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Abstract 

The increased demand for cholesterol to support cancer growth and progression is often 

associated with elevated uptake of cholesterol from low density lipoproteins (LDL). Once 

endocytosed, LDL-cholesterol then needs to be delivered from late endosomes/lysosomes 

(LE/Lys) to other cellular sites to promote proliferation and metastatic behaviour. Yet, in 

oncogenic settings, the cholesterol transporters and molecular machinery in LE/Lys that endorse 

this process are not fully understood. 

In Chapter 1, the impact of inhibiting late endosomal cholesterol export on aggressive cancer 

cell behaviour was addressed. Therefore, we depleted the major cholesterol transporter in LE/Lys 

(Niemann Pick Type C1, NPC1) with stable siRNA-mediated gene knockdown in human A431 

squamous epithelial cells, a well-established cancer model with metastatic features. The NPC1-

depleted A431 cell line displayed strong cholesterol accumulation in LE/Lys similar to recognized 

NPC1 mutant cell lines and were suitable for experiments assessing motility and invasive 

behaviour. Indeed, cholesterol accumulation in NPC1-depleted A431 cells correlated with 

significantly reduced cell migration in wound healing assays. Moreover, after tail vein injection, 

the number of tumors in the lung derived from NPC1-depleted A431 cells were strongly reduced, 

suggesting that inability to distribute late endosomal cholesterol interferes with the invasive 

potential of A431 cells in vivo.  

In Chapter 2, we collated expression patterns and overall patient survival data on the scaffold 

protein ANXA6 in cancers linked to de-regulated cholesterol homeostasis or increased 

responsiveness to oversupply with dietary cholesterol. The Grewal group extensively studied this 

protein, which is a potential tumor suppressor that upon upregulation, induces an NPC1-mutant 

like phenotype that is associated with reduced growth, migration, and invasion. In contrast, 

ANXA6 depletion improved cholesterol export from LE/Lys to focal adhesions and lipid droplets 

to promote cancer cell growth and motility independent of NPC1, requiring RAB7 activation and 

another cholesterol transporter in LE/Lys, STARD3. In prostate cancer, a significant 

downregulation of ANXA6 expression during the progression from localized to metastatic prostate 

cancer was observed. Furthermore, low ANXA6 levels were associated with reduced overall 

survival in triple-negative breast cancers as well as pancreatic cancers. These findings may indicate 
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an improved ability of cancers with low ANXA6 levels to effectively utilize incoming cholesterol 

for growth and progression advantage.  

In Chapters 3 and 4, we aimed to identify ANXA6-related gene network associations in 

cholesterol-sensitive cancers by co-analyzing the expression patterns of ANXA6 in combination 

with genes from its interactome in LE/Lys, consisting of LDL receptor (LDLR), cholesterol 

transporters (NPC1, STARD3) and regulatory proteins (RAB7A, TBC1D5, TBC1D15). A 

negative association between ANXA6 and LDLR, NPC1 and RAB7 was made in several cancers, 

in particular ER-negative and triple-negative breast cancer, but also several prostate and colon 

cancer cohorts, which point at improved LDL-cholesterol utilization when ANXA6 levels are low, 

and relevant for cancer aggressiveness, progression and treatment outcome. On the other hand, 

ANXA6 and STARD3 levels were positively associated in most cancer cohorts, including breast, 

prostate, colon, pancreas, and liver, indicating that ANXA6 is indeed a gatekeeper that limits the 

involvement of STARD3 in cholesterol export from LE/Lys, as proposed by Grewal and 

colleagues in recent studies. 

In Chapter 4, we observed low ANXA6 levels to strongly reduce the survival probability in 

patients with high LDLR or high RAB7 or high STARD3 levels. Although sample numbers were 

low, this supports ANXA6 downregulation to improve LDL-cholesterol distribution via RAB7- 

and STARD3-dependent cholesterol routes in breast cancer subgroups, which are ER-negative 

and/or EGFR-related (triple-negative). On the other hand, high ANXA6 levels were associated 

with longer patient survival probability in breast cancer samples with high/low LDLR and NPC1, 

high STARD3, RAB7, TBC1D5 and TBC1D15, suggesting elevated ANXA6 levels to counteract 

efficient LDL-cholesterol distribution in these breast cancers. In several metastatic prostate 

cancers, reduced ANXA6 levels coincided with high RAB7A levels, which may indicate ANXA6-

related gene networks that allow competent utilization of LDL-derived cholesterol in order to gain 

growth and progression advantages. The results from other cancer cohorts (liver, pancreas, colon) 

are also described and discussed in detail. 
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Chapter 1 

The role of NPC1 in cancer cell migration and invasion  
 

1.1. Introduction 

1.1.1. Cholesterol homeostasis  

Besides proteins and carbohydrates, lipids are essential for proper cell functioning, determining 

cell viability, growth, differentiation, and cell motility (1, 2). Lipids fulfill numerous important 

cellular functions, such as the provision of building blocks for membrane growth during cell 

division and differentiation, energy storage in lipid droplets, precursors for steroid hormones and 

vitamins, as well as serving as signalling molecules to respond to changes in the extracellular 

environment. Hence, cellular lipid homeostasis requires a tight control and coordination. This is 

achieved by a complex network of regulatory mechanisms, often involving feedback control of 

ana- and catabolic pathways and mediated by signalling proteins and transcription factors. 

Altogether, this ensures that nutrient availability remains in synchronization with cellular energy 

status and homeostasis, tissue functioning and overall body physiology. Pathological changes in 

chronic diseases such as cancer commonly display alterations in cell metabolism. This not only 

includes drastic changes how cells metabolize glucose (‘Warburg effect’), but also lipids, such as 

cholesterol. However, the current understanding on the underlying molecular mechanisms how 

this supports cancer growth and progression is still incomplete (1-3). 

Lipids comprise a plethora of different biomolecules that include fatty acids, triglycerides, 

phospho-, sphingo- and glycolipids. In addition, cholesterol and its sterol backbone serve as 

precursors for many other sterol derivatives and vitamins. Over the last decades, it has become 

clear that cholesterol and its derivatives control many aspects of cellular homeostasis. In particular, 

cholesterol is indispensable for membrane integrity at the cell surface, compartmentalization of 

specific functions within organelles, proper membrane transport and exchange of biomolecules 

and information between organelles, ligand internalization and cell surface receptor signalling. In 

addition, cholesterol is the precursor for bile acids and steroid hormones, while the cholesterol 

biosynthesis intermediate 7-dehydrocholesterol serves to generate vitamin D (4). Altogether, this 

positions cholesterol at the centre of numerous biological processes ensuring proper cellular 

functioning. Hence, dysregulation of cholesterol homeostasis can have significant consequences 
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for cell and tissue functions, leading to pathophysiology in many chronic diseases beyond 

cardiovascular disease and metabolic disorders, including cancer (4). 

Despite most mammalian cells being able to synthesize cholesterol, cholesterol synthesis 

mainly occurs in the liver. In hepatocytes, de novo cholesterol biosynthesis takes place in the 

endoplasmic reticulum (ER), with tricarboxylic acid cycle (TCA)-derived citrate generating 

acetyl-CoA. Several enzymatic reactions, including the 3-hydroxy-3-methylglutaryl-CoA (HMG-

CoA) reductase -mediated and rate-limiting conversion of HMG-CoA to mevalonate lead to the 

generation of cholesterol. Elevated plasma and low density lipoprotein (LDL) -derived cholesterol 

levels are a prominent risk factor in cardiovascular disease and the abovementioned enzymatic 

step is inhibited by statins, the most common cholesterol-lowering medication for cardiovascular 

disease worldwide (5). As outlined below, given the prominent roles for cholesterol in cancer cell 

growth and motility, this has also led to the use of statins in cancer, with promising results in many, 

but not all cell and animal studies and clinical trials (1, 2, 5). 

In hepatocytes, for de novo cellular cholesterol to reach the circulation, newly synthesized 

cholesterol is assembled together with triglycerides in very low-density lipoproteins (VLDL) in 

the Golgi apparatus and then released into the circulation. Once in plasma, several lipases remove 

fatty acids from these triglyceride-rich VLDL particles to generate LDL, which contains 

predominantly cholesteryl esters. Cellular LDL uptake then serves as the major source for 

cholesterol in peripheral tissues. As the de novo synthesis of cholesterol requires ATP, complex 

feedback control mechanisms are in place to monitor energy-consuming cholesterol biosynthesis. 

Cells are capable to sense cholesterol levels in the ER, and when cellular cholesterol levels are 

high, cholesterol synthesis is repressed, and most cells acquire cholesterol via LDL uptake (2, 4).  

For dietary cholesterol to enter the circulation and be made available to cells, it is first 

incorporated into micelles in the intestine and then taken up by enterocytes. Next, internalized 

cholesterol is integrated into triglyceride-rich chylomicrons and released into the lymph to reach 

the circulation. After lipoprotein lipase -mediated removal of fatty acids from chylomicrons, so-

called chylomicron remnants are then taken up by the liver through chylomicron remnant receptors 

(6). In hepatocytes, after internalization and subsequent degradation of remnant particles, 

cholesterol is esterified and alike newly synthesized cholesterol, either stored in lipid droplets or 

re-assembled into VLDL particles, which as described above, are then released from the liver into 

the circulation. After removal of fatty acids in VLDL for storage in adipocyte and muscle tissue 
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(7), the resulting and cholesteryl ester-rich LDL particles can bind to the LDL receptor (LDLR) in 

non-hepatic cells, and endocytosis of the LDL/LDLR complex effectively covers the cellular 

demand for cholesterol in peripheral cells, continuously downregulating the activity of the 

cholesterol synthesis pathway (8). In addition, hepatocytes remove excess LDL from plasma via 

LDLR-mediated endocytosis. In fact, this route is most effective and can remove >70% of LDL-

cholesterol from plasma for secretion of cholesterol into bile  (6, 8). 

 

1.1.2. The cellular fate of LDL-derived cholesterol 

Endocytosed LDL first reaches early endosomes (Figure 1.1) and is then delivered to late 

endosomes/lysosomes (LE/Lys). Along this route, the pH in the endosomal compartment becomes 

acidic, ultimately leading to the dissociation of LDL from LDLR in sorting endosomes. This 

enables the sorting of LDLR into tubular endosomal structures (recycling endosomes) that traffic 

the LDLR back to the cell surface for another round of LDL internalization (9). The LDL particle 

on the other hand undergoes a different fate, with lysosomal lipases hydrolyzing LDL-associated 

cholesteryl esters within multivesicular bodies (MVBs) of the LE/Lys compartment to generate 

free cholesterol. This pool of free cholesterol in LE/Lys is then delivered to other cellular sites, 

such as the plasma membrane, ER, Golgi and mitochondria via late endosomal cholesterol 

transporters, in particular Niemann-Pick type C1/2 (NPC1/2) proteins (10). Ultimately, LDL-

derived cholesterol reaches the ER, which senses increased amounts of incoming cholesterol to 

effectively downregulate the cholesterol biosynthesis pathway. Figure 1.1 depicts the various 

cellular transport pathways of LDL-derived cholesterol, which clearly identifies the LE/Lys 

compartment as a central hub for the distribution of LDL-derived cholesterol in cells. 
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Figure 1.1: Late endosomes (LE) facilitate the cellular distribution of Low-Density lipoprotein (LDL)-derived 
cholesterol. LDL is internalized via LDL receptor (LDLR)-mediated endocytosis to reach early endosomes (EE) and 
then late endosomes/multivesicular bodies (LE/MVB). In this location, the LDL/LDLR complex dissociates and 
LDLR is recycled back to the surface via recycling endosomes (RE). LDL-associated cholesteryl esters (CE) in LDL 
are hydrolyzed to generate free cholesterol. LDL-derived cholesterol is then transported via Niemann-Pick type C1/2 
(NPC1/2) proteins and other transporters to the endoplasmic reticulum (ER), mitochondria, Golgi and plasma 
membrane. Newly synthesized cholesterol in the ER is transported to the plasma membrane directly or via the Golgi 
complex. In the ER, cholesterol is esterified for storage of CE in lipid droplets (LD). Red arrows indicate the transport 
routes of LDL-derived cholesterol. Green arrows highlight the recycling route of the LDL receptor. Abbreviations: 
ccp, clathrin-coated pit; CGN/TGN: cis/trans-Golgi-network. Taken from (11). 
 
1.1.3. Cholesterol transporters in the LE/Lys compartment 

1.1.3.1. NPC1/2 

As mentioned above, NPC1/2 proteins are considered the main transporters to export 

cholesterol form the LE/Lys compartment (12, 13). NPC2 is located in the lumen of LE/Lys to 

bind incoming cholesterol and transfers cholesterol to NPC1, which resides in the limiting LE/Lys 

membrane (14, 15) for subsequent transport of cholesterol from LE/Lys to the plasma membrane. 

The NPC1/2-dependent cellular routes of LDL-derived cholesterol from LE/Lys to other 

organelles are not well understood, and direct or indirect (via the plasma membrane) transport 

routes to the ER, Golgi, mitochondria and recycling endosomes seem to exist, most likely requiring 

supporting actions of neighbouring proteins in the LE/Lys outer membrane (see below) (13, 16-

19) . Underscoring the critical role of NPC1/2 proteins for cholesterol export from LE/Lys, 

NPC1/2 loss-of-function mutations cause NPC disease, a fatal neurodegenerative lysosomal 
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storage disorder that is characterized by massive LE/Lys-cholesterol accumulation (20).  The 

inability of NPC1/2 mutant cells to deliver cholesterol from LE/Lys to other organelles ultimately 

causes a cellular cholesterol imbalance that interferes with membrane trafficking and inter-

organelle communication, triggering cellular stress and apoptosis (16-18). Common NPC disease 

phenotypes include hepatic or neurodegenerative symptoms, including psychiatric symptoms, 

dementia, ataxia and dystonia (20).  

Besides NPC1/2, several other cholesterol transporters in the LE/Lys compartment exist, 

including the steriodogenic acute regulatory (StAR) -related lipid transfer domain containing 3 

(STARD3), STARD3 N-terminal like (STARD3NL), members of the oxysterol-binding protein 

(OSBP) family, such as OSBP-related proteins (ORP1L, ORP2), and lysosomal membrane 

proteins (lysosomal associated membrane protein 2 (LAMP2) and lysosomal integral membrane 

protein 2 (LIMP2)) (16-19). In addition, small Rab GTPases (RAB7, 8, 9 and 11) and members of 

the annexin protein family participate to ensure cholesterol transport to the plasma membrane, ER, 

Golgi and mitochondria (16-19) (Figure 1.2). Their key features are described below and their 

differential roles in cancer growth and progression will be examined in more detail in Chapter 2-

4. 

 

 
Figure 1.2. Cholesterol transporters and other 
proteins contributing to cholesterol export from late 
endosomes. Abbreviations: LAMP1/2, lysosome-
associated membrane proteins 1/2; LIMP2, lysosomal 
integral membrane protein 2; NPC1/2, Niemann-Pick 
Type C1/2; ANXA6, annexin A6; TBC1D15, Tre-
2/Bub2/Cdc16 domain family member 15; ORP1L, 
OSBP-related protein 1L; STARD3, Steroidogenic acute 
regulatory (StAR) -related lipid transfer domain 
containing 3; STARD3NL, STARD3 N-terminal like 
protein. Taken from (11). 
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1.1.3.2. STARD3 

Like other StARD family members, STARD3 (also called metastatic lymph node 64, MLN64) 

can bind and transport cholesterol between organelles. STARD3 in LE appears to transfer 

cholesterol between LE/Lys and the ER via membrane contact sites (MCS) (21). When cellular 

cholesterol levels are low, STARD3 has been proposed to move cholesterol from the ER or plasma 

membrane into LE (21-26). Yet, upon cholesterol accumulation in LE/Lys, Grewal and colleagues 

demonstrated STARD3 to facilitate restoration of late endosomal cholesterol egress to the ER in a 

RAB7-dependent manner (16, 27) (see below). These findings were obtained from a well-

established Chinese hamster fibroblast (CHO) cell line lacking NPC1 (CHO M12). In contrast, 

STARD3 gain-of function overexpression failed to overcome late endosomal cholesterol 

accumulation in NPC patient fibroblasts (22, 23) or increase acetyl-CoA cholesteryl 

acyltransferase 1 (ACAT1) -mediated esterification of cholesterol in the ER in macrophages and 

fibroblasts (24, 28), indicating differential STARD3 capabilities depending on the cell type 

analyzed. In addition, in cells lacking NPC1, STARD3 has been described to promote cholesterol 

transfer into mitochondria (29, 30), which might confer anti-apoptotic properties in cancer cells 

that can utilize increased cholesterol delivery into mitochondria for steroidogenesis and energy 

production (31, 32). 

 

1.1.3.3. ORP proteins 

The ORP family comprises proteins that can transfer two lipids in opposite directions across 

MCS, for example between LE/Lys and other organelles (33). OSBP was the first ORP protein 

identified and transfers one molecule of phosphatidylinositol-4-phosphate from LE/Lys to the ER 

in exchange for one molecule of cholesterol in the opposite direction. In NPC mutant cells, 

pharmacological or genetic inhibition of OSBP downregulated mammalian target of rapamycin 

complex 1 (mTORC1) kinase signalling, the master regulator of cancer cell metabolism and 

restored autophagy, indicating a role for OSBP in the hyperactivation of mTORC1 in cancer 

settings with low NPC1 levels (34).  

ORP1L represents another ORP family member and in MCS, simultaneously interacts with 

proteins in LE/Lys and the ER. ORP1L-containining protein complexes comprised the late 

endosomal small GTPase RAB7, the RAB7 effector RAB7-interacting lysosomal protein (RILP) 

and ER-associated vesicle-associated membrane (VAMP) proteins. These interactions support 
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MCS formation between LE/Lys and the ER, but also control cholesterol-sensitive LE motility 

(35-38) and trafficking of autophagic vesicles (39). Possibly related to these findings, ORP1L can 

transfer cholesterol from the ER to LE/Lys when cells are deprived of incoming LDL-cholesterol 

(40, 41).  

As ORP1L depletion caused cholesterol accumulation in LE/Lys and was accompanied with 

reduced cholesterol esterification and increased de novo cholesterol synthesis (42), this may 

indicate that ORP1L can also deliver cholesterol from LE/Lys to the ER. This may occur through 

stimulation of MCS formation, as an ORP1L deletion mutant lacking the sterol-binding domain 

reduced accumulation of cholesterol in LE/Lys in NPC1 mutant cells (30). In support of these 

findings, the adenoviral RIDα protein stimulates late endosomal LDL-cholesterol export, 

cholesterol esterification and cholesteryl ester storage in lipid droplets in an ORP1L-dependent 

manner (43). Hence, the direction of ORP1L-mediated cholesterol transfer between LE/Lys and 

the ER may depend on cholesterol levels in the various compartments, the presence or absence of 

viruses, and the expression levels of NPC1 and other cholesterol transporters.  

In addition, the ORP member ORP2 is responsible for the exchange of LDL-derived 

cholesterol and phosphatidylinositol-4,5-biphosphate between LE and recycling endosomes. This 

ORP2-dependent route to deliver cholesterol to the cell periphery was a driver for the activation 

of focal adhesion kinase (FAK), increasing focal adhesion dynamics and cancer cell motility (44). 

In hepatocytes, these mechanisms may contribute to the reduced growth and migratory behaviour 

upon ORP2 depletion (45). Furthermore, interaction of ORP5 with NPC1 may support cholesterol 

export from LE/Lys to the ER (46). However, ORP5 may also indirectly influence cholesterol 

egress from LE/Lys due to its role in delivering phosphatidylserine to the plasma membrane, which 

influences cholesterol transport to and from the plasma membrane (33, 47). Taken together, several 

ORPs connect cholesterol export from LE/Lys with molecular events that contribute to cancer 

growth and aggressiveness (see also Chapter 3). 

 

1.1.3.4. LAMP-2 and LIMP-2 

Besides NPC1 and members of the StARD and ORP family described above (1.1.3.1-1.1.3.3.), 

two other cholesterol-binding proteins in lysosomes exist (19). Lysosome-associated membrane 

proteins 1/2 (LAMP-1/2) are prominent type 1 transmembrane proteins in LE/Lys and their luminal 

domains can bind cholesterol with high affinity. LAMP-2 is believed to support transfer of NPC2-
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bound cholesterol in the lumen of LE/Lys vesicles onto NPC1 within the LE/Lys limiting 

membrane, thereby contributing to cholesterol egress from LE/Lys (48). 

The second abundant integral membrane protein in LE/Lys is Lysosome Integral Membrane 

Protein 2 (LIMP-2; also named SCARB2). The recently deciphered structure of LIMP-2 revealed 

a hydrophobic tunnel, which has been proposed to work alongside NPC1 to export cholesterol 

from the LE/Lys (49).  

Several roles and upregulated expression for LAMP-2 and LIMP-2 in cancer have been 

reported, some of those related to cholesterol-sensitive lysosomal functions, such as autophagy 

(50).  

 

1.1.3.5. Rab proteins 

Rab proteins are key players in the regulation of membrane transport and directional trafficking 

of vesicles between organelles. Alike all other members of the superfamily of small Ras GTPases, 

guanine-nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) balance the 

amounts of active (GTP-bound) and inactive (GDP-bound) Rab proteins (51). In addition, the 

prenylation of active Rabs ensures their association with membranes in specific cellular locations, 

while inactive Rabs (GDP-bound) are released into the cytosol. The Rab-dependent directional 

movement of vesicles requires a plethora of regulators and effectors that ensure organelle-specific 

functioning for each Rab protein. Out of the Rab family, several Rabs have been linked to 

cholesterol transport in the LE/Lys compartment, in particular RAB7, the master regulator of the 

LE/Lys compartment (51).  

The recruitment of several effectors enable active RAB7-GTP to safeguard not only the distinct 

multilamellar morphology of LE/Lys, but also ascertain the proper functioning of many different 

processes in the LE/Lys compartment that require LE vesicle movement and/or directional 

membrane transport such as autophagy (16, 18, 51, 52). Most relevant here is the critical role for 

RAB7 in the final steps of the lysosomal targeting of LDL along the endocytic pathway for 

degradation (53) and the requirement of RAB7 for effective LDL-cholesterol distribution from 

LE/Lys to other cellular sites (16, 18). In NPC1 mutant cells, cholesterol accumulation 

compromised RAB7 activity and led to reduced LE/Lys motility (52). Vice versa, RAB7 inhibition 

resulted in an enlarged and cholesterol-loaded LE/Lys compartment with reduced capacity to 

export LDL-derived cholesterol (16, 27, 54). In contrast, overexpression of RAB7 overcame 
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cholesterol accumulation in NPC1 mutant cells (16, 54, 55), and as shown by Grewal and 

coworkers, enabled LDL to induce cancer cell migration and invasion (56). The Ikonen group 

recently reported the transfer of LDL-cholesterol from LE to recycling endosomes in the cell 

periphery, possibly requiring RAB7, and stimulating Rab8-dependent integrin recycling and FAK 

signaling in cancer cells  (44, 57). In addition, the Grewal group and others reported active RAB7 

to stimulate cholesterol transfer via NPC1, STARD3 or ORP1L from LE/Lys across MCS to the 

ER. The latter route could ultimately supply cholesterol for storage in lipid droplets or the plasma 

membrane to support oncogenic growth and motility (16, 18, 35, 36, 38, 55, 58)   

Rab9 is another Rab protein affected by NPC1 deficiency and cholesterol accumulation and 

was found inactive and sequestered on LE/Lys membranes, causing defects in membrane 

trafficking from LE/Lys to the trans-Golgi network (TGN) (58). Alike RAB7, overexpression of 

Rab9 restored cholesterol export in NPC mutant cells, stimulating its delivery to the TGN (58-60). 

Similarly, cholesterol accumulation in cells lacking NPC1 was rescued by Rab8 overexpression 

(61), promoting the delivery of cholesterol from LE/Lys to the cell surface to increase focal 

adhesions turnover and migratory abilities of A431 carcinoma cells (44, 57). Finally, Rab11 was 

proposed to control LE/Lys-Chol transport routes towards the cell surface. Although Rab11 

controls β1 integrin recycling (62, 63), a link to Rab8-dependent LDL-cholesterol delivery to 

recycling endosomes and focal adhesion dynamics could not be established (57).  

Interestingly, up- and downregulation of several endosomal Rab GTPases have been observed 

in cancer and linked to oncogenic features in cancer cell behaviour (64-66). Hence, expression 

levels of the abovementioned Rab proteins could alter the efficacy of how cancer cells utilize 

incoming cholesterol to support growth and progression. On the other hand, the cholesterol content 

in membrane microdomains that contain Rab proteins could alter Rab-GTPase activity (52, 58-

61). This liaison between Rab activity and dietary cholesterol could be relevant for cancer growth 

and progression and will be examined in more detail for RAB7 in Chapters 3-4.   

 

1.1.3.6. Annexin A6  

Annexin A6 (ANXA6) belongs to the conserved annexin protein family, which is characterized 

by their calcium (Ca2+)-dependent binding to phospholipids and membranes. ANXA6 consists of 

an N-terminal leader sequence and a C-terminal core domain with eight Ca2+ -binding ‘Annexin 

repeats’, the latter facilitating transient and Ca2+-inducible association with cellular membranes. 
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which are organized in two tetrads connected by a hydrophobic linker (containing a rare 

tryptophan) allowing for both calcium-dependent (transient) and hydrophobic binding to 

membrane lipids. This dynamic behaviour, together with the interaction of ANXA6 with a variety 

of proteins and lipids, allows scaffolding functions relevant for cell proliferation and motility, such 

as stabilizing protein complex assembly for transient signaling events, supporting membrane-

cytoskeleton dynamics and recruiting proteins from the cytosol to specific membrane 

microdomains at the plasma membrane or LE/Lys (67, 68). All these features are also important 

for membrane microdomain formation, membrane transport, as well as controlling the formation 

of MCS for cholesterol transfer (67-71). 

Ca2+-dependent binding of ANXA6 to negatively charged phospholipids is probably relevant 

in clathrin-coated pits at the cell surface, enabling ANXA6 to interact with epidermal growth factor 

receptor (EGFR) and H-Ras GTPase, and recruit protein kinase Cα (PKCα) for EGFR inactivation 

and the GTPase activating protein p120GAP to downregulate H-Ras and mitogen-activated protein 

kinase pathway signaling (72-74), reducing their oncogenic growth potential. Furthermore, 

ANXA6 binds to members of the Src kinase family with prominent roles in many molecular events 

that affect cell viability and motility. Extracellular ANXA6 activities have also been reported, with 

consequences for focal adhesion dynamics, metastatic behaviour, and response to therapy in 

several cancers. Grewal and colleagues have summarized these cancer-relevant findings in several 

review articles (67-71, 75, 76). 

In relation to cholesterol homeostasis, a role for ANXA6 in LDL endocytosis and subsequent 

delivery of LDL to the lysosomal compartment was initially described by Grewal and coworkers 

as well as others (74, 77-79). In follow-up studies, the Grewal group revealed the translocation of 

ANXA6 to LE/Lys upon LDL loading or genetic/pharmacological NPC1 inhibition (77, 79, 80). 

The association of ANXA6 with LE/Lys did not require Ca2+, but appeared cholesterol-dependent, 

a novel property within the annexin family that was confirmed by others in vitro (81). Most 

importantly, when overexpressed, ANXA6 induced an NPC1-like phenotype, with cholesterol 

accumulating in LE/Lys, causing major trafficking defects in transport routes to the cell surface.  

For example, NPC1 inhibition as well as ANXA6 overexpression blocked cytoplasmic 

phospholipase A2-dependent transport of caveolin-1 to the cell surface, leading to reduced 

numbers of cholesterol-rich caveolae at the cell surface. Also, the soluble NSF attachment protein 

receptor (SNARE) proteins syntaxin 4 (Stx4), soluble N-ethylmaleimide-sensitive fusion protein 
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23 (SNAP23) and Stx6 were mislocalized and failed to support fibronectin secretion and integrin 

recycling (82-86). Thus, NPC1 inhibition or ANXA6 overexpression effectively compromised the 

ability of LDL-cholesterol to stimulate migration and invasion in several cancer cell lines (27, 56, 

87). 

Based on these findings, the Grewal group and colleagues then performed ANXA6 knockdown 

experiments in NPC1 mutant cells. Most strikingly, this approach restored cholesterol efflux from 

LE/Lys in NPC1 mutant cells (55). Mechanistically, late endsomal cholesterol accumulation leads 

to elevated ANXA6 levels and increased translocation of ANXA6 to LE/Lys (55, 80). ANXA6 

located in LE/Lys recruits the RAB7-GTPase activating protein (RAB7-GAP) TBC1D15 to 

downregulate RAB7-GTP levels. Hence, loss of the ANXA6 scaffold did not permit recruitment 

of TBC1D15 to LE/Lys in order to downregulate RAB7-GTP levels in ANXA6-depleted NPC1 

mutant cells. Consequently, elevated RAB7-GTP levels increased MCS between LE/Lys and ER 

and facilitated a STARD3-mediated cholesterol transfer to the ER, followed by ACAT1-dependent 

cholesterol esterification for storage in lipid droplets. Restoration of cholesterol export in ANXA6-

depleted NPC1 mutant cells also enabled cholesterol delivery to focal adhesions, thereby 

improving migratory activities (56). These mechanisms also appear to be in place in NPC1 

expressing cells, as A431 carcinoma cells, which lack endogenous ANXA6, and mouse embryo 

fibroblasts (MEFs) from ANXA6-KO mice also displayed elevated RAB7-GTP levels (55). 

Taken together, high, and low expression levels of ANXA6 seem to control NPC1-dependent 

and -independent cholesterol export routes from LE/Lys to multiple locations inside cells. This 

gatekeeper function of late endosomal ANXA6 has consequences for cells to grow or move 

forward and invade (55, 69, 87) and its potential to influence cancer progression and prognosis, 

possibly in a cholesterol-related manner, will be addressed in Chapters 2-4. 

