosomal biogenesis and autophagy were upregulated (Fig. 5A). Inactive TFEB is sequestered 

in the cytoplasm by its interaction to 14-3-3 proteins. Upon activation, TFEB dissociates from 

14-3-3 and is able to translocate into the nucleus where it is able to activate transcription of 

lysosomal genes (28). We therefore assessed the amount of nuclear TFEB as a readout of its 

activation. The level of nuclear translocation of TFEB was increased upon STAMP2 

knockdown, which was further increased upon starvation (Fig. 5B). This is consistent with the 

increased upregulation of autophagy genes observed upon STAMP2 knockdown in both the 

RT-qPCR and as well as expression in the human PCa cohort (Fig. 4).  
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Figure 5: Nuclear TFEB is increased upon STAMP2 depletion.       

A. Gene expression profiles of TFEB target genes in LNCaP siSTAMP2 vs LNCaP control cells determined by 

cDNA microarray analysis.TFEB target genes were grouped into classes as described in Palmieri et al. (27) 

B. siRNA-treated LNCaP cells were starved or not for 30 minutes in EBSS prior to harvesting cytosolic and nuclear 

extracts were made and used in western analysis. HDAC1 was used as a control for the nuclear fraction and 

GAPDH was used as a control for the cytoplasmic fraction. 

 

STAMP2 knockdown results in increased lysosome number.  

TFEB activation leads to increased lysosomal biogenesis through the upregulation of lysosome 

related genes (29). To further validate the involvement of TFEB in STAMP2 regulated 

autophagy, we quantified the amount of lysosomes using lysotracker staining in LNCaP cells. 

As shown in Fig. 6, STAMP2 siRNA treatment of LNCaP cells resulted in an increase in the 

lysosome number per nucleus. This increase could be caused by the activation of TFEB, which 

is known to be involved in lysosomal biogenesis in order to cope with increased degradation 

by the lysosomes in PCa (30).  

 

 

Figure 6: Lysosome number 

is increased upon STAMP2 

knockdown. 

LNCaP cells were reverse 

transfected with control or 

STAMP2 siRNA for 48 hours 

prior to being loaded with 75 nM 

lysotracker red for 30 minutes 

before fixation in 4% PFA (pH 

7.2) for 15 minutes and imaging 

within 24 hours. (* = p< 0.05) 
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Discussion 

 

Autophagy in PCa promotes cell survival in the face of hormone withdrawal during ADT (13). 

Therefore, there are multiple clinical trials underway to improve treatment response by 

simultaneous inhibition of autophagy in PCa. However, currently available autophagy 

repressors are unspecific and often lead to undesired side effects (31). Thus, identification of 

new players in autophagy regulation in PCa could open doors to new targets to influence 

autophagy in PCa cells and may also function as biomarkers to distinguish PCa that are likely 

to respond to treatment. STAMP2 has been implicated in the development and progression of 

PCa (18, 21), in part through activation of stress response pathways. However, the role of this 

transmembrane protein in autophagy remained unclear. Here we show that STAMP2 represses 

autophagy in PCa, in part through regulation of autophagy gene transcription and post-

translational modifications (Fig. 8). The results presented here suggest that STAMP2 is 

involved in regulating autophagy in PCa. 

 

STAMP2 depletion increases LC3 lipidation (Fig. 1A). However, the lipidation status of the 

other members of the mammalian Atg8 family homologues, such as GABARAP, -L1, and -L2 

remain to be investigated. LC3, but not GABARAP, was shown to be dispensable for bulk 

autophagy (32). This highlights the need to also include the lipidation status of the GABARAPs 

in response to manipulation of STAMP2 expression to obtain the full picture of the autophagic 

flux in PCa. In support of this, Gabarap, -L1, and -L2 expression was increased in PCa with 

low levels of STAMP2 expression (22) (Fig. 4C). Total LC3 (LC3-I and -II) was increased 

upon STAMP2 knockdown. Transcriptional upregulation or increased processing by ATG4 

could possibly cause the increase in LC3-I in STAMP2 knockdown cells. ATG4 processes 

cytosolic LC3 by cleaving LC3 at the C-terminal to expose a glycine residue necessary for LC3 

lipidation (33). As ATG4 protein levels or enzyme kinetics have not been investigated here, the 

possibility that the observed differences in LC3-I levels stems from increased pre-processing 

of LC3 cannot be ruled out.  