 
1.1.4. LDL-derived cholesterol is a risk factor for cancer growth and progression 

Due to the increased demand for cholesterol in cancer growth and progression, alterations in 

the way human cancer cells metabolize cholesterol to support tumorigenesis are common, often 

also supporting the development of drug resistance (1, 88-91). A shared feature of many cancer 

cells is the upregulation of de novo cholesterol synthesis or the elevation of serum cholesterol 

levels. Both adaptations elevate the readiness of cholesterol to support cancer growth and 

progression. Hence, many cancers display cholesterol accumulation in the form of cholesteryl ester 
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storage in lipid droplets (92, 93). Examples for elevated plasma cholesterol levels as risk factor 

include lung, pancreatic, breast and prostate cancer (94). Higher prostate cancer risk and 

progression and hypercholesterolemia was also linked to a more rapid development of castrate-

resistant prostate cancer (89, 95). Furthermore, lipid-rich diets and obesity have been linked with 

the development of cholesterol-rich environments that are considered risk factors for tumor 

initiation and progression. In line with this, administration of a high-fat diet in mouse models 

enhanced the onset, incidence, and frequency of breast cancers (96). 

The upregulation of LDLR-mediated endocytosis is a shared feature of many cancer cells, 

driving many oncogenic adaptations that require cholesterol to foster tumor development and 

expansion. This has been reviewed in detail (2, 92, 93, 97), identifying many additional 

mechanisms beyond its role in proliferation as a critical element for the building of membranes. In 

particular, cholesterol provides the foundation to establish specialized membrane microdomains 

at the cell surface, secretory and endocytic routes that trigger oncogenic signaling events (lipid 

rafts) and promote adhesion, migration, and invasion (focal adhesions). In addition, several cell 

surface receptors (e.g. smoothened receptor (98)), scaffolding proteins (PDZ domain-containing 

proteins) (99), membrane transport regulators (SNAREs) (17)) or regulators of mTORC1 kinase 

(100), directly bind cholesterol. All these interactions contribute to modulate proliferation, 

invasion, and metastasis. Also, the ability of mitochondria to provide ATP and synthesize steroid 

hormones to nurture energy and hormonal needs for oncogenic, but also contribute to 

chemoresistance greatly benefits from increased cholesterol levels in mitochondria (101). 

Hence, enabling enhanced LDL uptake, overexpression of LDLR can be observed in 

lymphoma (102) and leukemia (103), but also many solid tumors such as pancreatic ductal 

adenocarcinoma (PDAC) (104) (105), breast cancer (106, 107), hepatocellular carcinoma (HCC) 

(108), lung adenocarcinoma (109, 110), colorectal carcinoma (69, 111), nasopharyngeal carcinoma 

(112), glioblastoma (113), and renal cell carcinoma (114) (Table 1.1). In these settings, enhanced 

LDL-cholesterol uptake could explain the often reduced plasma LDL-cholesterol levels in cancer 

patients (115) as well as hypocholesterolemia in acute myeloid leukemia (AML) (116, 117), 

prostate, lung, bowel, head and neck cancers (118-121). Similarly, LDL-cholesterol also seems to 

support metastatic behavior, as prostate and lung cancer progression was associated with increased 

LDL clearance (122, 123). However, it should be noted that some findings did not support elevated 

LDLR levels to drive cancer growth and progression, as low LDLR expression was related to poor 
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prognosis and clinical outcomes in several studies (123-125), although an increased dependence 

on cholesterol synthesized de novo in these cohorts (HCC, prostate, cervical) cannot be ruled out 

(123-125) . The findings on LDLR expression in oncogenic settings are summarized in Table 1.1. 

Table 1.1: Tumor characteristics associated with elevated LDLR expression. Abbreviations: AML, acute myeloid 
leukemia HCC, hepatocellular carcinoma; PDAC, pancreatic ductal adenocarcinoma. Adapted from (11). 

Studies using cell and animal models have supported the association of LDLR upregulation 

and various aspects of oncogenesis. LDLR gene knockdown or antibody-mediated LDLR  

inhibition compromised growth in pancreatic (105), prostate (133), nasopharyngeal (112), colon 

(69), and breast cancer models (133). In contrast, elevated LDLR expression and consequently, 

increased LDL uptake, were supportive of growth in models for breast (129), prostate (131), and 

colorectal cancer (69). Furthermore, elevated ACAT1 levels, which esterifies incoming cholesterol 

in the ER, (106), leading to increased storage of LDL-derived cholesteryl esters in lipid droplets, 

supported tumor growth and progression in prostate and pancreatic cancer cell lines and tissues 

(89, 137, 138). Pointing at this transport route as a therapeutic target, pharmacological inhibition 

of ACAT1 reduced LDL-inducible proliferation and motility, and re-established feedback 

mechanisms in the ER responsible for LDLR downregulation (89, 138). 

As summarized in Table 1.1, these observations extend to LDLR expression levels having 

potential to predict clinical outcomes. In hyperlipidemic mice, upregulated LDLR activity 

accelerated growth of breast cancer xenografts (115). In cell models for ovarian cancer and 

leukemia, elevated LDLR levels caused resistance to platinum-based anticancer treatments. Vice 

LDLR and tumor characteristics Cancer types 

Elevated expression  

breast cancer (106, 126, 127), colorectal cancer (69, 
111), glioblastoma (113), HCC (108), lung cancer (109, 
110), leukemia (103, 128), lymphoma (102), 
nasopharyngeal carcinoma (112), renal cancer (114), 
PDAC (104, 105) 

Increased proliferation,  

migration and invasion  

breast cancer (129), colorectal cancer (115), 
nasopharyngeal cancer (112), PDAC (105), prostate 
cancer (130-132) 

Poor prognosis and clinical outcomes AML (133), breast cancer (129), cervical cancer (125), 
HCC (123), PDAC (134, 135), Prostate cancer (124) 

Chemoresistance breast cancer (129), ovarian cancer (136), PDAC (105) 
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versa, cisplatin and gemcitabine treatment was more efficient in LDLR-depleted epithelial ovarian 

carcinomas (138) and pancreatic cancer cells (93) (Table 1.1). This appears to translate to 

relevance in human cancer, as increased risk of recurrence of PDAC (92, 93) and AML (135) 

correlated with LDLR upregulation, while overall and recurrence-free survival in PDAC (130, 

138), AML (135), breast cancer (115) was increased in patients with low LDLR levels.  

 

1.1.5. Aims 

As outlined above (1.1.4.), cancer cell adaptations to support growth and metastasis include 

upregulation of LDL uptake. In addition, studies identifying increased cholesterol esterification in 

the ER and cholesteryl ester storage in LD in PDAC and prostate cancer models (89, 137, 138), 

implicate that mechanisms in cancer cells are in place that ensure increased distribution of 

internalized and LDL-derived cholesterol in LE/Lys to promote cancer cell proliferation and 

migratory behaviour. Indeed, as outlined above, the Grewal group identified pharmacological or 

genetic NPC1 inhibition or ANXA6 overexpression and the resulting cellular cholesterol 

imbalance to interfere with many aspects relevant for cancer cell migration (27, 55, 56, 82, 83, 85, 

87).  

NPC1 mutant CHO cells (139), the pharmacological NPC1 inhibitor U18666A (139, 140) or 

ANXA6 overexpression served to demonstrate the requirement of late endosomal cholesterol for 

cell motility. However, to better address the impact of late endosomal cholesterol accumulation on 

aggressive cancer cell behaviour, a more appropriate human cancer cell model lacking NPC1 

would be desirable. However, while transient NPC1 depletion in cancer models has been described 

(57, 141), stable NPC1 gene knockdown approaches in cancer cell lines are still lacking in the 

field, indicating that continuous NPC1 deficiency interferes with cell viability. The A431 

squamous epithelial cell line is a well-established cell line with characteristic features of aggressive 

behaviour as judged by their high potential to migrate, invade, and metastasize (142-144).  

Moreover, A431 cells express substantial amounts of LDLR (57, 145, 146), ensuring efficient 

LDL uptake. In A431 cells, stable ANXA6 overexpression triggered a NPC1-mutant-like 

phenotype characterized by late endosomal cholesterol accumulation. This cell line, as well as 

U18666A treatment, showed reduced migratory and invasive behaviour (86, 87, 147), indicating 

the suitability of the A431 cell line for stable NPC1 gene depletion and cholesterol-related studies 

in the context of cancer cell motility. Hence, the aim of this chapter was to generate a stable NPC1-
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deficient cell line that would display cholesterol accumulation and reduced migratory and invasive 

behaviour. 
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1.2. Materials and methods 

1.2.1 Cell line and tissue culture 

The epidermoid carcinoma A431 cell line was obtained from American Type Culture Collection 

(ATCC) (72, 74). A431 wildtype (wt) and a stable A431 cell line lacking NPC1 (A431-NPC1KD) were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM; low glucose with Glutamax), supplemented 

with 10% (v/v) fetal bovine serum (FBS; Hyclone; Logan, UT, USA), penicillin (100 units/mL) and 

streptomycin (100μg/mL; GIBCO) at 37°C, 5% CO2.  

 

1.2.1.1. Generation of a NPC1-deficient A431 cell line 

For the generation of the A431 cell line with stable NPC1 knockdown, 1-2x105 cells were 

transfected with different combinations of four NPC1 gene-specific (human) shRNA plasmids 

(SureSilencing, QIAGEN) targeting human NPC1 (accession number: NM_000271.5) at positions 

3869-3889 (clone 1), 1483-1503 (clone 2), 3061-3081 (clone 3) and 3030-3050 (clone 4), 

respectively, together with Lipofectamine 2000 (Invitrogen), according to the manufacturer 

instructions (56). A431 cells stably transfected with scramble shRNA served as control. Each 

plasmid carries a shRNA under the control of the Ul promoter and a puromycin resistance gene for 

selection of plasmid expressing cells. 48-72 hours after transfection, cells were selected with 

1.5μg/ml puromycin. After 2 weeks, puromycin-resistant and NPC1-depleted colonies were 

identified. The shRNA sequences of the four clones are shown in Table 1.2. After transfection and 

selection, cell lines were maintained in DMEM and 10% FBS as described above (1.2.1.). Cells 

were passaged twice weekly (1:10 dilution) and seeded at 1-2x105 cells/well in 6-well plates for 

preparation of cell lysates (1.2.3.), filipin staining (1.2.7.) or migration (scratch) assays (1.2.8.), 

unless otherwise specified. Cells were discarded after passage 25. 
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Table 1.2: SureSilencing shRNA plasmids: The shRNA sequences targeting the human NPC1 gene at position 3869-
3889 (clone 1), 1483-1503 (clone 2), 3061-3081 (clone 3) and 3030-3050 (clone 4) are shown. The non-targeting 
scrambled shRNA sequence is also given. 
 
1.2.2. Recombinant DNA techniques  

1.2.2.1. Transformation 

Competent E. coli cells (HB101; Promega) were transformed using a protocol adapted from 

Sambrook and colleagues (148). 30 μL cells and approximately 20 ng DNA were combined in a 

microcentrifuge tube, incubated on ice for 10 minutes before a heat shock for 45-50 sec at 42°C 

was performed. The cells were then placed on ice for 2 minutes, and 500 μL Luria Broth (LB) 

medium (Sigma) was added to the cells, which were then incubated for 60 minutes at 37°C on a 

shaker at 225 rpm. 400 μL of the cell suspension was then plated on agar plates containing 

ampicillin (100 μg/mL; agar from Sigma-Aldrich; bacterial plates from BD Falcon (Franklin 

Lakes, NJ, USA); ampicillin from Merck Millipore, Billerica, MA, USA). Cells were incubated 

overnight at 37°C and the following day, single colonies were harvested with a pipette tip and 

placed in 2 mL LB medium containing ampicillin (100 μg/mL) and incubated at 225 rpm overnight 

at 37°C. These cultures were then used for DNA isolation using a Miniprep kit (Sigma; see 2.2.2). 

 

1.2.2.2. Plasmid DNA preparation 

For plasmid isolation and preparation, the Miniprep Kit (Sigma) was used. The procedure 

consisted of 3 basic steps: (i) preparation of bacterial lysates; (ii) adsorption of DNA onto a DNA 

binding column, (iii) washing and elution of plasmid DNA.  

The bacterial lysate was prepared as follows: 5 ml overnight cultures of E. coli grown in LB 

medium were transferred to a microcentrifuge tube and cells were pelleted at 1,500 rpm for 3 

minutes. The supernatant was discarded, and the bacterial pellet was resuspended thoroughly in 

200 µl Resuspension Solution. Next, 200 µl Lysis Solution was added and samples were mixed 

Clone ID Insert Sequence NPC1 gene position 

1 GGAGCCACTCACGGATTAATA 3869-3889 

2 GCACCAGGTTCTTGACTTACA 1483-1503 

3 CTGCAATGCTTCAGTGGTTGA 3061-3081 

4 GCTGTCGAGTGGACAATATCA 3030-3050 

Scramble ggaatctcattcgatgcatac  
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immediately by gentle inversion (6–8 times) until the mixture became clear and viscous. Cell 

debris was then precipitated by adding 350 µl Neutralization/Binding Solution and tubes were 

gently inverted 4–6 times. To pellet the cell debris, samples were centrifuged at 14,000 rpm for 10 

minutes and the supernatant was collected. Then a GenEalute Miniprep Binding Column was 

inserted into a microcentrifuge tube, and 500 µl of the Column Preparation Solution was added to 

each column before centrifugation at 14,000 rpm for 30-60 seconds. The flow-through was 

discarded and the clear cell lysate was loaded onto the column. The column was centrifuged at 

14,000 rpm for 30-60 seconds and the flow-through was discarded.  

Residual salt and other contaminants were removed, 750 µl diluted Wash Solution was added 

to the column, before centrifugation at 14,000 rpm for 30-60 seconds. The flow-through was 

discarded and the column was centrifuged at 14,000 rpm for 1-2 minutes to remove excess ethanol. 

Finally, the column was transferred to a fresh collection tube, before adding 100 µl Elution 

Solution to the column, followed by centrifugation at 14,000 rpm for 1 minute. The eluted DNA 

was stored at –20°C. Recovery and DNA purity was determined by spectrophotometric analysis. 

The ratio of absorbance of DNA samples at 260 nm and 280 nm (A260/A280) was 1.7 - 1.9. 

 

1.2.2.3. Plasmid DNA Transfection 

1x105 A431 cells/well were seeded on a 6-well plate and incubated overnight at 37°C, 5% CO2. 

On the following day, 1.5 μg plasmid and 4 μL Lipofectamine 2000® (Invitrogen) were diluted in 

250 μL Opti-MEM® each, before mixing them to form the transfection mix. Different 

combinations of the plasmids were added into each well as illustrated in Table 1.3. The cells were 

washed twice with phosphate buffered saline (PBS) before adding the corresponding transfection 

mix into each well with cells growing in 2 ml antibiotic free media and the plate was incubated for 

6 hours under the abovementioned conditions. 

6 hours later, the media containing the transfection mix was removed and the cells were washed 

twice with PBS to remove any traces of the transfection mix before adding fresh media 

supplemented with 10% (v/v) FBS, penicillin (100 units/mL) and streptomycin (100 µg/mL) and 

incubating at 37°C, 5% CO2. 
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Well Number Clone (Plasmid; shRNA)  μg Plasmid / Well 

1 Scramble (Clone 5; -Ve Control) 1.5 μg scrambled shRNA 

2 Clone 1 + Clone 2 0.75 μg per clone  

3 Clone 3 + Clone 4 0.75 μg per clone  

4 Clone 1 + Clone 2 + Clone 3  0.5 μg per clone  

5 Clone 1 + Clone 2 + Clone 3 + Clone 4 0.375 μg per clone  

6 No transfection    

Table 1.3: shRNA plasmid combinations used for the generation of NPC1-deficient A431 cells. The amount of 
shRNA plasmid used in each transfection is provided. Scrambled (non-targeting) shRNA plasmid served as negative 
control. Non-transfected cells served as control for the puromycin selection 48 hours after transfection. 
 
1.2.2.4. Selection of puromycin-resistant A431 cells 

48-72 hours after transfection, cells were passaged (1:10 dilution) and selected in 1.5 μg/ml 

puromycin (Sigma-Aldrich) containing media (DMEM; low glucose with Glutamax, 10% FBS, 

penicillin (100 units/mL) and streptomycin (100 μg/mL)) at 37°C, 5% CO2. After 2 weeks, 

puromycin-resistant and NPC1-depleted colonies were identified by western blotting (1.2.6.) and 

filipin staining (1.2.7.). The cells were maintained in the puromycin-containing media for another 

2 weeks after selection before using the puromycin free media again (72).  

 

1.2.3. Preparation of whole cell lysates 

Cell lysates for the analysis of protein expression by western blot analysis (2.5.-2.6.) were 

prepared as follows. In a 6-well plate, 5x105 cells/well were seeded and incubated overnight at 

37°C, 5% CO2. The following day, the cells were lysed by adding 100 µL/well ice-cold lysis buffer 

[(20 mM Tris-HCl, 2 mM ethylenediaminetetraacedic acid (EDTA), 100 mM NaCl, 5mM MgCl2, 

1% v/v Triton X-100, 5 mM NaF, 10% v/v glycerol, 0.5% v/v 2-mercaptoethanol, 0.1 mM Na3VO4 

(phosphatase inhibitor), 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 µg/mL leupeptin and 2 

µg/mL aprotinin (protease inhibitors)]. The cells were then scraped, and the lysates were 

centrifuged at 14,000 rpm at 4°C for 5 minutes. The supernatant was taken and stored at -20°C 

(72, 74). 
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1.2.4.  Protein quantification 

For the determination of the protein content in each lysate, a Lowry assay was performed as 

described (149). Samples were prepared by adding 5 µl of each sample to 395 µl of deionised H2O 

in duplicate and serial dilutions of bovine serum albumin (BSA) ranging from zero to 50 µg/ml 

were prepared using stock BSA solution (1 mg/ml) for the standard curve. 1 ml of freshly prepared 

Lowry solution (solution A: 3% Na2CO3, 0.15 M NaOH; solution B: 2% NaK; solution C: 1% 

CuSO4.5H2O; in a ratio of 9.7:0.15:0.15, respectively) was added to each sample. After 10 minutes 

0.125 ml diluted Folin solution (Folin:H2O, 1:3; Sigma Aldrich) was added and samples were 

incubated at room temperature for 30 minutes before measuring the absorbance of each sample at 

750 nm. Standard curve readings were used to calculate the concentration of each cell lysate (149).  

 

1.2.5. SDS gel electrophoresis (SDS-PAGE) 

Following protein quantification, proteins were separated using polyacrylamide gel 

electrophoresis. In this method, proteins are denatured by heating them in buffer containing SDS 

and a thiol-reducing agent such as 2-mercaptoethanol. The resulting denatured proteins were 

then separated according to their molecular weight. Cellular proteins were denatured with 4 µl 

of 5X Laemmli Sample Buffer (LSB, 200 mM Tris-HCl pH 6.7, 10% (w/v) SDS, 50% (v/v) 

glycerol, 0.025% bromophenol blue, 250 mM dithiothreitol (DTT)) were added to each lysate, 

heated for 5 minutes at 95°C, then cooled on ice for 5 minutes, then centrifuged for 5 minutes at 

1,0000 rpm. 25 μg of protein were loaded per lane onto SDS-PAGE composed of a resolving gel 

containing 8-12% acrylamide (Amresco, Solon, OH, USA) and a stacking gel containing 4% 

acrylamide. Gels were run using a Bio-Rad Mini-Protean gel apparatus (Bio-Rad Laboratories) 

with running buffer (25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS) at 200 V for 45-60 minutes. 

PageRuler® prestained protein ladder (Fermentas, Thermo Fisher Scientific) was used to 

visualise separation of proteins and to determine molecular weight of proteins (150). 

 

1.2.6.  Western blotting 

Proteins were transferred onto poly-vinyl-D-fluoride (PVDF) membranes (0.2 μm pore size, 

Merck Millipore, USA), which were prepared by washing the membranes in methanol for 30 

seconds, deionised H2O for 1 minute and then transfer buffer (15 mM Tris, 120 mM glycine, 20% 

(v/v) methanol) for another 60 seconds. Transfer was performed in the Bio-Rad Mini-Protean wet 
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transfer system (Bio-Rad Laboratories) for 2 hours at 70 V, at 4°C (151). Following the transfer, 

membranes were blocked in 5% (w/v) BSA in PBS with 0.1% (v/v) Tween- 20 (PBS-Tween) 

for 15 minutes at room temperature, then incubated with primary antibody (1:500) in 1% (w/v) 

BSA in PBS-Tween, overnight at 4°C on a roller mixer or shaker. Membranes were then 

washed with PBS-Tween (3x5 minutes) and incubated with horseradish-peroxidase (HRP)-

conjugated secondary antibody (1:10000) in 1% (w/v) BSA at room temperature for 1 hour. 

Subsequently, membranes were washed with PBS-Tween (3x5 minutes) and then proteins were 

visualised using Western Lightning® Plus-ECL substrates (Perkin Elmer) according to 

manufacturer instructions (77). Membranes incubated in ECL were visualised using 

ChemiDoc™ Touch Imaging System (Life Sciences Research, Bio-Rad). The densitometry was 

carried out using Image J (1.47v). 

 

1.2.7. Filipin staining 

1x105 cells/well of the A431 scramble and A431 NPC1 KD cell lines were seeded onto sterile 

coverslips, and incubated overnight at 37°C, 5% CO2. 24 hours later, cells were fixed for 

fluorescence microscopy. For fixation, cells were washed with PBS, fixed with 4% (w/v) 

paraformaldehyde (PFA) for 20 minutes, washed and permeabilized with 0.1% saponin for 10 

minutes, washed extensively with PBS (4x5 minutes), then blocked with 1% (w/v) BSA/PBS for 

20 minutes at room temperature.  Cells were washed with PBS twice before incubation with 5 

μg/mL filipin (Sigma Aldrich) for 1 hour in the dark. Cells were subsequently washed with PBS 

(3x5 minutes) and coverslips were then dipped in deionised water, dried and mounted onto 

microscope slides with 5-15 µL Mowiol® (Sigma Aldrich) and left in a 37°C oven to dry 

overnight. Confocal microscopy was carried out at the Advanced Microscopy Facility in the Bosch 

Institute, University of Sydney, with a Leica Spe-II confocal microscope consisting of four solid-

state lasers (405nm, 488nm, 532nm and 635nm) and one spectral detector. APO 63x and 100x oil 

immersion objective lenses were used. Images were collected using Leica LAS AF software. Image 

analysis was performed with ImageJ software (v1.47) (83). 
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1.2.8. Scratch assays using Incucyte 

Scratch assays were conducted in 96-well plates. 1x104 cells/well were seeded into a 96-well 

plate and left to settle overnight. 24 hours later, a single scratch was made in each well using the 

96-pinblock WoundmakerTM (Essen Bioscience) according to manufacturer instructions. Wells 

were washed with PBS to remove cell debris and treatment media replenished. Images were 

acquired using 10X objective on the IncuCyte ZOOM® (EssenBioscience) at regular time intervals 

and the wound area (area of the scratch) was used to calculate the Relative Wound Density 

(RWD%) at each time point as follows:  

 

RWD  (%) = �
∆ Scratch Area

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑡𝑡 = 0�𝑥𝑥100 

 
where ∆ Scratch Area = Scratch Areat=0 – Scratch Areat=n and n = test time point. 
 

In some experiments, cells were treated with epidermal growth factor (EGF), LDL and 

lipoprotein-deficient serum (LPDS). For this, 2x105 cells/well were seeded into a 6-well plate and 

left to settle overnight at 37°C, 5% CO2. Cells were then incubated overnight in growth media 

supplemented with 10% (v/v) LPDS at 37°C, 5% CO2. Cells were then treated with LDL (50 

μg/mL) and incubated overnight. 24 hours later, some of the cells were washed twice with PBS 

and media has been changed to an FBS-free media and incubated for 2 hours before adding EGF 

(10 ng/ml). Following these incubations, cells were analysed for wound healing (1.2.8.), lysed for 

western blot analysis (1.2.6.), or fixed for fluorescence microscopy (1.2.7.). 

 

1.2.9. Analysis of lung metastasis in vivo 

Lung metastasis in mice injected with A431 scramble and A431-NPC1KD cells was examined 

with the help of Dr. David Gallego-Ortega at the Garvan Institute of Medical Research (The 

Kinghorn Cancer Centre), Darlinghurst, New South Wales, Australia. Mice were maintained 

following the Australian code of practice and experiments were approved by the Garvan Institute 

of Medical Research/St. Vincent's Hospital Animal Ethics Committee (AEC# 14/27). Female NSG 

mice, a highly immunodeficient mouse strain commonly used for cancer xenograft modelling, 

were housed in pathogenic-free conditions in a 12-hour:12-hour light:dark cycle and given food 

and water ad libitum. Tumor engraftment in female NSG mice is well known to be more efficient 
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compared to their male counterparts. Therefore, 8 weeks old female NSG mice were injected into 

the tail vein with 250,000 A431 scramble (n=9) or A431-NPC1KD cells (n = 5) using a 100 μl 

injection into the dorsal tail vein. Mice were sacrificed 2 weeks after tumor cell inoculation. At the 

end of the experiment, mice were euthanized with CO2 asphyxiation and the lungs were harvested 

and fixed for 4 hours in 10% buffered formalin at room temperature. After fixation, lungs were 

sectioned, stained with hematoxylin and eosin for histochemistry as per the manufacturer’s 

instructions and the number of lung tumors were quantified. 
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1.3. Results 

1.3.1. Identification of NPC1-deficient A431 cells 

The Grewal group previously demonstrated that inhibition of cholesterol export from late 

endosomes reduced migratory and invasive cell behaviour (17, 86, 152) of mutant Chinese 

Hamster Ovary (CHO) (139) cells lacking NPC1. Alternatively, overexpression of the scaffold 

protein annexin A6 (68, 147) or the pharmacological NPC1 inhibitor U18666A (139, 140)  was 

utilized to demonstrate that cholesterol accumulation in late endosomes inhibits cell migration and 

invasion (86, 87, 147). As outlined in the Aims (1.1.7.), to study aggressive cancer cell behaviour, 

more suitable cell models rather than CHO fibroblasts are still needed. The A431 squamous 

epithelial cell line is a well-established cell line with characteristic features of aggressive behaviour 

as judged by their high potential to migrate, invade and metastasize (142-144) and the Grewal 

group used ANXA6 overexpression or U18666A treatment to demonstrate reduced A431 cell 

migration/invasion in these settings (86, 87, 147). 

We therefore aimed to establish a stable A431 cell line lacking NPC1 in order to study the 

effect of NPC1 deficiency on cancer cell motility, we aimed to establish a stable A431 cell line 

lacking NPC1. A431 wildtype cells were therefore transfected with different combinations of four 

NPC1 gene-specific (human) shRNA plasmids (see 1.2.2.3.). After 48 hours, cells were selected 

with 1.5 μg/mL puromycin and after 2 weeks, puromycin-resistant cells colonies were identified. 

For the confirmation of NPC1 knockdown in these colonies, cell lysates were prepared (1.2.3.), 

separated using SDS-PAGE and western blotting using an anti-NPC1 antibody was performed 

(1.2.5. – 1.2.6.). Extracts from CHO wildtype (CHO-WT) and NPC1-deficient CHO cells (CHO 

M12) served as positive and negative control, respectively. Western blots using an antibody against 

β-actin served as a loading control. The results are shown in Figure 1.3 (56). 

As predicted, CHO-WT express substantial amounts of NPC1 (approximately 150 kDa), while 

the mutation in the NPC1 gene of CHO M12 cells leads to NPC1 deficiency. A431 cells transfected 

with shRNA plasmid mixtures 1-4, 1-3, 1+3 and 1+2 led to an approximately 40-60% reduction in 

NPC1 expression levels compared to puromycin-resistant A431 control cells. In these experiments, 

it should be noted that the detergent TX100 was used for the preparation of cell lysates. TX100 is 

widely used amongst researchers world-wide to lyse cells and extract proteins. Although the 

treatment of cells with TX100 generates a non-soluble pellet containing cytoskeletal elements and 

some membrane-associated proteins, this procedure very effectively solubilizes membrane 
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proteins, such as NPC1, and is commonly accepted to serve as a tool to compare protein levels by 

western blot analysis in cell models with high and low NPC1 (56-61) and other cholesterol 

transporters (22-33, 35-50). 

 

 
Figure 1.3: Western blot analysis of cell lysates from CHO M12, CHO-WT and A431 cells transfected with 
NPC1-targeting shRNAs. (A) Western blots are shown of cellular extracts from CHO M12, CHO-WT cells (lanes 1-
2), A431 cells transfected with different combinations of shRNA plasmids targeting human NPC1 (shRNA1-4; lanes 
3-6) and control shRNA plasmid (scramble; lane 7) as indicated. Cell extracts from CHO-wildtype (WT) and NPC1-
deficient CHO M12 cells served as control for the NPC1 antibody. A431 cell extracts were prepared 72 hours after 
transfection, and 30 μg cell protein was separated by 10% SDS-PAGE and analyzed for NPC1 and β-actin by 
immunoblotting. The position of molecular weight markers is shown (B) Relative NPC1 expression levels in A431 
cells (lanes 3-7) were normalized to β-actin (56). The A431 cell line (shRNA 1-4), which was characterized by at least 
a 50-55% reduction in NPC1 levels, was selected for further studies.  
 
1.3.2. Cholesterol accumulation in NPC1-deficient A431 cells 

Ever since the initial studies Liscum and coworkers (153), many researchers including the 

Grewal group, have demonstrated that NPC1 deficiency results in cholesterol accumulation in late 

endosomes due to an inhibition of NPC1-dependent cholesterol export from this compartment. 

Earlier studies were initially performed in NPC1 mutant CHO cell lines  (153) and 

human NPC1 mutant fibroblasts (154).  

In order to visualize cholesterol accumulation, in these studies, and many others (86, 87), the 

ability of filipin to bind unesterified cholesterol was used in fluorescence microscopy experiments. 

Therefore, to compare the relative amount and localization of free cholesterol in A431 cells in the 

presence or absence of NPC1, A431 cells expressing control shRNA (scramble) and NPC1-

targeting shRNA 1-4 were fixed and stained with filipin (5 μg/mL) (section 1.2.7.)(56). A431 cells 

expressing the control shRNA (scramble) showed a normal distribution of cholesterol, which is 

characterized by filipin staining at the plasma membrane and the perinuclear region (ER/Golgi 

https://www-sciencedirect-com.ezproxy1.library.usyd.edu.au/topics/biochemistry-genetics-and-molecular-biology/npc1
https://www-sciencedirect-com.ezproxy1.library.usyd.edu.au/topics/biochemistry-genetics-and-molecular-biology/fibroblast
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apparatus) (see arrows and arrowheads in Figure 1.4A). In striking contrast, NPC1-depleted A431 

cells displayed a strong filipin staining in an increased number of enlarged perinuclear vesicles 

(see arrows in panel B), which is comparable to other NPC1 mutant cell lines (56, 86, 153, 154), 

reflecting a greatly increased amount of free cholesterol accumulating in late endosomes (Figure 

1.4B). Hence, based on the accumulation of cholesterol in endocytic compartments upon NPC1 

depletion, these cells appeared suitable for further studies examining their motility and metastatic 

behavior (see below).  

 
Figure 1.4: Late endosomal cholesterol accumulation in NPC1-depleted A431 cells.  Cells were grown in normal 
media (10% FCS), fixed and then stained with filipin (5 μg/mL). (A) A431 cells expressing control shRNA (scramble). 
An enlarged section with enhanced filipin staining is shown. Arrows and arrowheads indicate filipin staining at the 
plasma membrane and the perinuclear region (Endoplasmic Reticulum/Golgi apparatus), respectively. (B) Inhibition 
of cholesterol export from late endosomes upon NPC1 depletion in A431 cells (A431-NPC1KD, shRNA 1-4) leads to 
an increased number of enlarged late endosomes that accumulate cholesterol. Arrowheads in the enlarged section 
highlight cholesterol-enriched late endosomes. Scale bar, 10 μm (56).  
 
1.3.3. Reduced migration of A431 cells lacking NPC1  

Cell migration is not only fundamental for the organization and maintenance of multicellular 

organisms but is also a critical feature of metastatic cancer cells, enabling the formation of 

secondary tumors (147). Forward movement of cells requires sufficient amounts of cholesterol 

embedded in the plasma membrane (17) and in the Grewal group, it was demonstrated that the 

function of cholesterol as a membrane constituent comprises several decisive features relevant for 

the spatiotemporal coordination of signalling and trafficking events during cellular movement 

(147). Based on the previous studies from Grewal and co-workers (86, 87, 147, 152), we 

hypothesized that cholesterol accumulation in A431 cells due to NPC1 deficiency would 

compromise cell motility.  
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   B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: NPC1 depletion reduces A431 cell migration. (A) A431 cells stably expressing scrambled shRNA or 
shRNA targeting NPC1 were seeded in 96-well plates, grown until 90% confluency in 10% FCS containing media 
and then wound healing assays were performed as described in Methods (see chapter 2). Representative images at t = 
0, 14, 18, 24 and 30 hours are shown. (B) The relative wound density (RWD %) at 2-hour intervals from 3 independent 
experiments with duplicate samples (Mean ± SD) was calculated using ImageJ. (***p < 0.001, Student’s t-test) (56). 
 

For further validation of this hypothesis, we selected our NPC1-depleted A431 cells (A431-

NPC1KD) to study the migration behaviour of these cells. Therefore, A431 cells stably expressing 

scrambled shRNA (scramble) or shRNA targeting NPC1 were seeded in 96-well plates, grown 

until 90% confluency in 10% FCS-containing media and then wound healing assays were 
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performed as described (1.2.8.). The relative wound density (RWD %) at 2 hours intervals from 3 

independent experiments with duplicate samples (Mean ± SD) was calculated using ImageJ (*** 

p < 0.001). Results are shown in Figure 1.5B.  

As predicted, rapid migration of A431 control cells into the wound area led to approximately 

50% wound closure after 12 hours and was completed (>90%) within 30 hours. In contrast, the 

migratory behaviour of A431-NPC1KD cells was comparable only in the initial 6 hours after the 

scratch. At later time points (14-30 hours post-scratch), A431-NPC1KD cell migration was 

approximately 20-25% slower compared to controls, never reaching complete wound closure at 

30 hours (Figure 3.3A). Thus, loss of NPC1 expression and consequently, cholesterol accumulation 

in late endosomes, leading to reduced cholesterol levels at the plasma membrane and an overall 

unbalanced cholesterol distribution throughout the cell, is coupled to strongly reduced A431 cell 

migration (56).  

 

1.3.4. EGF- and LDL-inducible A431 cell migration is not altered by NPC1 deficiency 

Cholesterol is considered indispensible for cell migration. In fact, cholesterol depletion at the 

cell surface disrupts the integrity and dynamics of focal adhesion (dis-) assembly, caveolae 

formation, the recruitment and recycling of integrins, fibronectin-dependent cell migration, and 

Rac/Rho GTPase activation (87, 147, 152), all critical for forward cellular movement. Most of the 

cells generally acquire cholesterol through LDL receptor-mediated endocytosis, rather than 

synthesizing cholesterol de novo (10, 152).  

EGF is a potent mitogenic factor that plays an important role in the growth, proliferation, and 

differentiation of numerous cell types (155, 156). In addition, EGF also stimulates integrin-

mediated signalling to regulate cell spreading and motility functions and proven to accelerate cell 

migration (157). In addition, A431 cells express approximately 1-3 x 106 EGF receptors (EGFRs) 

on the cell surface, making this cell line a common and suitable model to investigate oncogenic 

features of EGFR overexpressing cancer cells, which is relevant for more than 30% of human 

cancers (27, 72, 73).  

Given that many cancer cells, including A431 cells, show elevated LDLR levels and increased 

LDL uptake (152, 158, 159), along with the positive effect of EGF on cancer cell migration (156, 

157), we investigated the impact of LDL and EGF on the migratory behaviour of A431 cells 

lacking NPC1. Therefore, A431 control and A431-NPC1KD cells were plated on 96-wells, grown 
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to 90% confluency, placed in 10% lipoprotein-deficient serum for 24 hours, followed by treatment 

with LDL (50 μg/ml), EGF (10 ng/ml) or both, prior to the wound healing assay (1.2.8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.6: NPC1 depletion does not interfere with EGF-induced A431 cell migration. A431 cells stably 
expressing scrambled shRNA or shRNA targeting NPC1 were seeded in 96-well plates and grown until 90% 
confluency. Then wound healing assays ± 10ng/ml EGF and/or 50μg/ml LDL were performed as indicated (see 
Methods for details) and the relative wound density (RWD % ± SD) at 22h from triplicate samples (Mean  ± SD) was 
calculated using ImageJ.  
 

As described previously (27), EGF increased migration of A431 control cells by more than 

15% (58.8 ± 7.4% vs 36.7 ± 2.2% at 22 hours) compared to the control. Likewise, incubation of 

A431 scramble control cells with LDL led to an increase (>10%; 47.2 ± 2.1% vs 36.7 ± 2.2% at 

22 hours) compared to the control. Co-incubation of A431 control cells with EGF and LDL 

stimulated migration comparable to the EGF alone, indicating that both ligands were not capable 

of cooperatively stimulating A431 cell migration. In striking contrast to the significantly reduced 

migration of A431-NPC1KD observed in previous experiments (Figure 1.5), cell migration in 

A431-NPC1KD controls as well as after EGF and/or LDL treatment were similar. These 

unexpected findings are difficult to explain and could indicate that EGF signaling in NPC1-

depleted A431 cell is not compromised, leading to a strong stimulation of NPC1KD cell migration 

upon EGF incubation. Based on our previous research (17, 86, 87, 147, 152), we hypothesized that 

loss of LDL-cholesterol distribution inside cells due to NPC1 deficiency would result in a loss of 

LDL-inducible migration (160). Also, loss of the shRNA-mediated NPC1 knockdown in these 

cells during the number of passages cannot be excluded and further experiments, ideally with 

stable NPC1 gene depletion using CRISPR technology (161) could clarify these findings.  
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1.3.5. Reduced lung metastasis of NPC1-deficient A431 cells in vivo 

Tumor cells must efficiently generate energy and biomass components in order to expand and 

disseminate. Highly proliferative cancer cells show a strong lipid and cholesterol avidity, which 

they satisfy by either increasing the uptake of exogenous (or dietary) lipids and lipoproteins or 

over activating their endogenous lipid synthesis (160). Along these lines, A431 are established 

models to study aggressive migratory behavior. They express high LDLR and scavenger receptor 

BI (SR-BI) levels (152), deliver LDL-cholesterol to focal adhesions (44, 56, 57). and, like other 

highly invasive cancer cells, show enhanced α5β1 integrin recycling and FAK signaling (145). 

As described above, LDL-derived cholesterol is crucial for cell migration using Niemann Pick 

Type C1 (NPC1) mutant CHO cells (86) as well as CHO and A431 cells overexpressing annexin 

A6, which display an NPC1-mutant-like phenotype (87). Progressing from the two-dimensional 

wound healing assays to experiments addressing the invasive potential of these cells, Grewal and 

co-workers then also demonstrated that CHO cells lacking NPC1, but also CHO as well as A431 

overexpressing annexin A6, displayed reduced invasion in transwell migration and matrigel 

invasion chambers (86, 87). Moreover, in in vivo like settings using three-dimensional organotypic 

matrices that more closely recapitulate a tumor stromal environment, CHO and A431 control cells 

moved into organotypic matrices in much higher numbers compared to CHO cells lacking NPC1, 

or CHO and A431 cells overexpressing annexin A6 (86, 87). Taken together, these cell-based 

assays strongly indicated that blocking cellular distribution of LDL-derived cholesterol from late 

endosomes also reduced the invasive behaviour of cancer cells.  

Hence, to investigate if loss of NPC1 in aggressive cancer cells would reduce their potential to 

metastasize, and we therefore performed in vivo experiments in collaboration with Dr. David 

Gallego-Ortega (Garvan Institute of Medical Research, Sydney, Australia) and investigated the 

metastatic behaviour of A431-NPC1KD cells. Therefore, A431 scramble and A431-NPC1KD cells 

were injected into the tail vein of 8 weeks old immunodeficient mice and 2 weeks after tumour 

cell inoculation, mice were sacrificed, and the lungs were harvested, fixed in formalin, sectioned 

and stained with hematoxylin and eosin for histochemistry (1.2.9.). In this experiment, 5 animals 

per group were analyzed and as predicted, the A431 scramble cells showed strong metastatic 

behaviour, with plenty of tumors being present in the lungs of animals already 2 weeks after tumor 

cell injection (Figure 1.7A). In striking contrast, the number of tumors in the stained lung sections 

analysed and derived from the A431-NPC1KD cells were reduced by approximately 50% (Figure 
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1.7A, for quantification see 1.7B). In a second and independent experiment, these striking 

differences between A431 scramble and A431-NPC1KD cells could not be confirmed, probably 

due to the infection of animals, compromising their overall health after tumor inoculation, 

requiring earlier sacrifice and limited tumor formation in the control group. Hence, despite the lack 

of statistical significance when analyzing 2 independent experiments (p=0.11), the findings from 

the initial experiment strongly suggest that the inability of NPC1-depleted A431 cells to distribute 

late endosomal cholesterol to other compartments, in particular focal adhesions at the plasma 

membrane, interferes with the invasive potential of A431 cells in vivo.  
 
 

Figure 1.7: NPC1 depletion reduces lung metastasis. (A) 250,000 A431 scramble (n=9) and A431-NPC1KD cells 
(n = 5) were injected into the tail vein of 8 weeks old immunodeficient mice as indicated. 2 weeks after tumour cell 
inoculation, mice were sacrificed, and the lungs were harvested, fixed in formalin, sectioned, and stained with 
hematoxylin and eosin for histochemistry. Arrows indicate metastatic cancer cells. (B) Quantification of metastatic 
tumours in stained lung sections from mice injected with A431 scramble and A431-NPC1KD cells (p = 0.11, Student’s 
t-test).  
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1.4. Discussion 

1.4.1. The potential role of cholesterol export from late endosomes in cancer progression  

Metabolic adaptations are now well recognized as additional hallmarks of cancer. This 

involves an increased demand for lipids, including cholesterol, driving cancer cell growth and 

metastasis (152). Within this context, numerous studies have focussed on the upregulated 

cholesterol synthesis pathway commonly observed in many cancer cells (3, 145, 146, 162), 

providing steroid hormones and other biomolecules that support cellular growth. In addition, 

despite controversial results from epidemiological studies assessing the potential of elevated LDL 

levels or statin use to predict risk and succession of certain cancers (e.g. breast, prostate) (3, 145, 

146, 162), increased uptake of dietary cholesterol from LDL is also considered to promote cancer 

aggressiveness. Along these lines, hypercholesterolemia is associated with increased risk and 

advancement of prostate cancer (163). Moreover, accumulation of LDL-derived cholesteryl esters 

in lipid droplets promotes prostate cancer progression (138). Hence, blocking cellular uptake of 

LDL has become a therapeutic target to reduce cancer cell proliferation, and possibly the risk of 

developing secondary tumours (164). In support of this, inhibiting LDL endocytosis via LDLR 

depletion improved the performance of anticancer agents in pancreatic adenocarcinoma (105). 

Once endocytosed and targeted to LE/Lys, LDL-derived cholesterol is distributed to other 

cellular compartments via NPC1 or additional cholesterol transporters to fulfill many functions 

that are related to cell growth, but also cancer cell migration (11). This includes the cholesterol-

dependent establishment of caveolae at the cell surface (83), the secretion of extracellular matrix 

proteins, such as fibronectin (85), and importantly, the recycling of integrins to the cell surface 

(151) (see also Chapter 1.4.2. for further details). These findings indicate that blocking cholesterol 

export from late endosomes could improve current anticancer strategies. In line with this, Grewal 

and co-workers demonstrated that CHO cell lines carrying NPC1 mutations or human fibroblasts 

from NPC1 patients displayed strongly reduced migration and invasion in 2- and 3-dimensional 

migration/invasion assays (86). However, these cell types are not considered suitable cancer cell 

models and as outlined below, limited evidence has yet been provided that loss of NPC1 function 

could be beneficial to inhibit cancer aggressiveness.  
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1.4.2 The association of NPC1/2 with cancer  

In recent years, accumulating evidence links elevated NPC1 expression levels with cancer 

incidence, progression, and patient outcome. For instance, elevated NPC1 expression was reported 

in metastatic estrogen receptor (ER)-negative breast cancer cells (165), and related to an increased 

risk to develop esophageal cancer (166) and decreased overall survival in glioma (167). Elevated 

NPC1 levels were also observed in imatinib- and daunorubicin-resistant leukemic cells. In these 

studies, NPC1 was proposed to support efflux of anticancer drugs and weaken anticancer therapies 

(168, 169). In esophageal adenocarcinoma, a rare gene fusion of NPC1 with maternal embryonic 

leucine zipper kinase, which drives proliferation, was found in two biopsies (170). In contrast, 

transient NPC1 knockdown or overexpression of a NPC1 mutant unable to bind cholesterol, 

inhibited proliferation, spreading and migration of several common cancer cell lines (56, 57, 86, 

141, 152). Yet, NPC1 inhibition may not always protect against cancer development, as 

accumulation of cholesterol and other lipids can lead to liver injury during chronic inflammation. 

Hence, liver dysfunction in NPC patients may increase the risk of fibrosis, cirrhosis and ultimately, 

HCC development (171) (Table 1.4).  

Table 1.4: Roles and therapeutic opportunities targeting NPC1 in cancer. Abbreviations: ER, estrogen receptor. 
Adapted from (56)  
 

Most interestingly, the antifungal agent itraconazole was found to cause late endosomal 

cholesterol accumulation due to its ability to bind and inhibit NPC1 (173, 176, 181, 182). 

Moreover, this coincided with itraconazole downregulating the activity of mTORC1 kinase, 

reducing angiogenesis and tumor progression (174, 181-183). Together with itraconazole 

NPC1 and tumor characteristics Cancer types 

Cancer risk esophageal cancer (166, 170), HCC (175)  

Proliferation, migration, and 
invasion 

A431 squamous carcinoma (56, 57, 86, 152), cervical cancer (141), 
ER-negative breast cancer (165), glioma (167) 

Poor prognosis  ER-negative breast cancer (165), glioma (167) 

Chemoresistance breast cancer (172), leukemia (57, 169) 

Therapeutic target 
Itraconazole: basal cell carcinoma (173), non-small cell lung cancer 

(174), pancreatic cancer (175), prostate cancer (176) 
Cepharanthine: head and neck cancer (177), prostate cancer (178)  

Leelamine: metastatic melanoma (179, 180) 
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improving cisplatin efficacy (181), this has resulted in Phase I and II clinical trials for non-small 

cell lung cancer (174), basal cell carcinoma (173), metastatic prostate (176) and pancreatic cancer 

(175).  

Along these approaches to repurpose approved drugs the alkaloid cepharanthine used against 

acute and chronic diseases and the antihistamine astemizole should also be mentioned. Alike 

itraconazole, both drugs caused cholesterol accumulation in LE/Lys and inhibited mTORC1 

signaling and endothelial growth and motility. Also, efficacy and adverse effects of anticancer 

drugs were reduced in the presence of these drugs (177, 178, 184). Finally, the lipophilic leelamine, 

which is a lysosomotropic compound, binds NPC1 and reduced export of cholesterol from LE/Lys. 

In cell models, this appeared to inhibit apoptosis- and motility- promoting signaling events (179, 

180) (Table 1.4). Some of the potentially underlying mechanisms that make NPC1 inhibition a 

therapeutic target to reduce cancer metastasis are discussed below. 

 

1.4.3. Squamous A431 epithelial cells as a model to study the role of LDL-cholesterol in cell 

migration 

In more than 30% of human cancers, EGFR overexpression contributes to aberrant activation 

of effector pathways, promoting tumor progression (157, 158). Thus, the human squamous A431 

epithelial cell line, with 1-3 x 106 EGFRs on the cell surface, has served as a model to investigate 

oncogenic features of EGFR-overexpressing cancer cells for several decades (121, 122, 142-144). 

Furthermore, like many other highly invasive cancer cells, A431 cells show enhanced integrin 

recycling and FAK signaling (145).(100). 

Interestingly, cholesterol uptake in cancer cells is often closely linked to the signalling activity 

of EGFR (123). Additionally, downregulation of the LDLR in EGFR-related cancers reduced 

tumor growth (124). Likewise, A431 cells express high amounts of LDLR and take up substantial 

amounts of LDL (72, 113). In these cells, the Ikonen group and studies from our group in CHO 

cells were able to demonstrate that upon pharmacological NPC1 inhibition, or transient NPC1 

depletion using siRNA, that LDL-cholesterol was delivered to focal adhesions at the cell surface 

in a NPC1-dependent manner to stimulate cell migration (44, 56). Likewise, annexin A6 

overexpression in A431 cells, which induces a NPC1-like phenotype, interfered with integrin 

recycling, consequently reducing A431 cell migration and invasion (87). Similarly, siRNA-
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mediated transient NPC1 knockdown reduced migration in the human cervical HeLa cancer cell 

line and human hepatoma HuH7 cells (141),  (125).  

Further support to evaluate NPC1 as a potential target for further research came from studies 

that showed reduced tumor growth upon inhibition of cholesterol export from late endosomes 

using itraconazole, cepharanthine, astemizole and leelamine (173-181, 183, 184) (see Table 1.4). 

Likewise, inhibition of acid sphingomyelinase (ASM), which blocks export of sphingosine as well 

as LDL-derived cholesterol from LE/Lys, showed potential as anticancer agent (180), strongly 

inhibiting cancer cell growth.  

Despite the findings listed above, stable cancer cell lines lacking NPC1, or other cholesterol 

transporters in this compartment, such as STARD3 or Orp1L, reviewed in (11, 56), have yet not 

been available in the field to investigate their potential as targets to reduce cancer metastasis. 

Hence, to establish a model that would allow molecular mechanisms underlying cholesterol export 

from late endosomes to be developed as a candidate to inhibit aggressive cancer cell behaviour, 

we aimed to generate a stable A431 cell line lacking NPC1. 

 

1.4.4. NPC1 deficiency reduces migratory A431 cancer cell behaviour 

As described in detail in Chapters 1.3.1.-1.3.2., transfection of A431 cells with different 

combinations of shRNAs targeting NPC1 led to the establishment of several puromycin-resistant 

cell lines that displayed 40-60% reduced NPC1 protein levels. These cell lines were viable over 

multiple (>10-20) passages and did not display major defects in cell proliferation and morphology 

(see also Figure 1.5). This is a remarkable finding, as the pharmacological inhibition of NPC1, 

using U18666A (140), as well as treatment of cells with leelamine or ASM inhibitors (180-182, 

184) induced cell toxicity, leading to cancer cell death. These findings indicate that cells are not 

viable upon effective/complete inhibition of NPC1 and/or late endosomal function using small 

molecules. This observation might also explain the lack of stable NPC1-deficient cell lines in the 

cancer field, as complete loss of NPC1-dependent cholesterol export or overall late endosomal 

function strongly compromises cell viability. Yet, partial depletion of NPC1 was still sufficient to 

cause cholesterol accumulation (Figure 1.4), as judged by the strong filipin staining in an increased 

number of enlarged perinuclear vesicles (1.3.2), matching the filipin staining patterns observed in 

NPC1 mutant cells observed by many others (139), (16, 18, 98, 99, 153). Hence, this NPC1-
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depleted A431 cell line appeared most suitable for wound healing assays assessing the role of late 

endosomal cholesterol for the migratory behaviour of aggressive cancer cells (Figure 1.5). 

As hypothesized, cholesterol accumulation in A431-NPC1KD cells lead to significantly 

reduced cell migration in wound healing assays (Figure 1.5) (56). Hence, proper functioning of 

the molecular machinery that distributes cholesterol from the late endosomal compartment is 

required for normal migratory behaviour of A431 cancer cells. This model is further supported by 

the ability of LDL to stimulate A431 cell migration (see scramble control in Figure 1.5). 

Nevertheless, EGF-induced EGFR activation more effectively stimulated migration in A431 cells 

compared to LDL. Interestingly, although we hypothesized LDL pre-loading to enrich cholesterol 

in specialized microdomains, such as lipid rafts and caveolae, we did not observe LDL to improve 

EGF-induced A431 cell migration (Figure 1.6). This observation adds to the controversial 

literature on the involvement of lipid rafts and caveolae in EGFR signalling (185). In particular in 

A431 cells, earlier studies investigating unphysiological and vigorous cholesterol depletion, using 

methyl-β-cyclodextrin (MβCD), caused EGFR hyperphosphorylation, while addition of 

cholesterol to cells with MβCD-cholesterol reduced EGF binding and EGFR activation (186). The 

underlying cause of these observations might in-part explain the unexpected ability of EGF to 

stimulate migration in A431-NPC1KD cells. However, it is important to note that manipulation of 

cellular cholesterol levels, in particular at the plasma membrane, using non-physiological MβCD 

or MβCD-cholesterol, are cytotoxic and differ greatly from the trafficking routes of endocytosed 

LDL-cholesterol. Hence, further studies are required to unravel the role of LDL and NPC1 in EGF-

induced A431 cell migration. Overall, based on previous studies from the Grewal group and others 

(57, 83, 85-87), and data shown here; while lipids, including cholesterol, may activate signal 

transduction cascades or could be broken down into other bioactive mediators, that promote cell 

migration (160), it is tempting to speculate that NPC1-depleted A431 cells lack sufficient amounts 

of cholesterol embedded in the plasma membrane in order to move forward effectively (11, 56, 

57, 87, 152). 

 

1.4.5. Multiple migratory defects triggered by NPC1 loss-of-function 

LDL-cholesterol from late endosomes reaches the cell surface via direct and indirect trafficking 

routes. The latter involves exocytic pathways via recycling endosomes or the Golgi apparatus (85-

87), both trafficking routes being important for critical features in cell migration. Grewal and co-
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workers demonstrated in earlier studies that pharmacological NPC1 inhibition or induction of a 

NPC1 mutant-like phenotype in A431 cells, using ANXA6 overexpression, inhibited caveolin 

trafficking from the Golgi apparatus to the cell surface, leading to reduced numbers of caveolae 

(82). These specialized and cholesterol-rich microdomains at the cell surface regulate integrin 

internalization during the transition from cell adhesion to cell migration (187). This link between 

NPC1 dysfunction and caveolin-1 is further highlighted by the upregulation of caveolin-1 in 

human and mouse NPC1 mutant models and the potential interaction of these two proteins to 

regulate late endosomal cholesterol export (188). 

In addition to caveolin-1, several SNARE proteins within exocytic pathways are de-regulated 

upon NPC1 inhibition. Cholesterol accumulation in late endosomes caused mislocalization of the 

t-SNAREs Stx4 and SNAP23, leading to reduced secretion of extracellular matrix proteins 

(fibronectin) (85). These two SNARE proteins normally cluster in cholesterol-rich domains at the 

cell surface and one can speculate that other functions of these SNAREs, including integrin 

recycling (189, 190), Src kinase and FAK trafficking, as well as delivery of metalloproteases 

(MT1-MMP) to the cell surface, are also compromised (56, 191). Finally, NPC1 deficiency in 

CHO cells and human fibroblasts caused mislocalization of another SNARE protein, Stx6, which 

resulted in integrin mislocalization, and strongly reduced migration and invasion in 2- and 3-

dimensional environments (86).  

One can envisage that the multiple defects triggered by NPC1 loss-of-function or 

pharmacological NPC1 inhibitors described above, all contribute to the reduced migration 

observed in the A431-NPC1KD cell line. However, cell migration in this cell line is not completely 

blocked, and A431-NPC1KD cells still demonstrated a capability to move forward, even upon 

~50-55% NPC1 depletion. Hence, future studies will have to clarify potential compensatory 

mechanisms, such as upregulation of other transporters in the late endosomal compartment, that 

A431-NPC1KD cells may develop to retain this basic feature of cellular behaviour.  

 

1.4.6. Reduced lung metastasis of NPC1-deficient A431 cells in vivo 

Although the wound healing assays discussed above revealed a compromised motility of A431-

NPC1KD cells, this approach is rather considered a two-dimensional assay with limited 

implications for later stages of cancer progression in vivo. In fact, metastasis is highly complex, as 

the colonization of secondary organs requires the dissemination of tumour cells to distant sites 
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within the body. In these sites, cancer cells are required to attach locally, followed by their invasion 

into surrounding tissue to find a microenvironment that allows secondary tumor growth (192, 193). 

These critical steps in invasive cell behaviour were assessed after tail vein injection of cancer 

cells and subsequent quantification of tumours after lung colonization. We reasoned that this 

approach would provide a rapid insight into how aberrant cholesterol trafficking in A431-

NPC1KD would affect metastatic properties of A431 cells in vivo. Indeed, in collaboration with 

Dr. David Gallego-Ortega (Garvan Institute of Medical Research, Sydney Australia), we identified 

that 2 weeks after tumour cell inoculation, the histochemical examination of the lung tissue 

revealed a strongly reduced (~50%) number and size of lung tumours derived from A431-

NPC1KD cells compared to the control (figure 3.5). Although these experiments, using 5 and 9 

animals per group, respectively, did not reach statistical significance (p=0.11), it strongly supports 

a model that cellular distribution of late endosomal cholesterol is critical for cancer cell metastasis 

(56). The underlying causes for the reduced ability of NPC1-depleted A431 cells to effectively 

colonize lung tissue remain to be determined. NPC1 dysfunction strongly reduces cholesterol 

levels at the plasma membrane and many reports suggest that this compromises the functioning of 

lipid rafts as signalling hubs required to establish invasive behaviour (194). Alternatively, NPC1 

deficiency interfering with cell surface expression of integrins, but also tetraspanins, could reduce 

cell attachment and invasion of lung tissue (15, 90). In addition, recent studies from the Grewal 

group indicate that pharmacological inhibition of LDL-cholesterol export from late endosomes in 

A431 cells strongly reduces the secretion of metalloproteases (MMPs), such as MMP9 (J. Jose and 

T. Grewal, unpublished data), which critically influence invasive properties of cancer cells (195, 

196). Given the multiple pathways that might be sensitive to the adequate delivery of late 

endosomal cholesterol for proper functioning, one can envisage that the identification of 

underlying mechanisms for the reduced invasiveness of A431-NPC1KD cells in vivo will be 

challenging. Thus, rather than using whole animals, future studies in three-dimensional culture 

models, which closely recapitulate the heterogeneous features of the tumor microenvironment and 

are highly suitable for experimental manipulation (197, 198), seem appropriate.  
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Chapter 2 

Annexin A6 expression patterns in human cancers 

 
2.1. Introduction 

As outlined in Chapter 1.1.3.6., ANXA6 is the largest member of the highly conserved annexin 

protein family, which is characterized by their Ca2+-dependent binding to cellular membranes. 