 

Furthermore, p62 protein levels were not greatly altered upon STAMP2 knockdown, as one 

might have expected when the autophagic flux is upregulated. This could be due to a technical 

problem during extraction of p62 from the whole cell. p62 forms aggregates and is often 

precipitated out in lysis buffers not containing SDS or when spun down at extreme high speeds. 
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Supplementation of additional SDS to the RIPA lysis buffer will possibly improve the 

extraction of p62. The co-localization of LC3 and p62 should also be studied to investigate if 

p62 is indeed being brought into autophagosomes. Furthermore, it would be interesting to 

investigate the possibility that other autophagy adaptor proteins in addition to p62 may be 

involved in STAMP2 depletion induced autophagy.  

 

The increase in LLP degradation upon STAMP2 knockdown signifies increased degradation of 

cytoplasmic material at the lysosomes, an observation that supports the induction of autophagy 

during STAMP2 depletion. This may be a response towards increased amount of substrates 

trafficked to the lysosomes through fusion with autophagosomes. However, the contribution of 

the proteasome in degrading LLP remains to be investigated. Lysosomal inhibition by the use 

if BafA1 could potentially affect the degradation of substrates at the proteasome (34). As such, 

incorporating proteasome inhibitors would provide a control to the extent of LLPD degradation 

by the proteasome. 

 

The ULK complex integrates nutrient signaling through mTOR and AMPK mediated 

phosphorylation (25). We found that ULK1 phosphorylation on both of its regulatory serine 

residues affected by mTOR and AMPK was altered upon STAMP2 knockdown. Basal ULK1 

phosphorylation at S555 is increased upon STAMP2 knockdown in both LNCaP and VCaP 

PCa cell lines. This phosphorylation regulates early autophagy events that ultimately lead to 

recruitment of autophagy proteins to the site of autophagosome formation (35).  mTORC1 

mediated ULK1 phosphorylation at S757 was almost depleted completely when STAMP2 is 

knocked down, despite increased mTORC1 activity under these conditions, as shown by 

increased p70S6K phosphorylation (36). However, previous studies have shown that in certain 

situations p70S6K activation is not correlated with autophagy activation (37, 38). The changes 

in ULK1 phosphorylation can possibly be attributed to phosphatases (39) and other Ser/Thr 

kinases in addition to AMPK and mTOR. These observations indicate that the ULK complex 

is activated upon the loss of STAMP2, suggesting increased induction of autophagy. 

 

Previous studies in our laboratory showed that STAMP2 induces increased ATF4 expression 

(21), which is a transcription factor involved in autophagy (40). If ATF4 was the transcription 

factor involved in mediating the effects of STAMP2 that we observe, we would expect ATF4 

levels drop when STAMP2 is knocked down, leading to decreased autophagy gene expression. 

However, we observed the opposite, whereby the loss of STAMP2 increased MAP1LC3b and 
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p62 expression, while ectopic expression of STAMP2 decreased the expression of these genes. 

Even though we did not directly investigate the direct involvement of ATF4 in our experiments, 

this suggests that a different transcription factor may be involved. Microarray analysis in 

LNCaP cells showed that TFEB target genes were upregulated upon STAMP2 knockdown (Fig. 

5A). Genes involved in lysosome function were found to be increased in STAMP2 knockdown 

cells and is currently being validated by RT-qPCR. The increase in lysosome gene expression 

would suggest physiological changes to the lysosomes when STAMP2 is lost. Pathways with 

endpoints at the lysosomes, such as degradation of endocytosed cell surface receptors (for 

example, beta-2 adrenergic receptor), should therefore be investigated. Since mTORC1 

activation was recently found to be dependent of its recruitment to the lysosomal membrane, 

changes to lysosomal membrane proteins could explain the increased activation of mTORC1 

upon STAMP2 knockdown (41). 

 

Further investigations revealed that upon knockdown of STAMP2, TFEB was predominantly 

localized in the nucleus (Fig. 5B). Unlike in STAMP2 siRNA treated LNCaP cells, nuclear 

TFEB was not increased in control cells during the 30 minutes starvation period, indicating 

enhanced response towards starvation when STAMP2 is depleted. Increasing the amount of 

time points when the cells are starved would provide increased resolution of the differences in 

responses towards starvation. Fluorescent-immunolabeling of ectopic TFEB will provide 

additional validation towards the cell fractionation assay. However, it is important to note that 

nuclear translocation alone is not proof that TFEB is actively transcribing genes, and further 

experiments, such as reporter assays are required. The involvement of other transcription factors 

remain a possibility. Hypoferric conditions induces the stabilization of HIF1a to activate 

transcription of genes involved in iron homeostasis (42). Preliminary results indicate that HIF1a 

was not stabilized upon the loss of STAMP2, suggesting that it is not involved in autophagy 

gene upregulation (data not shown). 