Many cell- and animal-based studies that have been performed over the years established that 

ANXA6 is predominantly located at the plasma membrane, early and late endosomes, acting as a 

multifunctional scaffold protein (67, 199-201). Major ANXA6 functions in these locations include 

the formation of multifactorial protein complexes and the regulation of endo-/exocytic membrane 

transport, both aspects most relevant for signal transduction, but also cholesterol homeostasis (67, 

68, 199-203). Given the various cellular locations and interaction partners, ANXA6 is now well 

believed to participate in the regulation of cell proliferation, migration, survival, differentiation, 

and many other cellular activities. Over the last decade, the Grewal group and others identified 

that some of these ANXA6-related functions are relevant in cancer cell growth, migration and 

invasion (27, 55, 72-74, 147, 204, 205). Most relevant for cancer cell metabolism, ANXA6 

upregulation induced cholesterol accumulation in late endosomes similar to the NPC1 mutant 

phenotype (55, 68, 82, 83, 202), and was accompanied by reduced growth, but also decreased 

migratory and invasive behaviour of several cell lines, including A431 cells, the latter representing 

a classical model for aggressive cancer cell behaviour (27, 55, 73, 74, 147). As described in 

Chapter 1, inhibition of cellular cholesterol distribution in NPC1-deficient A431 cells also reduced 

migratory and invasive behaviour (1.3.2.-1.3.5.). Taken together, these findings indicated that 

ANXA6 levels could be relevant for cancer progression, possibly in cancers that may be linked to 

de-regulated cholesterol homeostasis and/or increased responsiveness to an oversupply with 

exogenous cholesterol (55, 147, 152). 

The ANXA6 gene is is 68.5 kB long, located on the 151 MB region of human chromosome 5 

NC000005.10 and consists of 26 exons. The longest ANXA6 protein isoform of 673 amino acids 

is about 68kDa and comprises a unique N-terminus and (each eight 68 amino acids repeats 

separated by a linker sequence between repeats 4 and 5. In fact, ANXA6 is the only annexin with 
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eight annexin repeats, most likely due to the duplication and fusion of the genes encoding ANXA5 

and ANXA10 (67, 206) Due to alternative splicing in exon 21, which is located in the seventh 

repeat, cells commonly express two isoforms that vary by only 6 amino acids at position 524–529 

(VAAEIL) (206, 207). Relatively little is known about the regulation of ANXA6 gene expression. 

Earlier studies identified several binding sites for the transcription factor SP1 in the human 

ANXA6 promoter region, which were proposed to be responsible for the high and ubiquitous 

ANXA6 expression observed in many cell types (208). In addition, epigenetic silencing of ANXA6 

expression seems to occur, as the CpG-rich ANXA6 promoter is heavily methylated in several 

EGFR overexpressing cancer cells and estrogen receptor (ER)-negative breast cancer cells with 

low ANXA6 levels (74).  

Up until recently, overall information about ANXA6 expression levels in humans has been 

limited. In fact, current knowledge in the annexin field is mainly built on expression studies using 

human and rodent cell lines as well as tissues from mouse and rat models. Based on these studies, 

ANXA6 is considered to be highly abundant in endothelial and endocrine cells, hepatocytes, as 

well as macrophages, but low/undetectable in epithelial cells of the small intestine, colon, and the 

parathyroid gland (203, 209).  

 

2.2. Aims  
Numerous studies have examined ANXA6 expression levels in human cancers (reviewed in 

(76, 210)). These studies were predominantly based on data sets derived from small and local 

patient cohorts. In this chapter, we aimed to address if previously established relationships in 

various cancers between ANXA6 gene expression levels and based on small patient collections 

could be validated in larger patient cohorts. With the increased availability of larger expression 

data banks from humans in disease settings such as cancer, we aimed to search publicly available 

expression data on ANXA6 expression levels in different cancers, including those that are 

considered cholesterol-sensitive. This approach would provide a more detailed view of the 

relationships of up- or downregulated ANXA6 expression levels in various cancer and allow a 

comparison to previously published data on ANXA6 expression levels in relation to different 

tumors.   

For a better appreciation of ANXA6 expression in chronic disease, in Chapter 2.4.1, we first 

aimed to gather information on ANXA6 expression in normal human tissues. We then collected 
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ANXA6 expression data in cancer tissues and wherever possible, aimed to compare those findings 

to normal tissues (Chapter 2.4.2) to possibly establish a relationship between changes in ANXA6 

expression levels and tumor onset, occurrence and progression in cholesterol-sensitive cancers, 

such as breast cancer subtypes and during prostate cancer progression (2.4.3-2.4.4). This is 

followed by an examination of ANXA6 expression levels in patient survival curves, aiming to 

possibly identify relationships between high and low/medium ANXA6 expression levels and 

patient survival probability in cancers that have been shown to be affected by cholesterol 

availability such as breast, pancreatic, colon, liver and prostate cancers (Chapter 2.5.).  

  

2.3. Methods 

In order to investigate ANXA6 expression levels in normal and cancer tissue samples, data was 

retrieved from the following web-based expression data platforms: The Human Protein Atlas 

(HPA) (211), Gene Expression Profiling Interactive Analysis (GEPIA) (212) and the University 

of ALabama at Birmingham CANcer data analysis portal (UALCAN) (213). 

 

2.3.1. The Human Protein Atlas (HPA) 

The Human Protein Atlas (HPA) was initially developed  in 2003 (211)a web-based interface, 

using R package to map human protein expression patterns based on multiple technologies 

including imaging, proteomics, and transcriptomics. HPAanalyze is the R-based software that was 

developed to retrieve and perform exploratory analysis of data from HPA (214) and employed 

antibody-based tissue micro-array profiling and RNA deep-sequencing. This generated proteomics 

and transcriptomics data from human non-malignant tissues, cancers, and cell lines with cell type-

specific expression patterns via an innovative immunohistochemistry-based approach (214). HPA 

contains full datasets as downloadable compressed Tab-Separated Value (TSV) or individual 

entries in Extensible Markup Language (XML), Resource Description Framework (RDF), and 

TSV formats (214). The HPAanalyze package includes hpaVisTissue for normal tissue samples, 

hpaVisPatho for pathology/cancer samples, and hpaVisSubcell for subcellular localization data, 

whichcan be easily accessed through the umbrella function hpaVis (214). 

The Human Protein Atlas consists of twelve separate sections (https://www.proteinatlas.org/), 

covering (i) protein distribution across 44 normal human tissue types based on antibody profiling 

using conventional and multiplex immunohistochemistry, (ii) the hierarchical expression 

https://www.proteinatlas.org/
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landscape from 13 regions of the brain, (iii) all protein-coding genes in 536 individual cell type 

clusters corresponding to 15 different cell type groups. based on scRNAseq analysis, (iv) 

expression of protein-coding genes in human cell types based on bulk RNAseq data, (v) protein 

levels and survival of cancer patients based on mRNA and protein expression data from 17 

different cancers, together with in-house generated immunohistochemically stained tissue sections 

images and Kaplan-Meier plots showing the correlation between mRNA expression and cancer 

patient survival, (vi-xii) protein levels in blood, immune cell types, secretome and subcellular 

locations and cell-line derived expression pattern as well structural and metabolic information.  

 

2.3.2. Gene Expression Profiling Interactive Analysis (GEPIA) 

GEPIA was developed using R (version 3.3.2) and Perl (version 5.22.1) (212) and is built by 

the HTML5 and JavaScript libraries, including jQuery (http://jquery.com), Bootstrap 

(http://getbootstrap.com/) for the client-side user interface (http://gepia.cancer-pku.cn/). GEPIA 

has gene expression data from 9736 tumors and 8587 normal samples from the Cancer Genome 

Atlas (TCGA) and the GTEx databases based on RNA sequencing data. Analysis results cover ∼20 

000 coding and ∼25 000 non-coding genes, as well as ∼14 000 pseudogenes and ∼400 T-cell 

receptor segments (212). GEPIA not only provides information on gene expression patterns but 

can also be utilized for the screening for drug target, oncogenes or suppressor genes, survival 

analysis and gene correlations analysis in cancer cohorts.  

 

2.3.3. The University of ALabama at Birmingham CANcer data analysis Portal (UALCAN) 

UALCAN has been developed by the University of Alabama (Birmingham, USA) profiling 

genomic, transcriptomic, and proteomic expression data (213) 

(https://ualcan.path.uab.edu/index.html). UALCAN is based on the TCGA database allowing 

access to RNA-seq data for approximately 20,000 protein-coding genes in 33 different tumor types 

(213) for analysis of gene and protein expression and correlation with survival and methylation 

patterns (213).  

 
 

 

 

http://jquery.com/
http://getbootstrap.com/
http://gepia.cancer-pku.cn/
https://ualcan.path.uab.edu/index.html
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2.4. Results 

2.4.1. ANXA6 expression in normal tissues 

 TCGA is one of the most commonly recognized genomics visualization datasets used 

worldwide by researchers and genomic tool developers. TCGA has produced RNA-Seq data for 

9736 tumor samples across 33 cancer types as well as 726 adjacent normal tissues. This imbalance 

between tumor and normal sample numbers has previously limited efficiency when aiming to 

identify differential gene expression pattern in cancer vs. normal tissues (212).  In contrast, the 

Genotype-Tissue Expression (GTEx) project aimed to allow comparison ad identify correlations 

between genetic variation and tissue-specific gene expression in non-diseased individuals, 

consisting of RNA-Seq data from >8000 normal samples, albeit from unrelated donors (212, 215). 

The UCSC Xena project then made all the datasets from the different sources within GTEx 

compatible (212). Altogether, GTEx now allows users to compare TCGA-derived gene expression 

from tumor samples to corresponding GTEx normal samples (216, 217) (211, 215, 216, 218, 219). 

Yet, although in line with previously published expression patterns derived from cell lines and 

animal models (data not shown), all of the abovementioned datasets provided information only on 

ANXA6 mRNA expression, lacking information on ANXA6 protein levels,  

In contrast, the Human Protein Atlas (HPA), has mapped human proteins via multiple 

technologies including imaging, proteomics and transcriptomic (see Methods) (214), covering not 

only ANXA6 mRNA data, but also ANXA6 protein levels in various normal tissues and cell types 

(Figure 2.1-2.2). We therefore examined the ANXA6-related information in this dataset more 

closely. In support of the earlier studies that were mainly based on rodent tissues (203, 209), 

highest human ANXA6 mRNA expression levels were found in smooth muscle, adipose tissue, 

ovary, and appendix. Interestingly, seminal vesicles, which represent the tubular glands close to 

the urinary bladder that secrete fluid as part of semen, also express high ANXA6 levels. On the 

other hand, ANXA6 mRNA expression in the liver, considered to be very high in mice and rats, 

making approximately 0.25% of total liver protein (202, 220), was at medium levels and 

comparable to ANXA6 levels in numerous other tissues (e.g. tonsil, lymph nodes, spleen, prostate, 

breast, placenta, gall bladder and others). In support of earlier studies being unable to detect 

ANXA6 expression in epithelial cells of the parathyroid gland, normalized data from human 

tissues also revealed only small amounts of ANXA6 mRNA in this tissue. ANXA6 mRNA levels 

were also very low in salivary gland, duodenum, small intestine and lowest in the pancreas. The 
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latter finding could indicate a critical regulatory role of ANXA6 in this tissue, requiring a tight 

control of ANXA6 gene transcription. Indeed, several reports recently proposed therapeutic 

potential to target ANXA6 in pancreatic cancer (see also Chapter 3-4) (221, 222). 

 

 

 

 

 

As mentioned above, the HPA data set also contains information on relative ANXA6 protein 

expression levels in human tissues (Figure 2.2). This information has been obtained from the 

relative staining intensity in immunohistochemical studies of tissues, utilizing three different 

commercial rabbit polyclonal antibodies that were generated on the basis of human ANXA6 

protein fragment sequences (211). The staining intensity of two of these three antibodies was 

consistent with the RNA expression data across 36 tissues, indicating that despite some unspecific 

signals observed in western blot control experiments (211), findings derived from these antibodies 

reflect relative ANXA6 protein expression patterns. It should be pointed out that absolute ANXA6 

protein levels cannot be obtained from these datasets, as standardisation of signal intensity across 

different studies utilizing different antibodies and methodologies, together with the lack of 

standards that would relate to a defined amount of ANXA6 proteins in most proteomic approaches, 

have made it up to date impossible to precisely define protein levels of ANXA6 (and most other 

proteins) in a given cell line or tissue. Despite these limitations of the HPA dataset, the overall 

information gained from these studies is still very insightful. Thus, ANXA6 protein levels in the 

Figure 2.1: ANXA6 mRNA expression in normal tissues (HPA dataset). Individual samples from the HPA 
dataset and based on multiple RNA sequencing analyses are visualized with box plots shown as median and 25th 
and 75th percentiles. Outliers that are above or below 1.5 times the interquartile range are also shown. 
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HPA dataset are scored as high, medium, low, or not detectable. In line with the ANXA6 mRNA 

expression data (Figure 2.1), ANXA6 protein levels in smooth muscle were considered high. Also, 

in agreement with the ANXA6 mRNA expression data (see Figure 2.1), ANXA6 protein levels 

appeared non detectable in several tissues, including the salivary gland, duodenum, and small 

intestine. Yet, several tissues with moderate (cerebellum, adrenal gland, testis, placenta, lymph 

node, tonsils) to low ANXA6 mRNA levels (pancreas) were also scored as containing high 

ANXA6 protein levels.  

In addition, several other differences were observed when comparing the ANXA6 mRNA and 

protein expression patterns. A large number of tissues, including those with high ANXA6 mRNA 

levels, such as adipose tissue, ovary, and appendix, expressed medium ANXA6 protein levels. On 

the other hand, some tissues with high-medium ANXA6 mRNA levels, such as prostate and 

skeletal muscle, contained low ANXA6 protein levels according to the HPA dataset. The latter is 

somewhat surprising, as other studies in the field implicated significant amounts of ANXA6 not 

only in smooth muscle, but also skeletal muscle (223, 224). 

As mentioned above, the differences between ANXA6 mRNA and protein levels in a given 

tissue were most apparent in the pancreas. HPA, GTEx, FANTOM5, but also the TCGA databases 

all listed pancreas as the tissue with the lowest ANXA6 mRNA levels (211, 212, 215, 218, 219, 

225-227). However, pancreas was among the organs with the highest relative ANXA6 protein 

levels. Within the pancreatic tissue, relative ANXA6 protein levels were particularly scored very 

high in the islets of Langerhans cells (211, 218, 219). 
 

 

 

 

Figure 2.2: Annexin A6 protein expression in normal tissues (HPA dataset) . Relative ANXA6 protein 
expression levels from 44 tissues were scored as high, medium, low, or not detectable as indicated. Color-
coding is based on tissue groups in the same location and/or with common functional features.  
 
  
 
  
   



76 
 

 

Taken together, despite many researchers in the field still considering ANXA6 and other 

annexins to be ubiquitously expressed, the analysis of ANXA6 protein levels in normal tissues 

revealed a substantial number of tissues with low to non-detectable ANXA6 protein amounts. On 

the other hand, at least in rodents, ANXA6 is considered to represent 0.25% of total liver protein, 

and we speculate that all human tissues scored with high-medium ANXA6 protein levels, represent 

tissues with substantial amounts of ANXA6 protein.  

Interestingly, for many tissues, high ANXA6 mRNA expression did not correlate with high 

ANXA6 protein levels, and vice versa, low ANXA6 mRNA did not always reflect lack of ANXA6 

protein expression. Thus, tissue-specific regulatory mechanisms are likely in place, possibly 

influencing ANXA6 mRNA transcription, as well as post-transcriptional or post-translational 

processes that could explain the diversity observed in ANXA6 expression levels in the various 

normal human tissues. In cancer and other chronic diseases, one post-transcriptional aspect that is 

increasingly considered relevant to explain differential mRNA and protein levels of a given gene, 

is the role of micro-RNAs (miRNAs). These short non-coding single-stranded RNAs can bind to 

the 3′ (and less often to the 5’) untranslated regions or coding regions of their mRNA targets, which 

are subsequently degraded or translationally repressed. While little is yet known about miRNAs 

targeting ANXA6 in human cancer (228, 229) This might contribute to differential ANXA6 mRNA 

and protein expression patterns in cancer, which will be examined and discussed in the following 

chapters (2.4.2.-2.4.3.). 

 

2.4.2. Expression patterns of ANXA6 in cancer tissues 

2.4.2.1. Overview and current knowledge 

Over the years, increasing evidence points at ANXA6 being either a tumor suppressor or tumor 

promoter depending on the cell- or animal model analyzed (76, 147, 199, 205, 210). As described 

in the Introduction (Chapter 1.1.1.6), the involvement of ANXA6 in tumor progression is complex, 

but may predominantly involve Ca2+-dependent scaffolding functions that alter the activity of 

signaling complexes and/or the ability of ANXA6 to influence cholesterol metabolism in cancer 

cells, with consequences for cell proliferation, motility and differentiation (71, 76, 147, 199, 205).  
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While the underlying mechanisms in the various tumor models are still not fully understood 

(see Introduction), it is generally believed that changes in ANXA6 expression levels critically 

contribute to either promote or inhibit cancer cell growth and aggressiveness.  

The Grewal group initially focussed on cancer models with low ANXA6 expression. In these 

cell and animal models, low ANXA6 levels were linked to elevated activity of the EGFR/Ras 

pathway, which drives oncogenic behaviour in many human cancers (199, 205). This includes 

A431 cells, a vulval squamous epithelial carcinoma cell line, which overexpresses the EGFR and 

shows elevated Ras/MAPK activity but lacks endogenous ANXA6 (72, 230). Overexpression of 

ANXA6 in A431 cells reduced EGFR and Ras/MAPK signalling, which coincided with reduced 

tumor growth in cell culture and in vivo (27, 73, 143). Follow-up studies from Grewal and co-

workers then identified ANXA6 downregulation in EGFR overexpressing and ER-negative breast 

cancer cell lines (73, 74), findings that were later supported and extended to tumor patient samples 

by others (201, 204, 231). Over the years, ANXA6 has also been found downregulated in the highly 

malignant forms of gastric cancer (232), hepatocellular carcinomas (233), cervical cancer (234, 

235) and the progression of melanomas (236). On the other hand, ANXA6 levels were upregulated 

in the progression of ovarian carcinomas (237), thyroid cancer (238), polycystic ovarian syndrome 

(239), pancreatic cancer (221, 222), oesophageal adenocarcinoma (240) and acute lymphoblastic 

leukemia (241). The various studies implicating ANXA6 tumor suppressor and tumor functions 

are summarized in Table 2.1. 

Table 2.1: Potential ANXA6 tumor suppressor and promoter functions. Abbreviations: EGFR, epidermal growth 
factor receptor; ER, estrogen receptor. Adapted from (11). 
 

Thus, the determination of ANXA6 levels may provide diagnostic, prognostic, and therapeutic 

potential in cancer progression, such as treatment efficacy, recurrence, and overall survival in 

triple-negative breast cancers  (76, 210). Yet, the studies and conclusions listed above are 

Proposed ANXA6 functions in cancer  Cancer types 

Tumor suppressor  

EGFR overexpression: A431, MDA-MB-468 (breast), Fadu 
(head and neck); ER-negative breast cancer cell lines (73, 74, 
201, 204, 231), gastric cancer (232), hepatocellular 
carcinomas (233), cervical cancer (234, 235) melanoma 
progression (236). 

Tumor promoter  
progression of ovarian carcinomas (237), thyroid cancer 
(238), polycystic ovarian syndrome (239), pancreatic cancer 
(221, 222), oesophageal adenocarcinoma (240) and acute 
lymphoblastic leukemia (241). 
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commonly based on the analysis of a single cohort, often with a limited number of samples. For 

example, only 57 tumor samples were analyzed by O’Sullivan and co-workers (221), proposing 

ANXA6 as a therapeutic target in pancreatic cancer, and 34 samples by Noreen et al (242), 

implicating ANXA6 as a biomarker in ovarian cancers, respectively. Alternatively, potential tumor 

suppressor or promoter functions of ANXA6 mainly reflected the interpretation of studies using 

cell- or animal tumor models (67, 73, 74, 201, 204, 210, 211, 227). 

 

 

2.4.2.2. ANXA6 expression patterns derived from larger cancer datasets 

A more unbiased approach was performed next, and we examined if ANXA6 expression levels 

collected in larger data sets would also correlate with cancer incidence, we next compared ANXA6 

expression levels in 18 different human cancers available in the Gene Expression Profiling 

Interactive Analysis (GEPIA) dataset, focussing on cancers that have been linked to cholesterol 

homeostasis and/or been reported to exhibit ANXA6 up- or downregulation. This collection of 

expression data is based on normalized TCGA and GTEx datasets (212) (Figure 2.3).   
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Figure 2.3: Relative Annexin A6 mRNA levels in normal (pink) and malignant tissues (cyan) (212). The origin 
of different cancers and the total tumor (T) and normal (N) sample numbers based on the GEPIA dataset are given. 
Individual data points and median box plots are provided (*, p < 0.05).  

 

Several cancers, including bladder, cervical, non-small cell lung carcinoma, as well as 

adenocarcinoma in colon, lung, ovarian, rectum and prostate carcinoma displayed in part 

significantly reduced ANXA6 levels compared to normal tissues, supporting some (234, 235), but 

not all of the previously published studies, such as data from ovarian-related cancers (237, 239). 

ANXA6 levels remained rather unchanged in breast invasive carcinoma, esophageal carcinoma, 
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head and neck cancers, liver hepatocellular carcinoma, skin cutaneous melanoma, stomach 

adenocarcinoma and thymoma. Yet, samples from pancreatic adenocarcinoma revealed a 

significant increase of ANXA6 levels, which is in line with studies reporting elevated ANXA6 in 

pancreatic cancers (221, 222). On the other hand, ANXA6 downregulation observed in several 

studies, including those from the Grewal group, in EGFR overexpressing squamous epithelial 

carcinoma (72, 230), EGFR overexpressing and ER-negative breast cancer (73, 74) , (201, 204, 

231),  EGFR overexpressing head and neck cancers (74), as well as gastric cancer (232), 

hepatocellular carcinomas (233), and melanomas (236) were not evident in the GEPIA dataset.  

Taken together, previously published correlations between ANXA6 levels and cancer 

incidence and progression (232-236, 238-242) do not fully reflect data available from the TCGA 

and GTEx databases. This strongly indicates a greater diversity with multiple subtypes within 

cancers from a particular tissue. This also suggests that ANXA6 expression levels reported to be 

altered in some, often small, cohorts published previously, may reflect ANXA6 expression patterns 

in a specific cancer subtype that is easily overlooked when datasets from diverse cancer subtypes 

within cohorts are pooled.  

 

2.4.2.3. ANXA6 expression levels in prostate cancer progression 

Based on the findings derived from breast cancer subtypes (73, 74, 201, 204, 231), we reasoned 

that possibly only certain subtypes in other cancers may reveal correlations between ANXA6 

expression levels and disease incidence and progression.  

As described above and based on the GEPIA dataset (Figure 2.3, middle panel, far right), 

ANXA6 levels appeared slightly, but not significantly, decreased in prostate carcinoma. In 

addition, accumulating evidence suggests a role for cholesterol in prostate cancer, as 

hypercholesterolemia is linked to increased prostate cancer risk and progression (163, 243, 244) 

and the accumulation of LDL-derived cholesteryl esters has potential as a biomarker for advanced 

prostate cancer and aggressiveness (138, 239, 245). 

Given the role of ANXA6 in LDL-cholesterol uptake and distribution (55, 67, 68, 82, 83, 147, 

152, 199), we speculated that high and/or low ANXA6 levels might be linked to prostate cancer 

progression, which is a multistep process (246-248). In early localized stages, growth of prostate 

cancers depends on androgens and androgen receptor. While inhibition of androgen signalling 

leads to a temporary regression, prostate cancer commonly relapses, becoming androgen-
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independent, followed by metastatic events that allow the cancer to spread to other organs. In 

recent years, several studies have therefore attempted to characterize the gene expression profiles 

of early and advanced prostate cancers. 

In initial studies, Tomlins and co-workers aimed to profile gene expression patterns in prostate 

cancer progression. Using laser-capture microdissection to isolate 101 cell populations, prostate 

cancer progression from benign epithelium to metastatic disease was determined and profiled 

(247). In collaboration with Dr. Zeyad Nassar (Adelaide Medical School, University of Adelaide, 

SA, Australia), the publicly available data set from these studies was assessed for an association 

of ANXA6 expression levels with prostate cancer progression. The complex data set for prostate 

cancer progression was analyzed using the Molecular Concept Map (MCM), an analytic program 

that allows to identify associations among all gene sets in the database, enabling the identification 

and visualization of 'enrichment networks' of linked concepts. However, in this study, ANXA6 

expression was comparable in benign, localized and metastatic prostate cancer samples (247) 

(Figure 2.4A).  
 

Figure 2.4: ANXA6 levels in prostate cancer progression. (A) Relative ANXA6 mRNA levels in cell populations 
from benign (green), localized (blue) and metastatic (red) prostate cancers.  Data analysis is based on 101 cell 
populations isolated after laser-captured microdissection from benign epithelium to localized and metastatic disease 
(247). (B) Relative ANXA6 mRNA levels in tissue samples from benign (green), treatment-naïve localized (blue) and 
heavily pre-treated metastatic (red) prostate cancers. Data analysis is based on 50 lethal, heavily pre-treated metastatic 
castration-resistant prostate cancer obtained after rapid autopsy (246). Three different foci from the same patient were 
analyzed and then compared to 11 treatment-naïve, high-grade localized prostate cancers and normal tissue specimens 
from men who died of lethal castrate-resistant metastatic disease (248) (****, p<0.0001; ns, not significant). 
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In follow-up studies, to map the mutational landscape of metastatic prostate cancer, Tomlins 

and co-workers then analyzed the gene expression patterns from 50 lethal, heavily pre-treated 

metastatic castration-resistant prostate cancer (CRPC) obtained after rapid autopsy (248). The 

difficulty to interpret and draw conclusions from a single tissue sample from one individual was 

overcome by the analysis of three different foci from the same patient were analyzed. Expression 

data was then compared to a cohort of 11 treatment-naïve, high-grade localized prostate cancers 

and normal tissue specimens from men who died of lethal castrate-resistant metastatic disease 

(248). Strikingly, within this cohort, ANXA6 expression was highest in the benign tissue, and a 

continuous and significant downregulation of ANXA6 levels was evident in localized and even 

more so in metastatic cancer samples (Figure 2.4B). These exciting findings suggest that ANXA6 

downregulation may occur during the progression from localized to metastatic prostate cancer.  

 

2.4.3. ANXA6 expression levels and overall cancer survival 

As outlined above, ANXA6 expression levels may reflect tumor promoting roles that promote 

progression and severity in several cancers (reviewed in (76, 210) (see also Table 2.1). Hence, 

ANXA6 upregulation may characterize the progression of ovarian carcinomas (237), women's 

thyroid cancer (238), polycystic ovarian syndrome (239), pancreatic cancer (222), oesophageal 

adenocarcinoma (240). melanoma and squamous cervical cancer progression (235, 236) and allow 

the detection of acute lymphoblastic leukemia (241). 

In contrast, ANXA6 downregulation and tumor suppressor roles were proposed in gastric 

cancer (232), hepatocellular carcinomas (233) and cervical cancer (234). In breast cancer, reduced 

ANXA6 levels appear relevant in TNBC rather than non-TNBC subtypes (71, 210). Alike many 

other proposed biomarkers, these findings are predominantly based on mRNA detection, using RT-

PCR, or less frequent, immunohistochemistry and western blotting. Despite the technical 

limitations of the latter, relying on commercial antibodies, ANXA6 levels might indicate tumor 

progression and disease outcome. 

Given the potential prognostic value of ANXA6 in the various cancers listed above, we next 

aimed to correlate high and low ANXA6 levels with patient survival, focussing in cholesterol-

sensitive cancers including breast, pancreas, colon, liver and prostate cancer (Figures 2.5-2.7). 

Kaplan-Meier curves are commonly used to estimate the survival time of subgroups within a larger 

cohort after initial diagnosis or onset of treatment (249).  
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2.4.3.1. ANXA6 expression levels and overall patient survival in breast cancer 

We first analyzed data from 1081 breast cancer patients available from the TCGA (250). A 

general sense of mortality was obtained by generating overall survival curves, where death from 

any cause is documented using “survival” package (251) and “survminer” package (252), in two 

groups with high (n=268) or low (n=813) ANXA6 expression levels (Figure 2.5A). In this analysis, 

survival probability (%) of both groups was comparable for approximately 4000 days (∼ 10 years). 

Beyond this time point, survival probability of patients with high ANXA6 levels remained 

unchanged for ∼ 3000 days (∼ 8 years), but although not significant, continuously declined in the 

patient group expressing low ANXA6 levels (p=0.61) (Figure 2.5A).  

Breast cancer is very heterogeneous with several subtypes characterized by a variety of 

complex molecular entities. In line with a trend towards reduced overall survival in patients with 

low ANXA6 levels (Figure 2.5A), Grewal and co-workers previously identified ANXA6 

downregulation in EGFR overexpressing and ER-negative breast cancer cells, which was related 

to increased transformation efficiency (55), and elevated EGFR activity in several triple-negative 

breast cancer biopsies containing low ANXA6 levels (27). We therefore next compared overall 

survival in a cohort of 707 breast cancer patients (250) that was divided into human epidermal 

growth factor receptor-2 (Her2)-positive, luminal (estrogen receptor (ER)-positive) and triple-

negative (TNBC; ER-, progesterone receptor (PR)- and Her2-negative) subgroups with high or 

low/medium ANXA6 levels. Within this cohort, the Her2-positive and triple-negative subgroups 

with high ANXA6 levels only contained 2 and 8 samples, respectively, and may not be 

representative to draw conclusions for larger subgroups. Yet, in support of a minor role for ANXA6 

in ER-positive cell lines (55), in luminal cancers with high (n=164) or low/medium ANXA6 levels 

(n=390), overall survival over >4000 days (>10 years) was comparable. Overall survival was 

slightly reduced in Her2-positive patients compared to other subtypes over >3000 days (>8 years) 

after diagnosis. In support of a tumor suppressor role of ANXA6 in triple-negative breast cancer, 

low ANXA6 levels were associated with reduced overall survival at later stages (>3500 days) 

(p=0.17), which is in line with other reports of reduced ANXA6 expression being allied with poor 

overall and distant metastasis-free survival of basal-like breast cancer patients (71, 204).  
 



84 
 

Figure 2.5: Overall survival probability of breast cancer patients with high/low ANXA6 expression 
levels. (A) breast cancer patients (TCGA) and (B) breast cancer patients subdivided into Her2-positive, luminal and 
triple-negative groups with high and low/medium ANXA6 expression levels (t= 0-5000 days) The number of samples 
in each subgroup is provided (250) (p=0.17). 
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2.4.3.2. ANXA6 expression levels and overall patient survival in pancreatic cancer 

As outlined above (section 2.1), ANXA6 mRNA levels appeared low in pancreatic tissue while 

based on the GEPIA database, ANXA6 levels were significantly increased in pancreatic 

adenocarcinoma (Figure 2.3), an observation that was also reported by others (221, 222). We next 

examined overall survival of pancreatic cancer patients available from TCGA (n=177) and 

expressing high (n=132) and low (n=45) ANXA6 levels. Within this cohort, low ANXA6 levels 

were significantly associated with reduced overall survival compared to patients with high ANXA6 

levels at all time points over a period >2000 days (*, p=0.014).  

In contrast to these findings, elevated ANXA6 protein levels were linked to shortened survival 

in other studies (221, 222, 250). Leca and co-workers identified low ANXA6 protein amounts 

restricted to primary tumor cells, while the surrounding stroma, in particular cancer-associated 

fibroblasts (CAFs), and extracellular vesicles released from CAFs and isolated from plasma, 

displayed elevated ANXA6 levels (221, 222, 250). In fact, ANXA6 levels in circulating 

extracellular vesicles significantly increased with pancreatic cancer grade (grade 1, resectable; 

grade 2, nonresectable and locally advanced; grade 3, nonresectable and metastatic). O’Sullivan 

et al. (221) utilized immunohistochemistry to determine ANXA6 levels in a cohort of 57 patients 

to determine a tendency towards high ANXA6 protein levels being connected with poorer 

outcome. Hence, the opposite findings reported here and, in the literature, might reflect differences 

in the experimental design or technical limitations in the analysis of tissue biopsies. While the 

overall survival data shown in Figure 2.6 is based on mRNA expression, and ANXA6 mRNA and 

protein levels did not match in normal pancreatic tissues (Chapter 2.1), the abovementioned 

PDAC-related studies determined ANXA6 protein levels. In addition, both studies (221, 222, 250) 

proposed extracellular functions of ANXA6 to contribute to pancreatic cancer progression, 

indicating the need for further research that is able to discriminate for an intracellular role for 

ANXA6 in LDL-cholesterol related events that support PDAC growth and aggressiveness.   
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Figure 2.6: Overall survival probability (0-3000 days) of pancreatic ductal adenocarcinoma patients (TCGA) 
with low/high ANXA6 mRNA levels. The number of samples in each subgroup (n=45, 132) is given (250) (*, 
p=0.014). 
 
 
2.4.4.  ANXA6 expression levels and overall patient survival in colon, liver and prostate 

cancer 

ANXA6 levels are considered low in colon (147, 209) (Figure 2.1) and were significantly 

reduced in colon adenocarcinoma (Figure. 2.3). Overall survival of colon cancer patients with high 

(n=71) and low (n=208) ANXA6 expression levels (TCGA) was comparable, with minor trends 

towards reduced survival of patients with high ANXA6 levels during two phases over a >3000 day 

period (Figure 2.7A). 

In the liver, ANXA6 mRNA expression is considered very high in rodents (202, 220), but was 

at medium levels and comparable to other tissues in humans (Figure 2.1). ANXA6 downregulation 

was previously observed in hepatocellular carcinomas (233), an observation that was not evident 

in the GEPIA dataset (Figure 2.3). In addition, overall survival of liver cancer patients with high 

(n=92) and low/medium (n=273) ANXA6 expression levels (TCGA) was comparable, with an 

insignificant tendency towards reduced survival of patients with low ANXA6 levels over a >3000 

day period (Figure 2.7B). 
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In regard to prostate cancer, the GEPIA tool showed slightly decreased ANXA6 levels in 

prostate carcinoma (Figure 2.3). Also, the comparison of gene expression patterns from metastatic 

castration-resistant prostate cancer, high-grade localized prostate cancers and normal tissue 

specimens (248), a continuous and significant downregulation of ANXA6 levels during prostate 

cancer progression was apparent (Figure 2.4B). 

In this patient cohort, survival probability remained almost unchanged for >3000 days for both 

patients with high and low/medium ANXA6 levels. At later time points, data points on overall 

patient survival with high ANXA6 levels was not available, while survival of prostate cancer 

patient expressing low ANXA6 levels dropped substantially at 3500 days. It remains to be 

determined if the ∼ 25% drop in survival probability is linked to low/medium ANXA6 levels.   
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Figure 2.7: Overall survival of (A) colon, 
(B) liver, and (C) prostate cancer 
patients with high and low/medium 
ANXA6 expression levels (TCGA). The 
number of samples in each subgroup (t= 0-
4000 or 5000 days) and p-values (p=0.8, 
0.41 and 0.53, respectively) are given 
(250). 
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2.5. Discussion 

2.5.1. ANXA6 expression patterns in human cancers 

A lot of ANXA6 and cancer-related studies performed in cell and models have led to ANXA6 

expression levels being considered to reflect tumor suppressor or tumor promoter functions 

depending on the cancer analyzed. The expression analysis available from the GEPIA dataset (see 

Figure 2.3) and comparison to current literature is summarized below (Table 2.2).  

Table 2.2: ANXA6 up- or downregulation in various cancers. The tumor and normal tissue sample numbers, the 
trends in expression pattern (⇑ , ⇓), significance (*, p<0.05), and comparison to published data and subtypes is 
provided. Minor and non-significant trends for up- and downregulated ANXA6 levels based on the GEPIA dataset 
shown in Figure 2.3 are indicated by brackets (x). Abbreviations: EGFR, epidermal growth factor receptor; ER, 
estrogen receptor, TNBC, triple-negative breast cancer, SCC, squamous cell carcinoma. 

Cancer type Tumor 
Samples  

Normal 
samples  ⇑ ⇓ p Reference Subtypes 

Bladder urothelial 
carcinoma 104 28  x *, p<0.05   

Breast invasive 
carcinoma 1085 291    ⇓ (73, 74, 

201, 204, 
   

⇑ EGFR, ER-
negative, TNBC 

Cervical SCC and 
endocervical cancer 306 13  x *, p<0.05 ⇓ (234, 235)  

Colon Adenocarcinoma 275 349  x *, p<0.05   

Esophageal carcinoma 182 286  (x)    

Head and neck SCC 519 44    ⇓ (73, 74) ⇑ EGFR 
Liver hepatocellular 
carcinoma 369 160    ⇓ (233)  

Lung adenocarcinoma 483 347  x *, p<0.05   

Lung SCC 486 338  x    

Ovarian serous 
cystadenocarcinoma 426 88  x  ⇑ (237, 239)  

Pancreatic 
Adenocarcinoma 179 171 x  *, p<0.05 ⇑ (221, 222)  

Prostate 
adenocarcinoma 492 152  x  ⇓ (Fig. 2.4B) progression (248) 

Rectum 
adenocarcinoma 92 318  x    

Sarcoma 262 2      

Skin cutaneous 
adenocarcinoma 461 556 (x)   ⇓ (72, 230) A431, ⇓ also in 

melanoma (236) 
Stomac 
adenocarcinoma 408 211  (x)  ⇓ (232)  

Testicular carcinoma 137 165 (x)     

Thymoma 512 337  (x)    
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As described in 2.4.2.2., for a lot of these tissues, studies addressing the role of ANXA6 in 

tumor progression are still lacking. 

Published expression studies in cervical cancer and pancreatic cancers (221, 222, 234, 235) are 

in line with significant ANXA6 reduction (cervical) or upregulation (pancreas) in the GEPIA 

dataset. On the other hand, studies describing ANXA6 upregulation in ovarian cancers (237, 239) 

differ from our analysis. Also, ANXA6 levels remained unchanged in invasive breast carcinoma, 

although the Grewal group and others reported ANXA6 downregulation in EGFR overexpressing 

and ER-negative breast cancer (73, 74, 201, 204, 231), which will be discussed in more detail 

below (2.6.1. 

ANXA6 levels also appeared constant in several other cancer types, including liver 

hepatocellular carcinoma. However, for liver cancers, the comparison of our data set (Figure 2.3) 

with published data is difficult. Meier et al (233) analyzed metastatic liver tumors (n=18) derived 

from colorectal cancers and identified downregulation of ANXA6 protein levels compared to the 

surrounding non-tumorous tissues in single patients. Interestingly, in these study, ANXA6 mRNA 

levels in liver tumors were increased, indicating the involvement of post-translational regulatory 

mechanisms. In contrast, the origin of liver cancers from the TCGA used in the GEPIA analysis 

(Figure 2.3) is less well defined and based on mRNA expression analysis comparing tumor vs. 

normal tissues from different patients, altogether making it difficult to directly compare the two 

data sets. 

In regard to prostate cancer, the GEPIA data displayed reduced ANXA6 expression levels, 

although not significant. However, the dissection of expression patterns into (i) treatment naïve, 

high-grade localized prostate cancers and (ii) heavily pre-treated metastatic and castration-resistant 

prostate cancer samples available from Tomlins and co-workers (248) identified a highly 

significant downregulation of ANXA6 expression (Fig. 2.4.B). These exciting findings suggest 

that ANXA6 downregulation may occur during the progression from localized to metastatic 

prostate cancer. As ANXA6 downregulation is associated with upregulated growth factor receptor 

and Ras/MAPK signalling, which both contribute to prostate cancer aggressiveness and 

progression (253-255), one can envisage a tumor suppressor role for ANXA6, adding to aberrant 

signal activities in prostate cancer metastasis. In addition, as elevated LDL-cholesterol levels 

contribute to prostate progression (138, 163), we speculate that low ANXA6 levels in advanced 

prostate cancers may also be linked to an improved cellular distribution of internalized LDL 
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cholesterol (147), which would favour metastatic events (152). Based on our recent studies (147, 

152), a potential stimulatory impact of ANXA6 downregulation on prostate cancer cell motility 

would be favoured by differential changes in the expression patterns of ANXA6 interaction 

partners in the late endosomal compartment, including Niemann-Pick type C1 (NPC1), TBC1D15, 

RAB7 and StAR related lipid transfer domain containing 3 (STARD3), which will be described in 

more detail in Chapter 3.  

In summary, ANXA6 expression levels vary in distinct cancers from different tissues, stages 

and database sources. While the remainder of this thesis will focus on the link between cholesterol 

homeostasis and ANXA6 expression and function in the LE/Lys compartment with cancer growth 

and progression, it appears likely that the differential ANXA6 expression patterns do not reflect a 

universal role for ANXA6 in cholesterol homeostasis that impacts on cancer progression and 

patient survival. Besides various cancers employing a variety of functional networks that require 

different gene expression levels, epigenetic regulation appears a likely and major contributor to 

explain varied ANXA6 expression levels in different tumor tissues and cells. Environmental 

factors (e.g. diet) and cancer-specific mutations will trigger activation of epigenetic pathways that 

impact on ANXA6 expression. Along these lines, earlier studies from the Grewal group identified 

ANXA6 downregulation and a highly methylated region in the CpG-rich ANXA6 promoter in 

breast cancer cells with aberrant EGFR levels or lacking ER (75). This epigenetic silencing of 

ANXA6 via promoter methylation was also observed by others in gastric cancer (256, 257). 

These findings might reflect a plethora of epigenetic mechanisms that have in recent years 

increasingly been identified to regulate metabolic pathways and cancer properties. For instance, 

several miRNAs have been shown to modulate lipid, cholesterol and glucose metabolism in 

oncogenic settings via lowering the expression of their multiple target genes (258-261) 

 

2.5.2. Association of ANXA6 expression levels with overall patient survival probability 

The results comparing overall patient survival probability with high, or low ANXA6 

expression levels is summarized in Table 2.3.  
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Table 2.3: Association of ANXA6 levels with overall patient survival probability. The trends in expression pattern 
(⇑ , ⇓), and comparison of published data with data retrieved from TCGA (see Kaplan-Meier curves in 2.5-2.7) on 
high/low ANXA6 expression levels and overall patient survival in breast cancer subtypes, pancreatic, prostate, colon 
and liver cancers is provided. 
 

The Sawke group recently followed up on cell-based findings based on ANXA6 

downregulation in EGFR overexpressing and ER-negative breast cancer cell lines and compared 

ANXA6 expression with breast cancer patient survival. Using data available from approximately 

3000 breast cancer patients (262), ANXA6 levels were found not accompanied with the overall, 

relapse-free or distant metastasis-free survival of all breast cancer patients. However, reduced 

ANXA6 expression was associated with poor overall and distant metastasis-free survival of basal-

like breast cancer patients, which often represent the aggressive TNBC cancers (71, 204). Alike 

these findings, analysis of TCGA data (Figure 2.5A-B), showed comparable survival probabilities 

for total and luminal (ER-positive) cancers with high or low/medium ANXA6 levels (Figure 2.5A).  

Cancer type ⇑  ⇓  Reference Subtypes 
Overall patient 

survival 
(published) 

Overall patient survival 
probability  

(High vs. low ANXA6 le 

Breast invasive 
carcinoma 

    
ANXA6 levels 
not associated 

(13, 29) 

0-3000 days: comparable  
>3500 days: reduced 

survival with low 
ANXA6 levels 

Breast, ER-positive 
(luminal) 

    
ANXA6 levels 
not associated 

(13, 29) 
0-4000 days: comparable 

Breast, TNBC (basal)   
⇓ (73, 74, 
201, 204, 

231) 

⇑ EGFR, 
ER-negative, 

TNBC 

Reduced with low 
ANXA6 (13, 29) 

>3500 days: 
TNBC, reduced with low 

ANXA6 levels 

Pancreatic 
Adenocarcinoma x  ⇑ (221, 

222) 
  

0-3500 days: 
Reduced with low 

ANXA6 levels, p=0.014  

Prostate 
adenocarcinoma 

 x ⇓ (Fig. 
2.3-2.4) 

Progression 
Localized to 
metastatic 

(248) 

 0-4000 days: comparable 

Colon 
Adenocarcinoma 

 x    0-4000 days: comparable 

Liver hepatocellular 
carcinoma 

   ⇓ (233)  0-4000 days: comparable 
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Furthermore, supporting the tumor suppressor role of ANXA6 in TNBC, and survival analysis 

of Sawke et al. (71, 204, 262), low ANXA6 levels were related to reduced overall survival at later 

stages in TNBC (>3500 days). 

In regard to pancreatic cancers, overall survival was strongly and significantly (p=0.014) 

reduced in patients with low ANXA6 levels (Figure 2.6). These findings are somewhat unexpected 

as expression levels in pancreatic cancers were elevated in the GEPIA dataset (Figure 2.3) and 

associated with shortened survival in previous studies by others (221, 222, 250).. These opposite 

findings could be due to different ANXA6 amounts in primary tumor cells and the surrounding 

stroma in the tumor samples analyzed (221, 222, 250). It should also be noted that the overall 

survival data (Figure 2.6) is based on mRNA expression, that ANXA6 mRNA and protein levels 

varied in normal pancreatic tissues (Figure 2.2 and that PDAC-related survival studies was based 

on ANXA6 protein levels (221, 222, 250).. Hence, further research will be needed to clarify which 

cell type and environmental changes can provide clues on the potential role prognostic value of 

ANXA6 levels in pancreatic patient survival. 

Finally, despite downregulation of ANXA6 expression levels being observed in prostate 

carcinoma progression (Figure 2.4), colon cancers (Figure 2.3), and hepatocellular carcinoma 

(233), high and low ANXA6 expression levels were not coupled with altered patient survival 

probability for any of these three cancers (Figure 2.7). As observed from the strikingly different 

findings on ANX6 during prostate progression (Figure 2.4) when comparing pooled cell 

populations vs. multiple foci (247, 248) from a single tumor or patient, future studies with 

improved techniques to better differentiate cancer subtypes and cell populations might deliver new 

findings. 

 2.5.3. ANXA6 expression levels and the complexity of molecular entities in breast cancer 

subtypes  

Breast cancer is often associated with de-regulated cholesterol homeostasis (152, 210) or a 

lipid- and/or adipose-rich microenvironment that promotes breast cancer growth and progression 

(263). In addition, oncogenic breast cancer signalling commonly involves signalling complexes 

regulated by ANXA6 (67, 199, 205). ANXA6 up- or downregulation impacts on cholesterol 

homeostasis and/or cell signalling (55, 67, 72-74, 82, 83, 147, 199, 204, 205, 264), yet as outlined 

above, ANXA6 levels appeared rather unchanged when comparing all breast cancers (Figure 2.3), 

which initially questioned a potential role of ANXA6 as a tumor suppressor in this tissue. Yet, on 
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closer inspection and mentioned above (2.6.1-2.6.2), changes in ANXA6 expression levels appear 

relevant only in certain cancer subtypes. This is well reflected in breast cancer, which are classified 

as luminal A, luminal B, Her2-enriched, basal-like, and TNBC (210). Basal-like breast cancers are 

often TNBCs, lacking or expressing low levels of the ER, PR and Her2. Moreover, gene expression 

profiling of TNBC tumors identified at least four molecular subtypes, with 60–80% of these 

cancers expressing elevated levels of EGFR (210). 

The Grewal group initially screened a panel of 20 breast cancer cell (BCC) lines (74), 

identifying that ANXA6 protein levels differed significantly when comparing ER-positive and ER-

negative BCCs. While BCCs with deregulated ErbB2/3 and all ER-positive BCCs expressed high 

ANXA6 levels (∼3–5 pg per cell; for quantification of total ANXA6 amounts see (83)), 6 out of 

12 ER-negative lines displayed low ANXA6 level [<1 pg per cell (83)], several of those (BT20, 

MDA-MB-468) with high EGFR levels comparable to the EGFR overexpressing A431 epithelial 

cell line that lacks endogenous ANXA6. In follow-up studies, the Grewal group then identified 

ANXA6-related tumor suppressor activities in EGFR overexpressing A431, but also breast as well 

as head and neck cancer cell lines (73).  

This ability of ANXA6 to reduce tumor growth is based on ANXA6 promoting protein kinase 

C (PKC)-mediated EGFR phosphorylation and inactivation (73). When Grewal and co-workers 

examined the expression profiles from grade 3 carcinomas (n=8 per group) of luminal (ER+, PR+, 

Her2−), Her2-positive (ER−, PR−) and basal (triple negative: ER−, PR−, Her2−) breast cancers, 

only several samples exhibited high ANXA6 levels that correlated with high amounts of PKC-

phosphorylated EGFR. Hence, the study was unable to observe a direct correlation between 

ANXA6 and the PKC-dependent phosphorylation pattern of EGFR.  

Interestingly, expression patterns that could contribute to ANXA6-related impacts on breast 

cancer growth and progression include an inverse correlation between the levels of ANXA6 and a 

Ras protein specific guanine nucleotide exchange factor, RasGRF2 (201). RasGRF2 activates Ras 

proteins to promote cell proliferation and inhibits Rho GTPases to reduce cell motility and 

invasiveness. Hence, the reciprocal expression of these two proteins may influence the 

invasiveness and/or rapid growth of TNBC cells (201, 210). Taken together, the heterogeneous and 

complex molecular entities of breast cancer subtypes might only identify correlations of ANXA6 

levels with PKC-dependent EGFR phosphorylation status, GRF2 expression within small groups 

of certain subtypes and would require correlation studies using larger cohorts. 
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Chapter 3 

Expression patterns of the late endosomal/lysosomal ANXA6 

interactome in cancer 

 
3.1. Introduction 

As outlined in Chapter 1, increased uptake of dietary and LDL-derived cholesterol promotes 

cancer growth, progression, and aggressiveness (3, 152, 162). After LDL receptor-mediated 

endocytosis, the late endosomal/lysosomal compartment represents the central hub for the 

distribution of LDL-derived cholesterol to other cellular compartments. Cholesterol export from 

late endosomes/lysosomes (LE/Lys) requires NPC1 or other cholesterol transporters and we 

demonstrated (56, 147) that blocking cholesterol export from LE/Lys reduced cancer growth, 

migration and invasion, employing pharmacological NPC1 inhibition or shRNA-mediated NPC1 

depletion (see also Chapter 1). 

In addition, upregulation of ANXA6, which controls LDL endocytosis and LDL-cholesterol 

distribution, also caused late endosomal cholesterol accumulation (55, 67, 68). Similar to loss of 

NPC1 function, this led to a cellular cholesterol imbalance characterized by cholesterol depletion 

at the plasma membrane, Golgi apparatus and recycling endosomes. Consequently, at these 

locations, several cholesterol-sensitive SNAREs including Stx4, Stx6, and caveolin-1 lost their 

ability to control the cell surface delivery of integrins, and the secretion of fibronectin, inhibiting 

migratory and invasive cell behaviour (85-87, 147)    

Over the years, Grewal and co-workers unravelled the underlying mechanisms that enable 

ANXA6 to interfere with cholesterol export from LE/Lys. ANXA6 generally binds to membranes 

in a Ca2+-dependent manner, but LDL loading or NPC1 inhibition led to ANXA6 binding to 

cholesterol-rich  LE/Lys (77, 80, 265). At this location, ANXA6 recruits TBC1D15, a RAB7-

GTPase activating protein (RAB7-GAP), which downregulates RAB7, a key regulator of LE/Lys 

function (266). Indeed. ANXA6 overexpression downregulated RAB7 activity in a TBC1D15-

dependent manner, which was accompanied by strongly reduced egress of cholesterol from late 
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endosomes (55). Vice versa, ANXA6 depletion in NPC1 mutant cells upregulated RAB7 activity, 

rescuing cholesterol export from LE/Lys via transport routes involving the STARD3 protein (55).  

The latter findings coincide with restoration of cholesterol delivery to focal adhesions and 

improved cell migration and invasion of ANXA6-depleted NPC1 mutant cells (56). Importantly, 

TBC1D15 and STARD3 knockdown experiments revealed that their presence was essential in 

order for high/low ANXA6 levels to impact on late endosomal cholesterol transport (55). Hence, 

for ANXA6 levels to influence cancer growth and progression in a cholesterol-dependent manner, 

the amounts of ANXA6 interaction partners within the LE/Lys compartment appears important. 

Therefore, based on published data and several unpublished findings from the Grewal and 

Enrich laboratories, the ‘ANXA6 interactome’ in LE/Lys, listing the network of protein-protein 

interactions and functional relationships (Figure 3.1) was developed. In this Figure, cholesterol-

binding proteins identified in a genome-wide screening assay (81) are also indicated. For further 

information on the proteins (and lipids: lysobisphosphatidic acid, LBPA) listed here and physical 

and functional links to ANXA6, we recommend recent review articles from Grewal and colleagues 

(147, 202). Most relevant, proteins reported to interact with ANXA6 (NPC1, RAB7, TBC1D15), 

including TBC1D5 (Grewal et al., unpublished), or those impacted by ANXA6 and being involved 

in cholesterol uptake and distribution from the late endosomal compartment in an ANXA6-

dependent manner (LDLR, STARD3), are highlighted in blue. 
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Figure 3.1: The ANXA6 interactome in the late endosomal/lysosomal compartment. The network of ANXA6-
binding proteins and its interaction partners in late endosomes/lysosomes (LE/Lys) is shown. The proteins directly 
interacting with ANXA6 and/or being involved in cholesterol uptake and distribution from LE/Lys in an ANXA6-
dependent manner are indicated in blue. Cholesterol-binding proteins recognized in a genome-wide screening assays 
(81) are listed (#). Unpublished (e.g. TBC1D5) interactions of ANXA6 with LE/Lys proteins identified by Grewal and 
colleagues and based on yeast-two-hybrid, pulldown and co-immunoprecipitation assays are indicated (*). Interactions 
labelled with 15, 24-26 (RAB7, STARD3, TBC1D15, LDLR, spectrin, PKCα) reflect previous research from Grewal 
et al (55, 73, 77, 79). Numbers 1-14, 16-23 represent other ANXA6-protein interactions or functional relationships 
published by others (23, 24, 38, 42, 83, 100, 239, 267-279). With kind permission from T. Grewal and C. Enrich 
(unpublished). 
 
 
3.2. Aims 

Over the last two decades it has become clear that not only the expression of a single gene, but 

rather gene networks determine functional outcome in physiological conditions related to health 

and disease. Bioinformatic approaches revealed distinct patterns of coordinated co-expression of 

genes when analyzed within a cohort of biological samples (280-282). This observation is also 

relevant in cancer settings, with a substantial number of studies identifying expression patterns of 
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gene networks, implicating relationships with functional significance for cancer growth and 

progression (138, 253, 283, 284). In this context, utilizing unbiased network and module analysis 

has become more common, often identifying novel gene correlation patterns and functional links 

that are not obvious when considering direct protein interactions and/or close proximity in a certain 

cellular location.  

Given the prominent and cholesterol-related role of ANXA6 in LE/Lys, rather than performing 

unbiased network expression analysis, we decided to examine expression patterns focussing on a 

defined set of genes based on the ANXA6 interactome (Figure 3.1) in the late 

endsosomal/lysosomal compartment. Hence, the aim of this Chapter was to identify potential 

associations and correlations in the expression levels of ANXA6 with late endosomal/lysosomal 

proteins (NPC1, RAB7, TBC1D15, TBC1D5) or proteins impacted by ANXA6 and being involved 

in cholesterol uptake and distribution from the late endosomal compartment in an ANXA6-

dependent manner (LDLR, STARD3). This approach could possibly identify ANXA6-related 

functional links to cancer aggressiveness, progression, and treatment outcome (74, 76, 147, 210, 

222). 
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3.3. Methods 

3.3.1. ANXA6 interactome expression patterns using cBioPortal 

Several platforms, including TCGA, CANCERTOOL, the MET500 cohort (285), Clinical 

Proteomic Tumor Analysis Consortium (CPTAC), GEPIA, HPA, GTEx, and cBioPortal provide 

access to data sets and tools to analyse not only the expression pattern of a single gene, but also to 

link the expression patterns of two or more genes within a cancer cohort. Correlation of the 

expression levels of ANXA6 with interaction partners (NPC1, RAB7, TBC1D15, TBC1D5) or 

proteins modulated by ANXA6 (LDLR, STARD3) was first performed using cBioPortal, and in 

the following chapter, CANCERTOOL (see Chapter 3.3.2).   

The cBioPortal for Cancer Genomics is an open-access resource that enables exploration of 

genomics and expression data from complex cancer datasets (e.g. TCGA Firehose Legacy), 

developed originally at Memorial Sloan Kettering Cancer Center (USA). Each of these data sets 

contain the relative expression levels of individual genes in each tumor sample compared to its 

expression levels in the whole population of samples. For each gene, mRNA expression was 

analyzed, with z-scores relative to all samples reflecting the deviation from the mean. A z-score 

threshold of ±2 was selected, and expression data were then used to obtain gene correlations. The 

Spearman coefficient was used as a correlation coefficient and correlation plots were retrieved and 

accessed in generic R data frames as described (286, 287). 

Gene correlations comparing the mRNA levels of ANXA6 with NPC1, LDLR, RAB7A, 

STARD3, TBC1D5 and TBC1D15 were investigated in data sets available for breast, colorectal, 

liver, pancreas and prostate cancers as shown in the following (Tables 3.1 -3.5). Its relation to 

RAB7, RAB7A and RAB7B isoforms with only 50% identity exist. While RAB7A is ubiquitously 

expressed and considered the master regulator of LE/Lys function, RAB7B is exclusively found 

in cells with monocyte and myeloid origin, and only controls endosome to Golgi transport (288). 

Hence, our correlation analysis only included the RAB7A isoform, hereafter also referred as 

RAB7.  

 

3.3.2. ANXA6 interactome expression patterns using CANCERTOOL 

Based on the expression analysis obtained from cBioPortal described above, some, but not all 

cohorts, showed mostly weak tendencies of an association between ANXA6 mRNA levels and 

https://www.mskcc.org/
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expression levels of one or more genes (NPC1, LDLR, RAB7A, TBC1D5 and TBC1D15). Yet, a 

strikingly common feature of the gene correlation analysis in cBioPortal revealed a positive 

correlation, some of those considered strong (e.g. colon, prostate), of ANXA6 with STARD3 

expression levels in breast, colon/colorectal, pancreatic, and prostate cohorts (Table 3.1-3.5). 

This was addressed further using an alternative to cBioPortal, CANCERTOOL provides access 

to gene expression data from well-annotated cancer datasets and allows gene-to-gene correlations 

in individual tumor samples in multiple datasets. cBioPortal enabled correlations based on the 

mean of relative expression levels of individual genes in each tumor sample compared to its 

expression levels in the whole population of cohort samples. Importantly, besides gene-to-gene 

correlations, CANCERTOOL also allowed the generation of graphs showing the relative 

expression of gene pairs of individual tumors. For the development of this freely accessible tool, 

data from GEO, cBioPortal (for METABRIC, cbioportal.org), TCGA and several other 

comprehensive and published datasets (n=21) was used. The data presented in this thesis were 

based on data retrieval from the first and current version, which contains data from breast, 

colorectal, lung and prostate cancers (289).  
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3.4. Results 

3.4.1. ANXA6 interactome expression patterns in breast cancer  

ANXA6 is downregulated in EGFR overexpressing and ER-negative breast cancer cells (27, 

205, 210) and there was a development towards reduced overall survival in patients with low 

ANXA6 levels (Figure 2.5A), including Her2-positive and triple-negative breast cancer patients 

at later stages after diagnosis, which supported poor overall and distant metastasis-free survival of 

basal-like breast cancer patients reported recently (204, 210).  