 

The mechanism whereby STAMP2 is able to regulate TFEB translocation is currently being 

investigated. Given that STAMP2 is an endosomal ferrireductase, its knockdown may lead to 

accumulation of positively charged iron and copper ions in the endocytic and lysosomal vesicles 

and may have adverse effects on lysosomal physiology such as lysosomal membrane potential. 

From the TCGA dataset, we found that the levels of the endolysosomal calcium conducting 

channel MCOLN1 were inversely correlated to that of STAMP2 (data not shown). MCOLN1 

positively regulates TFEB activation through lysosomal calcium release (43) which may also 
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be regulated by ROS (44), which again is generated by STAMP2 (21).These data indicate that 

the loss of STAMP2 activates TFEB to induce the expression of autophagy genes, possibly 

through alterations in cytoplasmic calcium levels. In addition to lysosomal calcium release, 

TFEB is also regulated by phosphorylation events, by mTORC1, AKT or Glycogen Synthase 

Kinase (GSK3β) at Ser211 (45), Ser467 (46) and Ser134/138 (47) respectively. Western 

analysis of phosphorylated TFEB should therefore reveal the kinase(s) that may possibly be 

involved in its activation upon STAMP2 depletion.  

 

Increased lysotracker puncta staining in STAMP2 siRNA treated cells suggests increased 

number of lysosomes in the cell. This increase could be caused by the activation of TFEB, 

which is known to be involved in lysosomal biogenesis in order to cope with increased 

degradation by the lysosomes in PCa (30). Quantification of lysosome size and lysotracker 

signal intensity would further reveal more information regarding lysosome fission, regeneration 

and pH.  

 

Adipocytes treated with antibodies against STAMP2 develop damaged mitochondria (48, 49), 

indicating a possible role for STAMP2 in maintaining mitochondrial health or removal of 

damaged mitochondria through mitophagy. Iron depletion induces mitophagy to free up iron 

stored in the mitochondria (50). Given that iron deficiency phenotypes were observed upon 

STAMP3 knockdown mice (51), that STAMP2 regulates iron uptake in osteoclasts (20), and 

STAMP2 depletion attenuates peroxisome proliferator-activated receptor gamma 

coactivator 1-beta (PGC1β) dependent mitochondrial gene expression (20) it would be 

interesting to investigate if STAMP2 regulates mitochondrial degradation at the lysosomes. 

Autophagy adaptor proteins such as OPTN or NBR52 are necessary for mitophagy and their 

relative protein amounts could therefore serve as early indicators of changes to mitophagy (52). 

Additionally, mitophagy could be investigated by analysis of mitochondrial DNA and proteins, 

and mCherry-EGFP-tagged mitochondria.  

 

Tissue culture experiments are often not enough to represent PCa cells in human patients. 

Signaling events from the surrounding stroma contributes to regulating autophagy (53); as such, 

the question arises as to whether the increased autophagy in STAMP2 depleted cells are offset 

or induced in the presence of a functional stroma. To stimulate the physiological conditions of 

a typical PCa tumor, experiments should eventually be extended to co-culture experiments or 

in vivo systems. Our laboratory has previously reported that STAMP2 knockdown in adipocytes 
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inhibited adipocyte-facilitated PCa growth in mice (54). The secretion of signaling molecules 

such as IL-1β and ferritin are mediated by an autophagy-dependent secretory system  (55). This 

raises the possibility that STAMP2 may regulate autophagy, which in turn controls paracrine 

signaling of secreted cytokines and other proteins.  

 

 

Figure 8. Graphical summary of the role of STAMP2 in autophagy. 

STAMP2 inhibits the activation of ULK1 and the nuclear translocation of TFEB. This prevents membrane 

nucleation of the phagophore and expression of autophagy and lysosomal genes, thereby preventing autophagy at 

different stages of its progression. 

 

STAMP2 expression was previously shown to be androgen responsive (18).  Upon depletion of 

androgens during ADT, STAMP2 levels are greatly reduced; an event that would lead to 

increased autophagy according to the data presented here. This may contribute to the treatment 

resistance often observed when cells are faced with ADT (13, 56, 57). The findings presented 

here warrants further investigations into the relationship between STAMP2 levels and ADT 
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resistance. In conclusion, we have identified the involvement of STAMP2 in repression of 

autophagy in PCa through alterations in posttranslational modifications and transcription of 

autophagy gene. We propose that STAMP2, through mechanisms currently being investigated, 

inhibit ULK and TFEB activation, thereby repressing autophagy. 
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