In Table 3.1 the correlation between the mRNA expression of ANXA6 with NPC1, LDLR, 

RAB7A, STARD3, TBC1D5 and TBC1D15 in 4 different breast cancer data sets (286, 287, 290-

293) is shown. In the TCGA data sets, ANXA6 expression negatively correlated with most selected 

genes, in particular NPC1, but not STARD3. Yet, this rather weak leaning was not observed in two 

smaller data sets, where positive correlations between ANXA6 and all other genes, ranging from 

R=0.15 – 0.62, were found. Interestingly, the data set that contained the strongest positive 

correlation between ANXA6 and NPC1 was from a Korean breast cancer cohort (168 primary 

tumors), which was reported to harbor more Her2+ and luminal B subtypes compared to the cohort 

selected from the TCGA. The fourth data set consisted of 146 metastatic cancers (290), and alike 

the Korean cohort listed above, might differ from the subtype composition of the tumors listed in 

the TCGA cohorts. In both of these data sets, elevated ANXA6 levels interconnected with 

upregulation of TBC1D15 and TBC1D5, which could indicate an ability to effectively 

downregulate RAB7 activity. This could be counteracted by increased expression of LDLR and 

NPC1, ensuring LDL-uptake and distribution despite ANXA6, TBC1D15 and possibly TBC1D5 

contributing to downregulate RAB7-dependent cholesterol egress from LE/Lys.  

Table 3.1 Correlation between the mRNA expression of ANXA6 and NPC1, LDLR, RAB7A, STARD3, TBC1D5 
and TBC1D15 in four breast cancer data sets. z-scores are relative to all samples with a threshold ± 2. The positive 
(red) and negative (blue) correlations ranging from +1 to -1 are indicated. Abbreviations: TCGA, The Cancer Genome 
Atlas; TMBCP, The Metastatic Breast Cancer Project. Colour code 

Data Set Samples  NPC1 LDLR RAB7A STARD3 TBC1D5 TBC1D15 

TCGA, Firehose 
Legacy (291) 1100 -0.25 -0.02 -0.04 0.19 -0.03 0.05 

TCGA, 2015 (292) 816 -0.25 -0.01 -0.02 0.19 -0.01 0.05 

Breast Cancer (SMC 
2018) (293) 168 0.62 0.23 0.33 0.19 0.32 0.35 

TMBCP (Provisional, 
2020) (290)  146 0.15 0.15 0.41 0.19 0.26 0.19 
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Of note, STARD3 levels correlated positively with ANXA6 expression in all four breast cancer 

data sets. Hence, despite the variation in cancer subtypes that build these data banks, this might 

indicate a common co-regulation and association of ANXA6 and STARD3 expression levels that 

is not restricted to certain breast cancer subtypes and cancer stages (primary vs metastatic). 

 

3.4.2. ANXA6 interactome expression patterns in colon, colorectal and liver cancers 

In the GEPIA datasets, ANXA6 levels in adenocarcinoma of colon cancers were significantly 

reduced compared to controls (Figure 2.3). On the other hand, there was a minor development 

towards reduced survival of patients with high ANXA6 levels during two phases over a >3000-

day period (Figure 2.7A), yet overall, significant correlation between high or low/medium ANXA6 

expression levels and overall survival in colon cancer was lacking (Figure 2.7).  

In Table 3.2, the correlation between the mRNA expressions of ANXA6 with NPC1, LDLR, 

RAB7A, STARD3, TBC1D5 and TBC1D15 in 3 different colorectal and colon cancer cohorts with 

382, 244 and 106 patient samples were analyzed (286, 287). In the study by the Cancer Genome 

Atlas Network (TGCA), expression patterns and genetic composition of ≥244 human colorectal 

carcinomas consisting of colon and rectum cancers were examined (294). Vasaikar and colleagues 

compared proteogenomic data from tumour and adjacent normal tissue in a colon cancer cohort 

(n=106;) (295), which did not contain any rectum cancers. In all three cohorts, a clear trend for a 

positive or negative correlation of ANXA6 with NPC1, RAB7 and TBC1D15 was lacking. 

ANXA6 expression levels negatively related to LDLR expression in all three cohorts (R=-0.08, -

0.12, -0.31, indicating that low ANXA6 levels could be accompanied by elevated LDLR 

expression (and vice versa), which would allow effective LDL endocytosis. Furthermore, ANXA6 

expression positively correlated with STARD3 and TBC1D5 expression in all three cohorts, 

indicating the possibility of coordinated ANXA6, STARD3 and/or TBC1D5 expression. 

 

 

 

 

 

 



103 
 

 

Table 3.2 Correlation between the mRNA expressions of ANXA6 and NPC1, LDLR, RAB7A, STARD3, TBC1D5 
and TBC1D15 in colorectal and colon cancers in three different data sets. The positive (red) and negative (blue) 
correlations ranging from +1 to -1 are indicated. Abbreviations: TCGA, The Cancer Genome Atlas; CPTAC, Clinical 
Proteomic Tumor Analysis Consortium.  Colour code  
 

Hepatic ANXA6 mRNA expression levels are very high in rodents (202, 220), but at medium 

levels in humans and comparable to many other tissues (Figure 2.1). ANXA6 downregulation in 

hepatocellular carcinomas (233) was not evident in the GEPIA dataset (Figure 2.3) and overall 

survival of liver cancer patients did not significantly relate to high or low/medium ANXA6 

expression levels (Figure 2.7). A strong correlation between the mRNA expression of ANXA6 with 

NPC1, LDLR, RAB7A, STARD3, TBC1D5 or TBC1D15 in a liver cancer cohort with 373 patient 

samples (286, 287, 291)  (Table 3.3) was not evident, indicating that ANXA6 levels in liver cancers 

are not coordinated with other proteins handling cholesterol in the LE/Lys compartment. 

 Table 3.3 Correlation between the mRNA expression of ANXA6 and NPC1, LDLR, RAB7A, STARD3, TBC1D5 
and TBC1D15 in a cohort of liver cancers (n=373) from TCGA. The positive (red) and negative (blue) correlation 
ranging from +1 to -1 is indicated. Abbreviations: TCGA, The Cancer Genome Atlas. Colour code  
 
 
3.4.3. ANXA6 interactome expression patterns in pancreatic cancers 

ANXA6 levels were significantly increased in pancreatic adenocarcinoma (Figure 2.3), which 

is in line with other reports (221, 222). Yet, low ANXA6 levels were associated with reduced 

overall survival (Figure 2.6). The correlation of ANXA6 levels with NPC1, LDLR, RAB7A, 

STARD3, TBC1D5 and TBC1D15 from 2 cohorts with 179 and 96 patient samples is shown in 

Table 3.4. The cohort available from the TCGA contained 179 samples, while expression data from  

96 tumours with high epithelial content from pancreatic ductal adenocarcinomas (296) are listed 

in the second cohort in Table 3.4.  

Data Set Samples  NPC1 LDLR RAB7A STARD3 TBC1D5 TBC1D15 

TCGA, Firehose Legacy 
(291) 382 0.17 -0.12 0.05 0.29 0.33 -0.02 

TCGA, 2012 (294) 244 N/A -0.08 0.21 0.16 0.11 -0.04 

CPTAC-2 Prospective 
(295) 106 -0.01 -0.31 0.05 0.17 0.07 0.1 

Data Set Samples  NPC1 LDLR RAB7A STARD3 TBC1D5 TBC1D15 

TCGA, Firehose 
Legacy (291) 373 -0.13 0.05 0.08 0.01 0.02 0.01 
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Table 3.4 Correlation of ANXA6 mRNA expression with NPC1, LDLR, RAB7A, STARD3, TBC1D5 and 
TBC1D15 in two cohorts from pancreatic cancers. The positive (red) and negative (blue) correlation ranging from 
+1 to -1 is indicated. Abbreviations: TCGA, The Cancer Genome Atlas; QCMG, Queensland Centre for Medical 
Genomics). Colour code 
 

Interestingly, ANXA6 levels showed a trend towards negative association with LDLR 

expression levels in both cohorts. Levels of NPC1, RAB7A and TBC1D15 lacked a strong 

association with ANXA6 levels, while STARD3 and TBC1D5 levels positively correlated with 

ANXA6 in one or both cohort cohorts, respectively. Hence, low ANXA6 levels might favour 

increased LDL uptake in pancreatic cancers, which in some patients could be associated with 

increased LDL-cholesterol distribution via STARD3.  

 

3.4.4. ANXA6 interactome expression patterns in prostate cancers 

Although ANXA6 levels were slightly increased in prostate carcinoma (Figure 2.3), ANXA6 

downregulation was observed during the progression from localized to metastatic prostate cancer 

(Figure 2.4B), with the survival of prostate cancer patients expressing low ANXA6 levels dropping 

substantially at later stages (Figure 2.7C). To assess any correlation of ANXA6 expression levels 

with the ANXA6 interactome, we compared the mRNA expression of ANXA6 and NPC1, LDLR, 

RAB7A, STARD3, TBC1D5 and TBC1D15 in prostate cancer in eight different data sets (Table 

3.5) (298-302). This included three cohorts with advanced, metastatic and castration-resistant 

tumours  (298, 299, 301), one cohort with both primary and metastatic cancers (302), as well as 

two sample collections from predominantly treatment-naïve American and Australian or Chinese 

prostate cancer patients (300, 303), both with a rather wide range of grades, stages, and risk of 

recurrence. 

Data Set Samples  NPC1 LDLR RAB7A STARD3 TBC1D5 TBC1D15 

TCGA, PanCancer 
Atlas (297) 179 -0.04 -0.43 0.07 0.16 0.29 0.09 

QCMG, 2016 (296) 96 -0.02 -0.14 0.08 0.04 0.18 0.05 
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Table 3.5 Correlation of ANXA6 mRNA expression with NPC1, LDLR, RAB7A, STARD3, TBC1D5 and 
TBC1D15 mRNA levels in eight prostate cancer cohorts. The positive (red) and negative (blue) correlation ranging 
from +1 to -1 is indicated. Abbreviations: TCGA, The Cancer Genome Atlas; NPC, Neuroendocrine Prostate Cancer; 
Su2C/PCF, Stand Up to Cancer Prostate/Prostate Cancer Foundation; MSKCC – PCOG: Memorial Sloan Kettering 
Cancer Center - Prostate Cancer Oncogenome Group; SMMU, Second Military Medical University). Colour code 

 

Several cohorts (n=3) showed a positive correlation between ANXA6 and NPC1 expression 

levels, which coincided with negatively correlated LDLR levels, indicating that elevated LDLR 

levels are not associated with upregulation of NPC1. Yet, similar to several other cancer cohorts 

listed above (Table 3.1, 3.2 and 3.4 for breast, colon, and pancreas, respectively), there was a trend 

of weak (n=4), but also strong (n=4) positive correlations of ANXA6 with STARD3 levels in all 

prostate cancer cohorts. Several of those also displayed a positive correlation of ANXA6 with 

RAB7 levels, which could point at high/low ANXA6 levels influencing the contribution of RAB7-

dependent and STARD3-mediated cholesterol export from LE/Lys. Strong association of ANXA6 

levels with both RAB7 and STARD3 were found in cohorts of castration-resistant neuroendocrine 

prostate cancer (299) and metastatic prostate cancer (301), supporting an increasingly important 

contribution of cholesterol export from LE/Lys at later stages. 
 

3.4.5. ANXA6 interactome expression patterns in breast cancer  

For the correlation of ANXA6 mRNA levels with those from LDLR, NPC1, RAB7A, 

STARD3, TBC1D5 and TBC1D15 in breast cancer subtypes, data sets from multiple cohorts (289, 

291, 304-307) were available and analyzed using CANCERTOOL (see Table 3.6). 

Data Set Samples  NPC1 LDLR RAB7A STARD3 TBC1D5 TBC1D15 
TCGA, Firehose 
Legacy (291) 498 0.13 -0.12 0.01 0.09 0 -0.36 

TCGA, 2015 (292) 333 0.15 -0.07 -0.02 0.04 0.06 -0.36 

SU2C/PCF Dream 
Team (298) 208 0.03 0.01 0 0.15 -0.15 -0.17 

NPC (Multi-
Institute) (299) 49 0.38 -0.16 0.5 0.64 0.05 0.47 

Broad/Cornell, 
2012 (300) 20 N/A 0.04 0.1 0.48 -0.1 -0.22 

Fred Hutchinson 
CRC (301) 171 -0.19 -0.02 0.4 0.34 0.07 -0.05 

MSKCC - PCOG, 
2010 (302) 150 -0.49 0.37 0.41 0.02 0.04 0.01 

SMMU, Eur Urol 
2017 (303) 65 N/A -0.11 0.16 0.37 0.29 -0.18 
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All these cohorts varied in sample numbers for breast cancer subtypes and included ER-

negative, ER-positive, Her2-enriched, basal-like, and luminal tumors. Two cohorts (289, 291, 306) 

also provided control data from normal-like tissues. The different cohort sizes and diversity of 

breast cancer subtypes for each study group are listed (Table 3.6). 

Table 3.6: Sample size and breast cancer subtypes in several cohorts (289, 291, 304-307) available for gene 
correlation analysis in CANCERTOOL. Tumors that lack subtype determination (Null) are listed. ‘Normal’ represents 
‘normal-like’ tissue. 
 

For the statistical analyses of gene-to-gene correlations, the Pearson correlation coefficient was 

calculated for each pair of genes, and the statistical significance (p) and ‘coherence’ (R) are 

provided. The latter estimated the strength of the correlation when more than 50% of the datasets 

showed unidirectional and significant correlation with greater than 0.2 or lower than -0.2 for direct 

or inverse correlations, respectively. 

In the following, relative mRNA expression of ANXA6 was correlated with relative mRNA 

levels of NPC1, LDLR, RAB7A, STARD3, TBC1D5 and TBC1D15 in the breast cancer subtypes 

listed above from the various studies. Individual data points represent the relative expression of 

gene pairs in a single tumor. The correlations and significance (R, p) are shown.  

The Grewal group initially identified ANXA6 downregulation in ER-negative breast cancer 

cell lines, and together with ANXA6 tumor suppressor functions in TNBC (27, 205, 210), we 

therefore first correlated ANXA6 expression levels with LDLR, NPC1, RAB7A, STARD3, 

TBC1D5 and TBC1D15 in ER-negative breast cancers (Figure 3.2). Interestingly, in all data sets, 

there was a trend for a negative correlation of ANXA6 and LDLR levels ranging from R=-0.05 to 

R=-0.19. 
 
 
 

Study Cohort 
size 

ER-
negative 

ER-
positive 

Her2-
enriched 

Basal Luminal 
(A+B) 

Null Normal 

Ivshina (304) 289 34 211    40  

Lu (305)  129 53 76 31 32 61 5  

Pawaitan (306)  159   15 25 39+23 20 37 

Wang (307) 286 77 209      

TCGA (289, 
291)  1093 237 806 58 97 237+127 48, 572 8 
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Figure 3.2: A. Correlation of relative mRNA 
expression of ANXA6 and LDLR, NPC1, RAB7A, 
STARD3, TBC1D5 and TBC1D15 in ER-negative 
breast cancers. The origin of the four different data 
sets (289, 291, 304, 305, 307) are indicated. Each 
data point represents relative mRNA expression of 
ANXA6 (X-axis) and LDLR, NPC1, RAB7A, 
STARD3, TBC1D5 and TBC1D15 (Y-axis) in a 
single tumor, respectively. B. Heatmap with the 
overall significance (p) and the Pearson 
coefficient (R) for each correlation analysis is 
given. The positive (red) and negative (blue) 
correlation is indicated. 
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Figure 3.3: A. Correlation of relative mRNA expression 
of ANXA6 and LDLR, NPC1, RAB7A, STARD3, 
TBC1D5 and TBC1D15 in ER-positive breast cancers. 
The origin of the four different data sets is indicated (289, 
291, 304, 305, 307). Each data point represents relative 
mRNA expression of ANXA6 (X-axis) and LDLR, NPC1, 
RAB7A, STARD3, TBC1D5 and TBC1D15 (Y-axis) in a 
single tumor, respectively. B. Heatmap with the overall 
significance (p) and the Pearson coefficient (R) for each 
correlation analysis is given in a heatmap. The positive 
(red) and negative (blue) correlation is indicated. 
 

Likewise, ANXA6 levels negatively 

correlated with NPC1 levels in all four studies, 

with two data sets (289, 291, 304, 305, 307) 

derived from 34 and 53 ER-negative tumor 

samples, respectively, showing a strong negative 

correlation (R=-0.34 and R=-0.32) and significant p-values (0.04 and 0.02), respectively. It should 
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be noted that these observations were not apparent from the correlation analysis of breast cancer 

cohorts using cBioPortal (Table 3.1), probably because these data sets did not discriminate between 

different breast cancer subtypes. 

Furthermore, these findings coincide with three from four studies pointing at a positive 

correlation between ANXA6 and STARD3 levels, one of those (307) with 77 samples showing a 

strong relationship between these two genes (R=0.24). These findings are in line with the trend 

observed in the breast cancer expression analysis using cBioPortal (Table 3.1) and may indicate 

that depending on high/low ANXA6 expression levels, ER-negative breast cancer cells may 

preferentially utilize either NPC1 or STARD3 for LDL-cholesterol export from late endosomes. 

While RAB7A and TBC1D15 did not reveal a consistent expression pattern in relation to ANXA6, 

two ER-negative cohorts (304, 305) showed a strong positive correlation between ANXA6 and 

TBC1D5 (R=0.49 and 0.26, respectively). Hence, one can envisage that high ANXA6 levels in 

ER-negative breast cancers may be associated not only with low LDLR and NPC1 levels, but also 

with an increased TBC1D5-mediated downregulation of RAB7-GTPase activity. In contrast to 

TBC1D15-mediated RAB7 inactivation reducing cellular distribution of LDL-cholesterol export 

from LE/Lys to the ER, lipid droplets and the plasma membrane (ref 15), it has yet to be determined 

if elevated TBC1D5 levels downregulating RAB7-GTP levels would have similar effects on LDL-

cholesterol homeostasis and its role in tumor growth and progression in these cancers. 

We next correlated ANXA6 expression with LDLR, NPC1, RAB7A, STARD3, TBC1D5 and 

TBC1D15 levels in ER-positive breast cancers (Figure 3.3). In striking difference to ER-negative 

cancers, trends indicating an association of ANXA6 expression levels with LDLR, NPC1, RAB7A, 

TBC1D5 and TBC1D15 were lacking in ER-positive tumors. In addition to the lack of previous 

evidence linking ANXA6 levels with ER-positive breast cancers (27, 205, 210), these findings 

might also reflect a reduced ability of LDL to influence growth and progression of ER-positive 

tumors. Indeed, in earlier studies only ER-negative breast cancer cells showed increased 

proliferation and migration upon LDL exposure (106, 308).  

We then examined ANXA6 and LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 

expression levels in Her2-enriched breast cancers (Figure 3.4). Strikingly, alike ER-negative breast 

cancers, there were negative correlations of relative ANXA6 amounts with both LDLR and NPC1 

levels, some of those revealing strong relationships (305) (R=-0.44, p=0.006 for ANXA6/LDLR 
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and  R=-0.34 and p= 0.05 for ANXA6/NPC1). As observed in the other breast cancer subtypes, 

Her2-enriched breast cancers lacked a clear association of ANXA6 with RAB7A and TBC1D15. 

 

 
Figure 3.4: A. Correlation of relative mRNA 
expression of ANXA6 and LDLR, NPC1, RAB7A, 
STARD3, TBC1D5 and TBC1D15 in Her2-enriched 
breast cancers. The origin of the three different data sets 
is indicated (289, 291, 305, 306). Each data point 
represents relative mRNA expression of ANXA6 (X-
axis) and LDLR, NPC1, RAB7A, STARD3, TBC1D5 
and TBC1D15 (Y-axis) in a single tumor, respectively. 
B. Heatmap with the overall significance (p) and the 
Pearson coefficient (R) for each correlation analysis is 
given. The positive (red) and negative (blue) correlation 
is indicated. 
 

    Yet, alike ER-negative breast cancers, two 

data sets showed strong positive correlations 

between ANXA6 and STARD3 expression 

levels (306) (R=0.6 and p=0.01; TCGA: R=0.6 

and p=0.004). Thus, in Her2-enriched and ER-

negative breast cancer cells, low ANXA6 
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expression levels may be associated with increased LDL-cholesterol uptake and distribution via 

LDLR and NPC1. Interestingly, loss of 5q31-35, which contains the ANXA6 locus, is common in 

ER-negative breast tumors that carry Her2 gene amplifications (309, 310) which may also 

contribute to upregulated LDL-cholesterol uptake and distribution via LDLR and NPC1. On the 

other hand, Her2-enriched cancers with high ANXA6 and concomitant high STARD3 levels may 

also exist. The latter might indicate that ANXA6 upregulation is associated with the common co-

amplification and overexpression of STARD3 and Her2 in breast cancer (311).  

Elevated STARD3 levels may contribute to increased cholesterol delivery from LE/Lys to 

mitochondria, the latter being highly dependent on cholesterol to promote cancer growth and 

progression. STARD3 has been linked to cholesterol overload in mitochondria in NPC1 deficiency 

(32) and ANXA6 may contribute to STARD3 facilitating transport of LDL-derived cholesterol to 

mitochondria in Her2-enriched breast cancers for mitochondrial well-being and energy production, 

all anti-apoptotic properties in cancer settings (32). Moreover, these findings may link LDL-

cholesterol and upregulated ANXA6 levels in Her2-related breast cancers with the ability of 

elevated STARD3 expression to promote cell migration and invasion (312) (reviewed in  (11)).  

Next, we examined basal-like tumors, which predominantly consist of TNBCs lacking 

estrogen, progesterone and Her2 receptors (Figure 3.5). Moreover, reduced ANXA6 expression 

were associated with poor overall and distant metastasis-free survival of basal-like breast cancer 

patients (71, 204). Somewhat like the gene patterns observed in ER-negative cancers (Figure 3.2), 

and with the exception of a strong, but not significant, positive correlation of ANXA6 and LDLR 

levels in one study (306) (R=0.24, p=0.24), we observed a trend towards negative correlations of 

ANXA6 amounts with LDLR and NPC1 levels in all cohorts. 

Furthermore, all cohorts showed positive correlations for ANXA6 and STARD3 levels. 

Although these trends lacked statistical significance, this also paralleled findings for ANXA6 

levels being linked to STARD3 expression in ER-negative breast cancers (Figure 3.2). Alike most 

other breast cancer subtypes analyzed above, ANXA6 correlations with RAB7, and the RAB7-

GTPase activating proteins TBC1D5 and TBC1D15 only showed a strong positive (insignificant) 

correlation in one of the three cohorts (305) and were generally not prominent and did not reveal 

common trends.  



112 
 

Taken together, in line with the correlation analysis in ER-negative breast cancer cells (Figure 

3.2), depending on high/low ANXA6 expression levels, basal-like tumors may either utilize NPC1 

or STARD3 for LDL-cholesterol export from late endosomes. 

Luminal breast cancer subtypes are ER-positive and either PR-positive, Her2-negative 

(luminal A), or PR-negative, Her2-positive (luminal B). Given these differences to cancer subtypes  

 
Figure 3.5: A. Correlation of relative mRNA expression of 
ANXA6 and LDLR, NPC1, RAB7A, STARD3, TBC1D5 
and TBC1D15 in basal-like breast cancers. The origin of the 
three different data sets is indicated (289, 291, 305, 306). Each 
data point represents relative mRNA expression of ANXA6 
(X-axis) and LDLR, NPC1, RAB7A, STARD3, TBC1D5 and 
TBC1D15 (Y-axis) in a single tumor, respectively. B. 
Heatmap with the overall significance (p) and the Pearson 
coefficient (R) for each correlation analysis is given. The 
positive (red) and negative (blue) correlation is indicated. 

 

categorized solely on ER or Her2 (Figures 3.2-3.4), 

we also performed gene-to-gene correlations of 

ANXA6 with LDLR, NPC1, RAB7A, STARD3, 

TBC1D5 and TBC1D15 in luminal breast cancer 

subtypes from 3 cohorts (289, 291, 305, 306). Alike 
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the weak correlations observed in the TCGA. cohort when analyzing ER-positive cancers (Figure 

3.3), ANXA6 expression showed only weak association with LDLR, NPC1, RAB7A, TBC1D5 

and TBC1D15 With the exception of RAB7A being negatively associated with ANXA6 levels in 

the Pawitan cohort (306) (39 luminal A and 23 luminal B tumor samples; R=-0.26, p=0.03), 

 
Figure 3.6: A. Correlation of relative mRNA expression 
of ANXA6 and LDLR, NPC1, RAB7A, STARD3, 
TBC1D5 and TBC1D15 in luminal breast cancers. The 
origin of the three different data sets is indicated (289, 291, 
305, 306). Each data point represents relative mRNA 
expression of ANXA6 (X-axis) and LDLR, NPC1, 
RAB7A, STARD3, TBC1D5 and TBC1D15 (Y-axis) in a 
single tumor, respectively. B. Heatmap with the overall 
significance (p) and the Pearson coefficient (R) for each 
correlation analysis is given. The positive (red) and 
negative (blue) correlation is indicated. 
 

RAB7A, TBC1D5 and TBC1D15 expression did 

not reveal a prominent link to ANXA6 expression 

levels in the other two cohorts. 

The other two cohorts showed several strong 

positive correlations between ANXA6 and LDLR 
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as well as NPC1, an observation that was not apparent in the other breast cancer subtypes. Yet, 

similar to 3/4 ER-negative, 2/4 ER-positive, 2/3 Her2-enriched and 3/3 basal-like breast cancer 

subgroups (Figure 3.2-3.5), relative ANXA6 amounts showed a strong (2/3) and positive 

correlation with STARD3 levels in all 3 cohorts that reached significance (R=0.36, p=0.04; 

R=0.31, p=0.01; R=0.13, p=0.02). 

 In order to assess if certain expression signatures observed in the various breast cancer 

subtypes would remain visible within more complex data sets, we performed gene-to-gene 

correlations of ANXA6 with LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 in all 

tumors. Indeed, negative correlations for ANXA6 with LDLR and NPC1 observed in 4/4 ER-

negative breast cancers (Figure 3.2), 3/4 ER-positive cohorts (Figure 3.3) and 3/3 Her2-enriched 

tumors (Figure 3.4) were also detected when analyzing all tumors. 
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 Figure 3.7: A. Correlation of relative mRNA expression of 
ANXA6 and LDLR, NPC1, RAB7A, STARD3, TBC1D5 and 
TBC1D15 in all breast cancers. The origin of the five different 
data sets (Lu, Ivshina, Pawitan, TCGA, Wang) are indicated (289, 
291, 304-307). Each data point represents relative mRNA 
expression of ANXA6 (X-axis) and LDLR, NPC1, RAB7A, 
STARD3, TBC1D5 and TBC1D15 (Y-axis) in a single tumor, 
respectively. B. Heatmap with the overall significance (p) and 
the Pearson coefficient (R) for each correlation analysis is 
given. The positive (red) and negative (blue) correlation is 
indicated. 
 

While overall the strength of these correlations was 

weak, we found significant negative correlations for 

ANXA6 and NPC1 expression for several cohorts (Lu, 
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p=0.01; Ivshina, p=0.08; TCGA, p=0.001 and Wang, p=0.0007) (289, 291, 304-307). This could 

indicate that irrespective of ER and Her2 status, ANXA6 downregulation might be associated with 

elevated NPC1 expression in breast cancers.  

Furthermore, the positive association of ANXA6 with STARD3 identified in 3/4 ER-negative, 

2/4 ER-positive, 2/3 Her2-enriched, 3/3 basal-like and 3/3 luminal breast cancer subtypes (Figures 

3.2-3.6) was also significant in 3/5 cohorts when all tumor samples were analyzed (Pawitan, 

R=0.31, p=4x10-5; TCGA, R=0.17, p=0.0004; Wang, R=0.14, p=0.01) (289, 291, 304-307). Hence, 

not only in Her-2 positive breast cancers, which often show Her2 and STARD3 co-amplification 

(32), but also in breast cancers with high ANXA6 levels, elevated STARD3 levels may contribute 

to increased cholesterol delivery from LE/Lys to other organelles to promote cancer growth and 

progression (32, 312) (reviewed in (11).  

Figure 3.8: A. Correlation of relative mRNA expression of ANXA6 and LDLR, 
NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 in normal-like tissues. The 
origin of the two different data sets  (289, 291, 306) are indicated. Each data point 
represents relative mRNA expression of ANXA6 (X-axis) and LDLR, NPC1, 
RAB7A, STARD3, TBC1D5 and TBC1D15 (Y-axis) in a single tumor, 
respectively. B. Heatmap with the overall significance (p) and the Pearson 
coefficient (R) for each correlation analysis is given. The positive (red) and 
negative (blue) correlation is indicated. 
 

Finally, to address if the transformation of normal to cancerous 

tissue would be accompanied with changes in gene-to-gene 

correlations related to ANXA6, we determined the gene expression 

patterns of ANXA6 and LDLR, NPC1, RAB7A, STARD3, TBC1D5 

and TBC1D15 in 37 normal-like tissue samples from the Pawitan 
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cohort, and 8 samples from the TCGA cohort (289, 291, 306). Interestingly, in contrast to the 

negative correlation of ANXA6 and LDLR in ER-negative, ER-positive, and Her2-enriched breast 

cancer subtypes, ANXA6 levels showed a strong positive correlation with LDLR in control tissues. 

Opposite to strong negative correlations of ANXA6 and NPC1 in some ER-negative and HER2-

enriched cohorts, ANXA6 and NPC1 expression were not strongly associated in the control groups. 

Taken together, although the sample numbers in this control groups were limited, this may indicate 

that ANXA6 differentially contributes to LDLR-mediated endocytosis and NPC1-dependent LDL-

cholesterol distribution in normal vs. breast cancer tissues.  

A strong positive correlation of ANXA6 and STARD3 was found in the Pawitan cohort (306) 

with 37 samples (R=0.3, p=0.05). Although this might indicate an association of ANXA6 and 

STARD3 also in normal tissues, an opposite result was obtained from the small TCGA cohort (8 

samples). In addition, negative correlations of ANXA6 with RAB7 and TBC1D15, although not 

significant, were not apparent in the two control cohorts. Further studies will be needed to address 

the relationship of ANXA6 with STARD3 as well as the RAB7 and its regulators in non-cancerous 

settings, which might be altered by yet to be identified oncogenic events in certain breast cancer 

subtypes.  

 

3.4.6. ANXA6 interactome expression patterns in colon cancers 

In the colon, ANXA6 is expressed at lower levels compared to other tissues (203, 209) (Figure 

2.1) and in colon adenocarcinoma, ANXA6 levels were significantly reduced (Figure 2.3). 

However, reduced ANXA6 levels in these tumors did not manifest in overall patient survival, 

which was comparable to colon cancer patients with high ANXA6 expression levels (TCGA) 

(Figure 2.7A).  

We next analyzed the gene-to-gene relationship of ANXA6 with LDLR, NPC1, RAB7A, 

STARD3, TBC1D5 and TBC1D15 in seven cohorts available in CANCERTOOL (Table 3.7). 

These sample collections consisted of primary tumors, with two cohorts also providing information 

on normal adjacent and normal colon tissues (289, 313). Cohort sizes ranged from 150 – 585 

samples from predominantly Stage II-III colon cancers, which had spread up to the outer layer of 

the colon (or rectum) (Stage II) or even up to lymph nodes in the vicinity (Stage III).  

Interestingly, in six out of seven data sets from primary tumors cohorts (286, 289, 291, 313-

317), there was a trend for a negative correlation of ANXA6 and LDLR levels ranging from R=-
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0.08 to R=-0.27 (Figure 3.9). Four of these data sets also showed significance for in part strong 

correlations (Colonomics: R=-0.27, p=0.006; Laibe: R=-0.25, p=0.03; Marisa R=-0.12, p=0.001; 

TCGA: R=-0.12, p=0.01). It should be noted that similar trends for the ANXA6/LDLR gene 

relationship were also noted in the correlation analysis of all three cancer cohorts using cBioPortal 

(Table 3.2). This relationship was not apparent for ANXA6/NPC1 gene pairs, but alike trends in 

several breast cancer subtypes (Figure 3.2-3.4), low ANXA6 levels in colon cancers seem 

associated with elevated LDLR levels, which would favour increased uptake of LDL-derived 

cholesterol to promote cancer growth and progression.  

Table 3.7: Sample size comparison of seven colon cancer cohorts (286, 287, 289, 313-325). The number of samples 
from primary tumors, normal adjacent and normal tissue samples are listed and were utilized for gene correlation 
analysis in CANCERTOOL.  
 

Furthermore, in the abovementioned six cohorts (286, 287, 289, 313-325), a positive 

association of relative ANXA6 amounts with STARD3 levels was also noticeable. Moreover, in 

three of these cohorts that showed a negative correlation between ANXA6 and LDLR (see above), 

the strong positive correlation between ANXA6 and STARD3 levels was significant (Kemper: 

R=0.27, p=0.008; Marisa: R=0.22, p=3x10-8; TCGA: R=0.2, p=4x10-5). Hence, in colon cancers 

with high ANXA6 levels, elevated STARD3 levels may enhance cholesterol export from late 

endosomes/lysosomes to other organelles. This positive gene-to-gene relationship of ANXA6 with 

STARD3 was also observed in several breast cancer subtypes (Figures 3.2-3.5) and might point at 

a therapeutic potential of these gene expression patterns, as the recently developed STARD3 

Study Colonomics 
(318-325)  

Jorissen 
 (314) 

Kemper 
(315) 

Laibe  
(316) 

Marisa 
 (313)  

Roepman 
(317) 

TCGA 
(286, 287, 

289) 
Primary 
tumors 

98 290 90 130 566 188 376 

Normal 
adjacent 98       

Normal 50  16  16   

Cohort 
size 246 290 209 130 585 188 376 

Other Stage II 

Stage I-IV 
(n=44,95,93

,61) 
incl. 40 
rectum 

Stage II 
Stage II-III 
(n=73,57) 
No rectum 

Stage I-IV 
II-III >80% Stage II-III  
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inhibitor VS1, which promotes STARD3 degradation, reduced cell viability of both breast and 

colon cancer cell lines (11, 326). 
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Figure 3.9: A. Correlation of relative mRNA 
expression of ANXA6 and LDLR, NPC1, RAB7A, 
STARD3, TBC1D5 and TBC1D15 in seven colon 
cancer cohorts (see also Table 3.7). The origin of 
the seven different data sets (Colonomics, Jorissen, 
Kemper, Laibe, Marisa, Roepman, TCGA) are 
indicated (286, 287, 289, 313-325). Each data point 
represents relative mRNA expression of ANXA6 
(X-axis) and LDLR, NPC1, RAB7A, STARD3, 
TBC1D5 and TBC1D15 (Y-axis) in a single tumor, 
respectively. B. Heatmap with the overall 
significance (p) and the Pearson coefficient (R) 
for each correlation analysis is given. The positive 
(red) and negative (blue) correlation is indicated. 

 

  

Remarkably, alike the majority of colon 

cancer data sets (Figure 3.9), there was a 

strong negative correlation of ANXA6 and LDLR levels in normal adjacent (Colonomics: R=-

0.39, p=6x10-5) and one cohort with control tissue samples (Marisa: R=-0.36, p=0.12) (Figure 

3.10). Furthermore, a negative relationship was apparent for ANXA6 in combination with NPC1, 

RAB7A and STARD3, several of those showing strong and significant associations (e.g. for NPC1 

in Colonomics R=-0.24, p=0.01; RAB7 in Colonomics: R=-0.48, p=3.7x10-7; Marisa: R=-0.61, 

p=0.005; for STARD3 in Colonomics: R=-0.32,p=0.001 in both normal adjacent and normal) 

(Figure 3.10). Hence, low ANXA6 levels in colon may be associated with high LDLR and NPC1 

levels, but also RAB7 and STARD3 levels. Together with low TBC1D5 and TBC1D15 levels, this 

could facilitate very effective LDL-cholesterol uptake and distribution in normal colon tissue. 

Overall, the negative (LDLR, NPC1, RAB7A, STARD3) and positive (TBC1D5, TBC1D15) 

associations of ANXA6 with these genes appeared stronger in normal adjacent and normal tissue 

samples, indicating that transformation might be associated with the loss of these strong gene 

relationships in colon cancer tissue.  

While several reports found blood lipids, including cholesterol, not to be associated with the 

risk of colon or rectal cancer (327, 328), a recent study identified that pharmacological inhibition 

of proprotein convertase subtilisin/kexin type 9 (PCSK9), which effectively lowers plasma LDL-

cholesterol levels, to modestly reduce tumor growth, and improve lifespan and survival in a mouse 

model of colon adenocarcinoma (329). The underlying mechanism have yet to be determined. 
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PCSK9 inhibition leads to increased LDLR expression and LDL-cholesterol uptake and in vivo, 

this enables the liver to effectively clear the plasma from LDL lipoproteins. 

  
Figure 3.10: A. Correlation of relative mRNA expression of 
ANXA6 and LDLR, NPC1, RAB7A, STARD3, TBC1D5 and 
TBC1D15 in normal-adjacent and normal tissues from colon 
cancer cohorts (see also Table 3.7). The origin of the two 
different data sets (Colonomics, Marisa) are indicated (313, 318-
325). Each data point represents relative mRNA expression of 
ANXA6 (X-axis) and LDLR, NPC1, RAB7A, STARD3, 
TBC1D5 and TBC1D15 (Y-axis) in a single tumor, respectively. 
B. Heatmap with the overall significance (p) and the Pearson 
coefficient (R) for each correlation analysis is given. The 
positive (red) and negative (blue) correlation is indicated.  
 
 
     Hence, one can envisage this to reduce availability 

of LDL-cholesterol for cancer cells in other tissues, 

which might contribute to the anti-tumor effects in 

studies utilizing PCSK9 inhibitors (330). 
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3.4.7. ANXA6 interactome expression patterns in prostate cancers 

Decreased ANXA6 levels in prostate carcinoma (Figure 2.3) and during progression from 

localized to metastatic stages (Fig. 2.4). Although this did not correlate with reduced ANXA6 

levels affecting overall survival (Figure 2.7), this could indicate improved cholesterol handling in 

advanced prostate cancers. In partial support of this, the gene correlation analysis using cBioportal 

(3.3.1.4.) showed a trend towards negative association of ANXA6 with LDLR. Yet, STARD3 and 

TBC1D5 levels positively correlated with ANXA6 levels.  

Table 3.8: The number of samples from primary tumors, normal adjacent, normal tissue samples, benign and 
metastatic tumors of seven prostate cancer cohorts  (247, 248, 291, 302, 331-333). are listed and were utilized for 
gene correlation analysis in CANCERTOOL.  
 

The correlation of ANXA6 and its interactome expression patterns again showed a trend 

towards a negative association of ANXA6 with LDLR in 4 from 6 primary prostate tumour sample 

collections. The Taylor cohort with 37 primary tumors displayed a strong positive association of 

ANXA6 with LDLR, NPC1, RAB7 and TBC1D5, all of which significant (p=0.0007, 1.2x10-8, 

1.7x10-7, 0.0005, respectively), a relationship that was not evident in such a prominent manner in 

any of the other cohorts. Only the Glinsky cohort (331)  showed a significant association of 

ANXA6 with NPC1 (p=0.0009). In contrast, a significant negative association of ANXA6 with 

RAB7 (p=0.01) was observed in the Glinsky cohort (331), and similar trends, although not 

significant, were also seen in 3 other cohorts. TBC1D5 was positively associated with ANXA6 in 

3 cohorts, 5 out of 6 cohorts showed a negative association between ANXA6 and TBC1D15, which 

was significant in the Glinksy cohort (p=0.01) (331), but not observed in cBioportal (3.3.1.4.).  

Study 
Tomlins 

(247)  
Grasso 
(248)  

Taylor  
(302) 

Glinsky 
(331)  

Lapointe 
(332) 

Varambally 
(333)  

TCGA  
(291)  

Primary 
tumors 32 49 131  13 7 497 

Metastatic 20 27 19  4 6  

Normal, 
normal 

adjacent, 
benign 

23 12 29  9 6  

Cohort 
size 104 88 183 79 26 19 497 

Other 29  4 

37 
Recurrent 

and 42 
non-

recurrent 
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Figure 3.11: A. Correlation of relative mRNA expression of ANXA6 and LDLR, NPC1, RAB7A, STARD3, 
TBC1D5 and TBC1D15 in primary prostate cancer cohorts. The origins of the different data sets are indicated 
(247, 248, 291, 302, 331-333). Each data point represents relative mRNA expression of ANXA6 (X-axis) and LDLR, 
NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 (Y-axis) in a single tumor, respectively. B. Heatmap showing 
the overall significance (p) and the Pearson coefficient (R) for each correlation analysis. The positive (red) and 
negative (blue) correlation is indicated. 
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Furthermore, and in contrast to 

the cBioportal correlation analysis, 

all cohorts revealed trends towards 

or strong positive association 

between ANXA6 and STARD3. 
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Figure 3.12: A. Correlation of relative mRNA expression of 
ANXA6 and LDLR, NPC1, RAB7A, STARD3, TBC1D5 and 
TBC1D15 in metastatic prostate cancer cohorts. The origin of the 
different data sets is indicated (247, 248, 302, 333). Each data point 
represents relative mRNA expression of ANXA6 (X-axis) and 
LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 (Y-
axis) in a single tumor, respectively. B. Heatmap showing the 
overall significance (p) and the Pearson coefficient (R) for each 
correlation analysis is given. The positive (red) and negative (blue) 
correlation is indicated. 
 

When performing the correlation analysis of 

ANXA6 with its interactome in metastatic prostate 

cancers, similar relationships were observed. The Grasso 

cohort (248) revealed a positive, but not significant 

association of ANXA6 with RAB7A and TBC1D15. 

Alike primary tumors, the Taylor cohort (302) showed 

positive, in part significant associations of ANXA6 with 
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LDLR, NPC1, RAB7A (p=0.04), TBC1D5 and TBC1D15. The Tomlins sample collection (247) 

for metastatic tumors also revealed positive and negative associations of ANXA6  with NPC1 and 

STARD3, respectively. Overall, only the correlation of ANXA6 with STARD3 showed similar 

trends over 3 different cohorts in metastatic prostate cancers, an observation that was also observed 

for 5 out 6 primary prostate cancer sample collections. When analyzing all tumor samples (primary 

+ metastatic), the correlation analysis in the Taylor cohort (302) of LDLR, NPC1, RAB7A and 

TBC1D5 remained significantly associated with ANXA6 (p=7.4x10-8, 5.4x10-7, 0.4x10-8, 

0.0008, respectively). Similar trends for NPC1, LDLR and TBC1D5 were observed in 2-3 other 

cohorts. 4 cohorts remained to display trends towards a negative association of ANXA6 with 

STARD3, an observation that was significant in the Grasso cohort (p=0.01) and similar to the 

trends seen in primary and metastatic cohorts (Figure 3.11-3.12). 3 of the 6 cohorts showed a 

negative and in part significant association of ANXA6 with TBC1D15 (p=0.01, 3.73x10-13 for 

Glinsky and TCGA cohorts, respectively). This was similar to the correlation data sets obtained 

from primary, but only to a minor extent to the metastatic sample collections. Interestingly, 

ANXA6 levels were negatively associated with LDLR in all cohorts with normal prostate tissues 

(Figure 3.14), which might indicate a change in gene relationships when transformation in prostate 

tissue occurs. Overall, even though gene correlations differed within cohorts, each cohort appeared 

to display patterns of gene pair correlations for ANXA6 and its interaction partners that were 

similar in primary, metastatic and all tumors. 
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Figure 3.13: A. Correlation of relative mRNA expression of ANXA6 and LDLR, NPC1, RAB7A, STARD3, 
TBC1D5 and TBC1D15 in cohorts for all prostate tumors. The origins of the different data sets (247, 248, 291, 
302, 331-333) are indicated. Each data point represents relative mRNA expression of ANXA6 (X-axis) and LDLR, 
NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 (Y-axis) in a single tumor, respectively. B. Heatmap showing 
the overall significance (p) and the Pearson coefficient (R) for each correlation analysis is given. The positive 
(red) and negative (blue) correlation is indicated. 
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Figure 3.14: A. Correlation of relative mRNA expression of 
ANXA6 and LDLR, NPC1, RAB7A, STARD3, TBC1D5 and 
TBC1D15 cohorts of normal prostate tissue samples. The origins of 
the different data sets are indicated (247, 248, 302, 333). Each data 
point represents relative mRNA expression of ANXA6 (X-axis) and 
LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 (Y-axis) 
in a single tumor, respectively. B. Heatmap showing the overall 
significance (p) and the Pearson coefficient (R) for each correlation 
analysis. The positive (red) and negative (blue) correlation is 
indicated. 
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3.5. Discussion 

3.5.1. ANXA6 and late endosomal/lysosomal cholesterol transporters expression profiles in cancer 

3.5.1.1. The association of ANXA6 and LDLR expression patterns 

As outlined in Chapter 1.1.4., upregulated LDLR-mediated endocytosis is common in many 

cancer cells, driving oncogenic behaviour and adaptations to utilize LDL-derived cholesterol for 

tumor growth and progression and chemoresistance (2, 92, 93, 97, 101). Yet, for efficient cellular 

distribution of LDL-derived cholesterol from LE/Lys, a plethora of proteins that coordinate 

lysosomal targeting of LDL and subsequent LDL-cholesterol export from LE/Lys is required. This 

includes the gatekeeper function of ANXA6, and previous research from Grewal and coworkers 

identified ANXA6 depletion to improve delivery of LDL-cholesterol from LE/Lys to the plasma 

membrane and lipid droplets (see Chapter 2.1.). On the other hand, high ANXA6 expression levels 

led to an NPC1-mutant-like phenotype and an accumulation of LDL-derived cholesterol in 

LE/Lys, reducing migratory and invasive behaviour of cancer cells (55, 68, 82, 83, 202).  

In this chapter, we therefore aimed to investigate if cholesterol-sensitive cancers display a 

coordinated expression of ANXA6 and LDLR, which might indicate a functional significance for 

cancer growth and progression in breast, prostate, colon, pancreatic and liver cancers. 

 

Table 3.9: Up- (⇑) or downregulated (⇓) LDLR and ANXA6 expression levels and association with tumor 
growth, metastatic behaviour, prognosis, and drug resistance in breast, prostate, colon, pancreatic and liver 
cancers (see Chapters 1.1.4. and 2.1. for further details). The overall trends (and number of cohorts) in ANXA6/LDLR 
gene pair association studies using expression data from cBioportal and CANCERTOOL are given. Abbreviations: 
TNBC, triple-negative breast cancer; ER, estrogen receptor; Her2, human epidermal growth factor receptor 2 (Erbb2); 
N.A., not available. 

 

LDLR Levels 

Tumor 
growth and 
metastatic 
behaviour 

Prognosis Drug 
resistance 

ANXA6 
levels 

ANXA6/LDLR  
cBioportal 

ANXA6/LDLR  
(Cancertool) 

Breast ⇑ ⇑ ⇓ ⇑ 
⇓ (TNBC, 
ER-neg.) 

Positive (2/4) 
(Her2+, ER+) 

Negative: 5/5 (ER-), 
3/4 (ER+),  
3/3 (Her2+)  

Prostate  ⇑ ⇓  ⇓ (local-
advanced) 

Negative (5/8)  Negative (2/4) 
metastatic 

Colon ⇑ ⇑   ⇓ Negative (3/3)  Negative (6/7) 

Pancreas ⇑ ⇑ ⇓ ⇑ ⇑ Negative (2/2)  N.A. 

Liver ⇑    ⇓ Positive (1/1)  N.A. 
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LDLR upregulation and enhanced LDL uptake has been reported for breast cancer (106, 107), 

colorectal carcinoma (69, 111), hepatocellular carcinoma (HCC) (108), and PDAC (104, 105), 

which correlates with increased aggressiveness, poor prognosis and development of drug 

resistance as summarized in Table 3.9 for breast, prostate, colon and pancreatic cancers, 

respectively (for details see Chapter 1.1.4.). 

ANXA6 downregulation and potential tumor suppressor function has been described in TNBC 

overexpressing EGFR and ER-negative breast cancer cell lines (73, 74, 201, 204, 231), 

hepatocellular carcinomas (233), and during prostate cancer progression (Figure 2.4). On the other 

hand, elevated ANXA6 levels were reported in pancreatic cancer (221, 222). 

Gene correlation analysis using cBioportal found a positive correlation between ANXA6 and 

LDLR levels in Her2+ and ER-positive cancers (2/4), both breast cancer subtypes that up to date 

have not yet been linked with de-regulated LDL uptake or ANXA6 cancer-related functions.  

Likewise, trends towards negative and positive correlation of the ANXA6/LDLR gene pair in 

pancreas and liver, respectively, did not support published findings of ANXA6 expression in these 

cancers (221, 222, 233). Yet, a negative correlation between ANXA6 and LDLR in prostate (5/8) 

and colon (3/3) cancer cohorts was observed, which matches proposed ANXA6 tumor suppressor 

functions in these cancers.  

Strikingly, gene correlation analysis using CANCERTOOL found trends for negative 

correlations between ANXA6 and LDLR levels in ER-negative cancers (5/5), metastatic prostate 

cancers (2/4) and colon cancers (6/7). These findings support published reports on either the 

downregulation of ANXA6 or the upregulated LDLR levels in these cancers. Hence, this gene pair 

expression pattern could support a cancer-promoting model of increased LDL uptake being 

accompanied by an efficient distribution of LDL-cholesterol from LE/Lys via NPC1-dependent 

and NPC1-independent (and ANXA6-regulated) routes to other cellular organelles. 

 

3.5.1.2. The association of ANXA6 and NPC1 expression patterns 

Elevated NPC1 levels were found in metastatic ER-negative breast cancer cells and were 

associated with poor prognosis (165). Although NPC1 upregulation correlates with increased 

cancer risk, poor prognosis, and drug resistance in several cancers (see Chapter 1.4.2 for details), 

reports on NPC1 expression levels in prostate, colon and pancreatic cancers and their potential 

impact on aggressiveness, survival and treatment outcome are still limited. Yet, pharmacological 
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inhibition of NPC1 has been proposed as a therapeutic target in prostate and pancreatic cancers 

(175, 176, 178). On the other hand, cholesterol accumulation in LE/Lys during acute or chronic 

liver dysfunction increases the risk of fibrosis and cirrhosis, which can lead to the development of 

HCC (171). Furthermore, elevated NPC1 levels may support drug efflux and undermine 

chemotherapies (168, 169).  

While ANXA6 depletion could overcome NPC1 deficiency to restore cholesterol export from 

LE/Lys, ANXA6 overexpression caused cholesterol accumulation in LE/Lys, even in cells 

expressing NPC1, indicating that elevated ANXA6 interfere with NPC1-dependent cholesterol 

transport even in normal cells (55, 68, 82, 83, 202). 

Strikingly, in TNBC and ER-negative breast cancers, NPC1 upregulation and associated poorer 

prognosis and possible drug resistance as well as reduced ANXA6 expression has been reported. 

These observations from independent studies are supported by the negative correlation of ANXA6 

and NPC1 in 2/4 breast cancer cohorts analyzed in cBioportal, and 4/4 (ER-), 3/4 (ER+) and 3/3 

(Her2+) cohorts examined using CANCERTOOL. On the other hand, both cBioportal and 

CANCERTOOL identified positive ANXA6/NPC1 gene pair associations mainly in Her2+ and 

ER-positive breast cancers, an observation that was also made for the ANXA6/LDLR gene pair 

(see 3.4.1.1.). Nevertheless, a substantial number of expression data from various breast cancer 

cohorts suggest that the combination of high NPC1 and low ANXA6 levels promote an efficient 

cellular distribution of incoming LDL-cholesterol to promote breast cancer growth and 

progression, leading to poorer prognosis and treatment response.  
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Table 3.10: Up- (⇑) or downregulated (⇓) NPC1 and ANXA6 expression levels and association with prognosis, 
drug target potential and drug resistance in breast, prostate, colon, pancreatic and liver cancers (see Chapters 
1.4.2. and 2.1. for further details). The overall trends (and number of cohorts) in ANXA6/NPC1 gene pair association 
studies using expression data from cBioportal and CANCERTOOL are given. Abbreviations: TNBC, triple-negative 
breast cancer; ER, estrogen receptor; Her2, human epidermal growth factor receptor 2 (Erbb2); N.A., not available. 
 

 Both cBioportal and CANCERTOOL identified several prostate cancer cohorts with positive 

ANXA6/NPC1 gene pair associations, indicating high ANXA6 together with high NPC1 levels to 

provide cancer cells with growth and progression advantages. This trend was also observed in 

metastatic prostate cancer cohorts using CANCERTOOL, although expression analysis of primary 

and metastatic prostate cancers indicated downregulation of ANXA6 during prostate cancer 

progression (Figure 2.4).  

 

Negative association of ANXA6 with NPC1 using cBioportal in all colon, pancreatic and liver 

cohorts could indicate an effective distribution of internalized LDL-cholesterol in these cancers, 

although this was not supported by the trend of a positive association of the ANXA6/NPC1 gene 

pair in 5/7 colon cancer cohorts using CANCERTOOL. Yet, alike observation made for the 

ANXA6/LDLR pair, a trend towards a negative association of ANXA6 and NPC1 was observed 

in many cohorts, indicating that many cancers may develop gene-regulatory or post-translational 

strategies to downregulate ANXA6 levels in order to ensure efficient LDL uptake and its 

subsequent distribution to other organelles. 

 

 

 

NPC1 Levels Prognosis  Drug 
target 

Drug 
resistance 

ANXA6 
levels 

ANXA6/NPC1  
cBioportal 

ANXA6/NPC1  
(Cancertool) 

Breast ⇑ ⇓  ⇑? 
⇓ (TNBC, 
ER-neg.) 

Negative (2/4) 
Positive (2/4; Her2+, 

ER-positive) 

Negative: 4/4 (ER-), 
3/4 (ER+),  

3/3 (Her2+), 3/3 
(basal),  

Positive: 2/3 (luminal) 

Prostate   Yes  ⇓ (local-
advanced) 

Positive (4/8)  Positive: 5/6 (primary), 
3/4 (metastatic)  

Colon     ⇓ Negative (3/3)  Positive (5/7) 

Pancreas   Yes  ⇑ Negative (2/2)  N.A. 

Liver  ⇓?   ⇓ Negative (1/1)  N.A. 
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3.5.1.3. The association of ANXA6 and RAB7 expression patterns 

Tumorigenic and anti-tumorigenic activities related to RAB7 influence cell growth and 

motility (334, 335). Elevated RAB7 was reported in ovarian, thyroid, and peritoneal serous 

carcinoma (336, 337). In mice lacking lysosomal lipase, metabolic reprogramming led to RAB7-

dependent endothelial tumor growth and metastasis (338). RAB7 has also been linked to oncogenic 

signal transduction induced by lipids, mTORC1 or Rac1 GTPase and associated with migration, 

and anti-apoptotic signaling in lung and breast cancer (338-341). Vice versa, migration and 

invasion of cervical and fibrosarcoma cell lines was blocked by a dominant-negative RAB7 mutant 

(342).  

 

Table 3.11: Roles of RAB7 in the various cancer types. Adapted from (11). 
 

Yet, RAB7 deficiency promoted metastatic properties in prostate cancer and glioblastoma 

(170, 347), supported oncogenic EGFR activity and cancer progression in thyroid cancers (344) 

and A549 lung cancer xenografts (343). RAB7 downregulation correlated with cisplatin resistance 

in cervical cancer cell lines (266). Hence, tumor promoter and suppressor roles for RAB7 in 

different cancers exist, and some cancers display changes in RAB7 levels during progression (346) 

and inflammation (345).  

 

 

 

 

 

 

RAB7 and tumor outcomes Cancer types 

Tumor promoter 
A431 squamous carcinoma (56, 341), lung cancer (340), breast cancer 
(341), cervical carcinoma (342), ovarian cancer (337), peritoneal serous 
carcinoma (337), thyroid cancer (336) 

Tumor suppressor A549 lung cancer (343), glioblastoma (170), thyroid cancer (344) 

Oncojanus inflammatory breast cancer (345), melanoma (346) 

Chemoresistance Cisplatin: cervical cancer (266) 
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Table 3.12: Up- (⇑) or downregulated (⇓) RAB7 and ANXA6 expression levels in breast, prostate, colon, 
pancreatic and liver cancers. RAB7 expression levels and association with prognosis, drug target potential and drug 
resistance in breast, prostate, colon, pancreas, and liver cancers are lacking. Based on anticancer activity of RAB7 
inhibition in other models (see text for details), RAB7 might have potential as a drug target in breast cancer. The 
overall trends (and number of cohorts) in ANXA6/RAB7 gene pair association studies using expression data from 
cBioportal and CANCERTOOL are given. Abbreviations: TNBC, triple-negative breast cancer; ER, estrogen receptor; 
Her2, human epidermal growth factor receptor 2 (Erbb2); N.A., not available. 

 
Alike the prominent negative association of ANXA6 with LDLR and NPC1 in many ER-

negative cohorts (Tables 3.9 and 3.10), ANXA6/RAB7 gene pairs showed a trend towards negative 

association in 2/4 (cBioportal) breast cancer cohorts and 3/4 ER-negative breast cancer groups 

(CANCERTOOL). This correlates with RAB7 overexpression (338-341) and ANXA6 

downregulation observed in TNBC and ER-negative breast cancers in other studies (73, 74, 201, 

204, 231). Taken together, this supports a scenario in ER-negative and TNBC breast cancers of 

low ANXA6 levels ensuring upregulated LDL-uptake and distribution due to high LDLR, NPC1 

and RAB7 expression levels. On the other hand, trends towards positive associations of ANXA6 

with RAB7 in a large number of prostate, colon, pancreas and liver cohorts from cBioportal and 

CANCERTOOL was observed. In prostate, colon, and liver, where low ANXA6 has been reported, 

this might reflect tumor suppressor activities of RAB7. However, it remains to be determined if 

the association of ANXA6/RAB7 gene pairs in these cancer types reflects alterations in cholesterol 

homeostasis. 
 

 

 

 

RAB7 Levels Prognosis  Drug 
target 

Drug 
resistance 

ANXA6 
levels 

ANXA6/RAB7  
cBioportal 

ANXA6/RAB7  
(Cancertool) 

Breast ⇑  Yes?  ⇓ (TNBC, 
ER-neg.) 

Negative (2/4) 
Positive (2/4; Her2+, 

ER-positive) 

Negative: 3/4 (ER-), 
Positive: 3/4 (ER+),  

2/3 (Her2+), 2/3 
(basal), 2/3 (luminal) 

Prostate     ⇓ (local-
advanced) 

Positive (6/8)  
Negative: 2/6 

(primary), Positive: 2/4 
(metastatic)  

Colon     ⇓ Positive (2/3)  Positive (5/7) 

Pancreas     ⇑ Positive (2/2)  N.A. 

Liver     ⇓ Positive (1/1)  N.A. 
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3.5.1.4. The association of ANXA6 and STARD3 expression patterns 

The STARD3 gene is located on chromosome 17 within 50 kilobases from the Her2 (Erbb2) 

locus [164] and in many breast carcinomas (~25%), STARD3 and Her2 are co-amplified and 

highly expressed (311, 348-352). This correlates with lower drug efficacy (trastuzumab) (350, 353, 

354) and poor overall survival, disease metastasis-free survival and relapse-free survival in Her2-

positive breast cancer (311, 312, 350). However, highlighting the differential contribution of this 

cholesterol transporter to breast cancer progression, in ER-positive and TNBC’s low STARD3 

levels are common and associated with poor prognosis and reduced overall survival (350). These 

opposite findings within breast cancer subtypes might reflect different roles for STARD3 in the 

direction of cholesterol transfer to and from LE/Lys (see also Chapter 1.1.3.2.). Elevated 

STARD3-mediated delivery of cholesterol to mitochondria has been proposed to contribute to 

intratumoral steroid production in estrogen-responsive tumors, promoting breast cancer cell 

migration and invasion (312, 355-357). In Her2-positive breast cancer, STARD3 deficiency 

decreased tumor cell propagation (358, 359). Alternatively, STARD3 might contribute to tumor 

growth and migratory/invasive behaviour via delivering cholesterol from LE/Lys to focal 

adhesions and lipid droplets, in particular in cells that express low levels of ANXA6 (55, 56). 

Table 3.13: Roles of STARD3 in various cancers. Adapted from (11).  
 

Elevated STARD3 has also been documented in ovarian cancer (362). Alike some breast 

carcinoma, STARD3 was co-amplified with Her2 in gastric cancer (360, 361), correlated with poor 

prognosis (360) and was proposed to stimulate cholesterol transfer to mitochondria for improved 

mitochondrial homeostasis, steroidogenesis and cancer cell survival (361), (365). In >20% primary 

human gastric cancers, fusion of the STARD3 gene with protein phosphatase 1 regulatory inhibitor 

subunit 1B has been considered to promote signal transduction pathways that promote cell 

proliferation (366). Furthermore, elevated STARD3 was associated with increased risk of 

STARD3 expression and 
cancer  Cancer types 

Tumor risk breast cancer (350), gastric cancer (360, 361), ovarian cancer (362)  

Prognosis breast cancer (312), ER-positive and triple-negative breast cancer (350), 
gastric cancer (360), prostate cancer (363)  

Chemotherapy response breast cancer (312, 364) 

Therapeutic target compound VS1: breast and colon cancer (326) 
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pancreatic cancer (367) and short relapse-free time in prostate cancer (363). These many studies 

linking STARD3 upregulation with cancer progression and poor outcome prompted efforts to 

develop STARD3 inhibitor VS1, which induced STARD3 degradation and reduced cell viability 

of breast and colon cancer cell lines (326). In addition, lapatinib treatment in STARD3-depleted 

breast cancer cells promoted apoptotic events to reduce survival and proliferation (359). 

Table 3.14: Up- (⇑) or downregulated (⇓) STARD3 and ANXA6 expression levels and association with poor 
prognosis, and drug efficacy in breast, prostate, colon, pancreatic and liver cancers. VS1 might have therapeutic 
potential in breast and colon cancers with high STARD3 levels. The overall trends (and number of cohorts) in 
ANXA6/STARD3 gene pair association studies using expression data from cBioportal and CANCERTOOL are given. 
Abbreviations: TNBC, triple-negative breast cancer; ER, estrogen receptor; Her2, human epidermal growth factor 
receptor 2 (Erbb2); N.A., not available. 
 

STARD3 facilitated cholesterol transfer from LE/Lys to the ER in ANXA6-depleted NPC1 

mutant cells, followed by ACAT-dependent cholesterol esterification and cholesteryl ester storage 

in lipid droplets (55). siRNA-mediated STARD3 knockdown led to the loss of this NPC1-

independent cholesterol transport route in ANXA6-depleted NPC1 mutant cells. Hence, in this 

NPC1 mutant cell model, an increased involvement of STARD3 in cholesterol export from LE/Lys 

to the ER was only observed in the absence of ANXA6. These observations would implicate low 

ANXA6 levels to promote the involvement of STARD3 in cholesterol distribution in cells. On the 

other hand, high ANXA6 levels would probably restrict the involvement of STARD3 in cholesterol 

STARD
3 

Levels Prognosis  
Drug 

efficacy 
Drug 
target 

ANXA6 
levels 

ANXA6/STARD3  
cBioportal 

ANXA6/STARD3  
(Cancertool) 

Breast 
(Her2+) ⇑ ⇓ 

⇓  
(trastuz-
umab) 

VS1  
Positive (4/4; 2/4: 

Her2+) 

Strong Positive: 2/3 
(Her2+),  

p=0.01, 0.004 

Breast 
(TNBC, 
ER+)  

⇓ ⇓   ⇓ (TNBC, 
ER-neg.) 

Positive (4/4; 2/4 
ER-+)  

Positive: 2/4 (ER+)  
Positive: 3/4 (ER-), 
Positive: 3/3 (basal) 

Positive: 3/3 
(luminal) 

Negative: 2/4 (ER+) 

Prostate ⇑ ⇓   ⇓ (local-
advanced) 

Positive (8/8)  
Positive: 6/6 primary 

3/4 (metastatic) 

Colon    VS1 ⇓ Positive (3/3)  Positive (5/6) 

Pancreas ⇑    ⇑ Positive (2/2)  N.A. 

Liver     ⇓ Positive (1/1)  N.A. 
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transfer from the LE/Lys compartment to the ER. Strikingly, the gene correlation of the 

ANXA6/STARD3 gene pair in cBioportal revealed a positive correlation in all cancer cohorts, 

including breast, prostate, colon, pancreas, and liver (Table 3.14). Likewise, the majority of cancer 

cohorts analyzed with CANCERTOOL revealed a positive association of ANXA6 and STARD3.    

This may indicate that the expression of these genes is coordinated and that ANXA6 might 

indeed be a gatekeeper that controls the involvement of STARD3-mediated cholesterol transfer 

from LE/Lys to the ER. For example, both low ANXA6 and low STARD3 levels have been 

reported in TNBC, and in both cases, been associated with poor prognosis and reduced overall 

survival (71, 76, 350). It is tempting to speculate that ANXA6 might regulate the cholesterol 

transfer directions mediated by STARD3. In NPC1 mutant cells, cholesterol accumulation in 

LE/Lys triggers transfer of increased amounts of cholesterol into mitochondria (368). Cholesterol 

accumulation in LE/Lys also occurs in cells expressing high ANXA6 levels (83). This could 

promote STARD3-mediated delivery of cholesterol to mitochondria for energy and steroid 

production in estrogen-responsive breast tumors (312, 355-357), but also androgen-responsive 

prostate cancers. 

 

3.5.1.5. The association of ANXA6 and TBC1D15 expression patterns 

Rab effectors, in particular Rab guanine nucleotide exchange factors (Rab-GEFs) and Rab-

GTPase activating proteins (Rab-GAPs) are critical regulators of Rab activity, balancing the 

amount of active (GTP-bound) and inactive (GDP-bound) Rab-GTPases. Three members of the 

Tre2-Bub2-Cdc16 (TBC) domain-containing family of Rab-GAPs (Armus, TBC1D5, TBC1D15) 

promote RAB7 inactivation (369). However, little is yet known about the contribution of RAB7-

GAPs in cancer. Out of the three RAB7-GAPs, Armus has been reported to promote E-cadherin 

degradation, which controls cell-cell adhesion, a critical feature that when de-regulated, 

contributes to epithelial tumorigenesis (370). In addition, many tumors overexpress the miRNA-

17-92 cluster (also called oncomir-1), which also targets Armus and thereby affects RAB7-

dependent endocytic trafficking (371). Armus is also overexpressed in some breast and colon cells, 

connecting RAB7-dependent autophagy with cell plasticity and oncogenesis.  

Reports linking TB1D5 or TBC1D15 with cancer growth and progression are still lacking. In 

pulldown assays, ANXA6 interacted with TBC1D15 (55) and TBC1D5 (Grewal and Enrich, 

unpublished), but not Armus. Also, only TBC1D15, but not TBC1D5 or Armus, translocated to 
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LE/Lys upon ANXA6 overexpression (55). The functional relevance of ANXA6/TBC1D5 protein-

protein interaction has still to be clarified. Yet, the ANXA6-mediated recruitment of TBC1D15 to 

LE/Lys, promoting LDL-cholesterol delivery from LE/Lys to focal adhesions and lipid droplets, 

could be relevant for metastatic behaviour of cancer cells (11). Hence, the proposed roles for RAB7 

as a tumor promoter and suppressor  (334-342) could be influenced by TBC1D15 and the other 

two RAB7-specific GAPs.  

Table 3.15: Up- (⇑) or downregulated (⇓) ANXA6 expression levels and association with poor prognosis in 
breast, prostate, colon, pancreatic and liver cancers. The overall trends (and number of cohorts) in 
ANXA6/TBC1D5 and ANXA6/TBC1D15 gene pair association studies using expression data from cBioPortal and 
CANCERTOOL are given. Abbreviations: TNBC, triple-negative breast cancer; ER, estrogen receptor; Her2, human 
epidermal growth factor receptor 2 (Erbb2); N.A., not available. 
 

The gene correlation of the ANXA6/TBC1D5 gene pair in cBioPortal showed a (sometimes 

weak) positive correlation in breast, prostate, colon, pancreas, and liver cancers (Table 3.15). 

Interestingly, a negative correlation between ANXA6 and TBC1D5 was found in 2/4 metastatic 

prostate cancer cohorts, Similarly, the ANXA6/TBC1D15 gene pair showed negative association 

in 6/8 cohorts in cBioPortal, and in 4/6 and 2/4 primary and metastatic prostate cancer cohorts, 

respectively.  Likewise, in 3/4 ER-negative cancer cohorts, as well as Her2+ (2/3) and luminal 

(2/3) cancers, ANXA6 was negatively associated with TBC1D15. Hence, low ANXA6 levels may 

TBCs 
ANXA6 

levels Prognosis 
ANXA6/ 
TBC1D5 
cBioportal 

ANXA6/ 
TBC1D5 

Cancertool 

ANXA6/ 
TBC1D15 
cBioportal 

ANXA6/ 
TBC1D15 
Cancertool 

Breast ⇓ (TNBC, 
ER-neg.) 

⇓ 
Positive 

(2/4, ER+) 

Positive (2/4 ER-
, 2/3 Her2+, 3/3 

basal) 
 

Positive 4/4 

Positive (2/4 ER-) 
Negative (3/4 ER-, 

2/3 Her2+, 2/3 
luminal, 2/2 

normal) 

Prostate ⇓ (local-
advanced) 

⇓ 

Positive (5/8 
primary, 2/4 
metastatic) 
Negative 

(2/4 
metastatic) 

Positive (3/6) 
Negative (3/6) 

Negative (6/8) 

Positive (2/4 
metastatic)  

Negative (4/6 
primary, 2/4 
metastatic) 

Colon ⇓  Positive 
(3/3) 

Positive (5/7 
primary, 3/3 

normal, adjacent) 
[Negative (2/3)] 

Negative (5/7) 
Positive (2/3 

normal, adjacent) 

Pancreas ⇑  Positive 
(2/2) N.A. [Positive (2/2)] N.A. 

Liver ⇓  [Positive 
(1/1)] N.A. [Positive (1/1)] N.A. 
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not accommodate for an effective recruitment of highly expressed TBC1D5 and TBC1D15 

proteins to downregulate RAB7 activity. Future experiments in prostate and breast cancer cell 

models determining TBC1D5 and TBC1D15 membrane association and RAB7 activity may 

clarify if ANXA6/TBC1D5 and ANXA6/TBC1D15 gene association studies reflect RAB7-

dependent biological activities relevant for cancer cell growth and motility.  
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Chapter 4 

Expression patterns of the endo-lysosomal ANXA6 interactome and 

overall patient survival in different cancers 
 

4.1. Introduction 

As described in Chapter 3, gene networks determine biological outcome, and the coordinated 

expression of genes have functional significance for cancer growth and progression (253, 283, 

284, 372). In support of this concept, the analysis of ANXA6 expression patterns in combination 

with interaction partners of the ANXA6 interactome (LDLR, NPC1, RAB7, STARD3, TBC1D15, 

TBC1D5) identified several gene pair correlations that could reflect ANXA6 to modulate cellular 

distribution of LDL-cholesterol, thereby contributing to cancer aggressiveness, progression, and 

treatment outcome. 

Indeed, some observations support a tumor suppressor function for ANXA6 that is related to 

increased LDL uptake and LDL-cholesterol distribution. For instance, gene correlation analysis 

using CANCERTOOL found trends for negative correlations between ANXA6 and LDLR levels 

in ER-negative cancers (5/5 cohorts), metastatic prostate cancers (2/4) and colon cancers (6/7). In 

this scenario, elevated LDLR would enable increased LDL uptake, and low ANXA6 levels would 

ensure efficient distribution of LDL-cholesterol from LE/Lys to other cellular organelles (see 

Chapter 3.3.2.). 

Likewise, a negative association of ANXA6 with NPC1 using cBioportal in all colon, 

pancreatic and liver cohorts could indicate an effective distribution of internalized LDL-

cholesterol in these cancers, and in CANCERTOOL a trend towards a negative association of 

ANXA6 and NPC1 was observed in many cohorts, indicating cancers to downregulate ANXA6 

levels in order to allow for effective cellular distribution of LDL-cholesterol. 

Interestingly, in line with a scenario in ER-negative and TNBC breast cancers of low ANXA6 

levels ensuring upregulated LDL uptake and LDL-cholesterol distribution due to high LDLR and 

NPC1 expression levels, ANXA6/RAB7 gene pairs also showed trends towards a negative 

association in breast cancer, including ER-negative breast cancer cohorts analyzed in cBioportal 

and CANCERTOOL (Chapter 3.3.2.). This is an attractive hypothesis, and findings related to the 
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ANXA6/RAB7 gene pair could indicate increased activity of NPC1-dependent as well as -

independent cholesterol export routes from LE/Lys. In addition, the gene pair analysis of ANXA6 

and TBC1D15 or TBC1D5 did not reveal strong positive correlations indicative of cancers 

downregulating ANXA6-mediated recruitment of TBCs to increase potentially oncogenic RAB7 

activity (Chapter 3.3.2).  

Yet, the ANXA6/STARD3 gene pair often showed a positive correlation in all cancer cohorts, 

including breast, prostate, colon, pancreas, and liver in cBioportal and CANCERTOOL (Table 

3.14), which may indicate ANXA6 to control the involvement of STARD3-mediated cholesterol 

transfer from LE/Lys to the ER.  

In this chapter, we aimed to extend these findings by analyzing overall survival of gene pairs 

to possibly identify ANXA6-related functional links to cancer aggressiveness, progression, and 

prognosis. 
 

4.2. Aims  
In addition to analyzing the potential association of gene pair expression patterns, the 

expression levels of gene pairs also provide insights on disease outcome and prognosis. Well 

known examples include the accumulation of oncogenic mutations, such as EGFR amplification 

together with the loss of tumor suppressor phosphatase and tensin homolog deleted on 

chromosome 10 (PTEN) or p53 in glioma, colorectal and other cancers (373, 374).   

Gene pair associations also exist in cellular metabolism related to cholesterol homeostasis. For 

instance, elevated levels of the cholesterol-binding protein caveolin-1, which is a critical scaffold 

for the formation of cholesterol-rich caveolae at the cell surface, structures believed to act as 

signalling hubs controlling cancer growth and progression, were positively associated with genes 

responsible for lipid scavenging and metabolism in prostate cancer (375). Similarly, upregulation 

of multiple genes driving increased cholesterol synthesis in hepatocellular carcinoma contributes 

to cancer progression (376). 

Hence, based on the ANXA6-related gene correlations described above (see also Chapter 3), 

together with current literature pointing at the need for changes in gene networks to cause 

metabolic changes that support cancer growth and progression, we hypothesized that analysis of 

ANXA6 expression levels in combination with LDLR, NPC1, RAB7, STARD3, TBC1D5 and 

TBC1D15 could provide insights into cancer prognosis. As described in detail in the previous 
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chapters, high ANXA6 levels cause LDL-cholesterol accumulation characterized by NPC1 

inhibition and low RAB7 activity, which correlates with reduced cancer cell growth and migratory 

behaviour. Hence, we hypothesized that high ANXA6 levels in combination with low NPC1, 

RAB7A or STARD3 or high TBC1D15 expression levels would display reduced cholesterol 

export from LE/Lys. This would ultimately lower cholesterol availability for cancer growth and 

progression. Furthermore, if cholesterol export from LE/Lys affects cancer outcome, these gene 

pair associations could be reflected in improved overall patient survival. On the other hand, low 

ANXA6 level promote NPC1-independent cholesterol efflux routes via STARD3 in a RAB7-

dependent manner, which correlates with increased metastatic potential (55, 56, 83, 86, 87, 152). 

Thus, the combination of low ANXA6 levels together with high NPC1, Rab7, StARD3 or low 

TBC1D15 expression levels would provide a scenario of increased cholesterol availability for 

cancer cells to grow and metastasize, which could be manifested in a reduced overall patient 

survival. In this chapter, therefore we aimed to extend our analysis on ANXA6 and its interactome, 

analyzing the probability of overall patient survival in gene pairs that relate to the role of ANXA6 

in the LE/Lys compartment. 
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4.3. Methods 

4.3.1. Analysis of overall patient survival probability with high/low ANXA6 and ANXA6 

interactome partners expression levels using cBioPortal 

As outlined in Chapter 3.3.1., the cBioportal platform provides access to data sets and tools 

that enable analysis of expression pattern of single genes, as well as gene pairs within a cancer 

cohort. In addition to gene pair expression patterns shown in Chapter 3, cBioportal also allows the 

correlation of patient survival probability for selected gene pairs. The cancer datasets from TCGA 

Firehose Legacy (286, 287, 291) contain the relative expression levels of individual genes in each 

tumor sample compared to its expression levels in the whole population of samples  with relatively 

high (EXP>1) and low (EXP<1) mRNA expression for LDLR, NPC1, RAB7A, STARD3, 

TBC1D5 and TBC1D15 were selected, and within these subgroups, samples with high/low 

ANXA6 expression levels were identified. Overall patient survival probability (%) was plotted for 

high/low levels of individual genes (Panels A) and then survival was plotted for subgroups that 

contained high LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 in combination with 

high/low ANXA6 (Panels B). Then survival was plotted for low LDLR, NPC1, RAB7A, STARD3, 

TBC1D5 and TBC1D15 in combination with high/low ANXA6. The sample number for each 

subgroup is provided and the statistical significance was calculated. 

 

4.3.2. Expression pattern of individual breast and prostate cancer samples 

The cBioportal platform also allows the display of multiple genes for each tumor sample. ER-

negative and EGFR overexpressing cancer samples from a cohort of invasive breast carcinoma 

samples (n>1000) (286, 287, 291)  as well as 50 lethal, heavily pre-treated metastatic castration-

resistant prostate cancer obtained after rapid autopsy (248). were analyzed. Individual tumor 

samples with high/low expression levels of ANXA1, LDLR, NPC1, RAB7A, STARD3, TBC1D5 

and TBC1D15 were identified (red: EXP>1; blue: EXP<1); grey: mean expression) and plotted.  
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4.4. Results 

4.4.1. Expression patterns of the endo-lysosomal ANXA6 interactome and overall patient 

survival in breast cancer 

To analyze the potential impact of gene pair associations within the ANXA6 interactome for 

overall breast cancer patient survival probability, we utilized cBioportal and examined a cohort of 

breast cancer carcinoma (TCGA, Firehose legacy; 1100 samples (286, 287, 291). Within this 

cohort, approx. 50-100 samples displayed either high/low LDLR, NPC1, RAB7, STARD3, 

TBC1D5 or TBC1D15 expression levels. Within these high/low expression groups of ANXA6 

interactome proteins, approximately 5-25 samples showed high/low ANXA6 expression levels. 

Gene pairs in patient samples with relatively high (EXP>1) and low (EXP<1) expression levels of 

ANXA6 and LDLR (Fig. 4.1), ANXA6 and NPC1 (Fig. 4.2), ANXA6 and RAB7 (Fig. 4.3), 

ANXA6 and STARD3 (Fig. 4.4), ANXA6 and TBC1D5 (Fig. 4.5), ANXA6 and TBC1D15 (Fig. 

4.6) were selected. We first plotted the overall patient survival probability (%) of patients with 

high/low levels of single genes (ANXA6, LDLR in Fig. 4.1A; ANXA6, NPC1 in Fig. 4.2A; 

ANXA6, RAB7 in Fig. 4.3A etc.) as shown in Panels A of Figures 4.1-4.6. In Panel B of each of 

these figures (Fig. 4.2-4.6), the overall survival probability of breast cancer patients with high 

LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 expression levels in combination with 

high/low ANXA6 levels are provided, respectively. In Panel C of each of these figures (Fig. 4.2-

4.6), the overall survival probability of breast cancer patients with low LDLR, NPC1, RAB7, 

STARD3, TBC1D5 and TBC1D15 expression levels in combination with high/low ANXA6 levels 

are shown, respectively.  

When single genes were analyzed, overall survival probability was comparable for cancers 

with high/low LDLR, NPC1, RAB7 and TBC1D15 levels for approximately 120 months (Panels 

A in Fig. 4.1-4.3, 4.6). High STARD3 and TBC1D5 levels showed reduced survival probability 

from 20-50 months onwards, respectively, compared to patients with low STARD3 and TBC1D5 

levels (Fig. 4.4A, 4.5A). Please note that high/low ANXA6 levels displayed differential overall 

survival curves depending on the gene pair selected. However, overall high/low ANXA6 levels 

showed comparable patient survival probability when plotted for samples co-analyzed for high/low 

LDLR, NPC1, RAB7, TBC1D5 and TBC1D15 (Fig. 4.1A-4.3A, 4.5A-4.6A). Interestingly, the 

breast cancer patient samples co-analyzed for high/low STARD3 levels showed 15-25% reduced 

patient survival probability for 0-120 months with low ANXA6 levels compared to those 
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expressing high ANXA6 levels. This could indicate a functional relationship between these two 

proteins that is further supported by the gene pair analysis in Fig. 4.4B-C (see below).  

Given the extensive gene pair analysis in this cohort of breast carcinoma samples, providing 

large amounts of data shown in Panels B-C of Figures 4.1-4.6, we have summarized the main 

features of these datasets in Table 4.1. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1: A. Probability (%) of overall patient survival (months) from breast invasive carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) LDLR (n=90, 68) and ANXA6 (73, 94) expression levels. 
B-C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) LDLR in combination 
with high/low ANXA6 expression levels as indicated. The number of samples with high/low LDLR and ANXA6 
levels are given, and the significance was calculated. 
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Figure 4.2: A. Probability (%) of overall patient survival (months) from breast invasive carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) NPC1 (n=84, 92) and ANXA6 (73, 94) expression levels. 
B-C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) NPC1 in combination 
with high/low ANXA6 expression levels as indicated. The number of samples with high/low NPC1 and ANXA6 
levels are given, and the significance was calculated. 
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Figure 4.3: A. Probability (%) of overall patient survival (months) from breast invasive carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) RAB7A (n=68, 55) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) RAB7A in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low RAB7 and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.4: A. Probability (%) of overall patient survival (months) from breast invasive carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) STARD3 (n=106, 52) and ANXA6 expression levels. B-
C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) STARD3 in combination 
with high/low ANXA6 expression levels as indicated. The number of samples with high/low STARD3 and ANXA6 
levels are given, and the significance was calculated. 
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Figure 4.5: A. Probability (%) of overall patient survival (months) from breast invasive carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) TBC1D5 (n=62, 64) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) TBC1D5 in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low TBC1D5 and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.6: A. Probability (%) of overall patient survival (months) from breast invasive carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) TBC1D15 (n=65, 53) and ANXA6 expression levels. B-
C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) TBC1D15 in combination 
with high/low ANXA6 expression levels as indicated. The number of samples with high/low TBC1D15 and ANXA6 
levels are given, and the significance was calculated. 
 

Table 4.1 summarizes the patient survival probability of high/low ANXA6 levels paired with 

high/low LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15. Although some observations 

were not significant due to low sample numbers, several interesting findings were observed. High 

ANXA6 levels were associated with longer patient survival probability in breast cancer samples 

with high/low LDLR and NPC1, high STARD3, RAB7, TBC1D5 and TBC1D15, indicating a 

potential for elevated ANXA6 levels to limit distribution of LDL-derived cholesterol in breast 

cancer cells. Vice versa, low ANXA6 levels strongly reduced the survival probability in patients 

with high LDLR (Fig. 4.1B), high RAB7 (Fig. 4.3B) and STARD3 (Fig. 4.4B) levels, altogether 

suggesting that low ANXA6 levels might favour efficient distribution via RAB7- and STARD3-

dependent cholesterol routes in breast cancer settings where elevated LDLR activity allows 
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Table 4.1: 50% probability of overall patient survival (months) in breast invasive carcinoma (TCGA). The months of 50% overall patient survival probability for gene pairs 
with high (⇑)  and low (⇓) ANXA6 expression levels in combination with high/low expression levels of LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 in breast 
invasive carcinoma patients (TCGA, Firehose Legacy) are given. Reduced and increased length of overall patient survival probability is indicated in red and green, respectively 
(* p<0.05, ** p<0.01). 

ANXA6 
LDLR 

 ⇑ 
LDLR  
⇓  

NPC1 
 ⇑  

NPC1 
 ⇓ 

RAB7 
 ⇑ 

RAB7 
 ⇓  

STARD3 
⇑ 

STARD3 
⇓ 

TBC1D5 
⇑ 

TBC1D5 
⇓ 

TBC1D15 
⇑ 

TBC1D15 
⇓  

⇑ >220 >120 >120 100 >100 <80 >120 <80 <80 >100 >100 >210 

⇓ 80 >100 >260 <80 80 >120 <90 >280 >280 >130 80 120 

    ** p<0.01    * p<0.05   * p<0.05  
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increased uptake of LDL-cholesterol to reach the LE/Lys compartment. Not all observations seem 

to fit this model, for example low ANXA6 levels and high NPC1 levels showed increased survival 

probability. 

Finally, to map potential ANXA6-related gene networks in individual invasive breast 

carcinoma, we mapped the expression levels of the ANXA6 interactome in individual patient 

samples available from a cohort containing invasive breast carcinoma (n>1000) (291).  Only breast 

cancer samples with low estrogen receptor (ESR1; ER-negative) (A) and EGFR (B) 

overexpression are shown, the latter likely representing predominantly TNBC breast cancers. High 

(red) and low (blue) relative expression levels of ANXA6, LDLR, NPC1, RAB7A, STARD3, 

TBC1D5 and TBC1D15 for individual tumors are shown in Fig. 4.7A-B.  
 

 
Figure 4.7A-B: High (EXP>1) (red) and low (EXP <1) (blue) gene expression pattern of estrogen receptor (ER 
or ESR1), epidermal growth factor receptor (EGFR), LDLR, NPC1, RAB7A, STARD3, TBC1D5 and 
TBC1D15 in individual tumors from a cohort of invasive breast carcinoma with high/low ANXA6 expression 
levels (TCGA, Firehose legacy) Median expression levels in individual tumor samples are depicted in grey. The 
percentage of cancers with specific high/low expression levels for each gene within this cohort is given.  
 

Strikingly, within this invasive breast cancer cohort, a substantial number of samples (n∼25 

ER-negative; n∼15 EGFR overexpression) displayed elevated LDLR levels, suggesting elevated 

LDL uptake in these cancers. Moreover, within these ER-negative and EGFR-related subgroups, 

approximately 10 samples displayed reduced ANXA6 levels. Several of these cancers were also 

characterized by high NPC1, RAB7A, STARD3 and low TBC1D15 expression levels. Hence, in 

ER-negative and EGFR-related breast cancers, subgroups appear to exist that display a gene 

network expression pattern that favour increased LDL uptake and distribution characterized by 
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high levels of cholesterol transporters (LDLR, NPC1, StASRD3) and regulatory proteins 

(ANXA6, RAB7A, TBC1D15) that allow increased membrane contact site formation for 

cholesterol efflux from LE/Lys.  

Hence, these findings support a tumor suppressor role for ANXA6 in ER-negative and TNBC 

breast cancers (204, 210) that involves increased LDL-cholesterol supply, which has been 

observed in breast cancer, increasing proliferation and metastatic behaviour, and contributing to 

poor prognosis and chemoresistance (106, 107, 126, 127, 129).  

 

4.4.2. Expression patterns of the endo-lysosomal ANXA6 interactome and overall patient 

survival in colorectal adenocarcinoma 

We next analyzed the overall survival probability of ANXA6 and ANXA6 interactome gene 

pairs for colorectal cancers, and examined a cohort of colorectal adenomacarcinoma (TCGA, 

Firehose legacy; 640 samples (286, 287, 291) through the cBioportal platform. Within this cohort, 

approx. 20-50 samples displayed either high/low LDLR, NPC1, RAB7, STARD3, TBC1D5 or 

TBC1D15 expression levels. Within these high/low expression groups of ANXA6 interactome 

proteins, approximately 3-20 samples showed high/low ANXA6 expression levels. Gene pairs in 

patient samples with relatively high (EXP>1) and low (EXP<1) expression levels of ANXA6 and 

LDLR (Fig. 4.8), ANXA6 and NPC1 (Fig. 4.9), ANXA6 and RAB7 (Fig. 4.10), ANXA6 and 

STARD3 (Fig. 4.11), ANXA6 and TBC1D5 (Fig. 4.12), ANXA6 and TBC1D15 (Fig. 4.13) were 

selected. and the overall patient survival probability (%) with high/low levels of single genes 

(ANXA6, LDLR in Fig. 4.8A; ANXA6, NPC1 in Fig. 4.9A; ANXA6, RAB7A in Fig. 4.10 etc.) 

are shown in Panels A of Figures 4.8-4.13. In Panel B of each of these figures (Fig. 4.8-4.13), the 

overall survival probability of colorectal adenocarcinoma cancer patients with high LDLR, NPC1, 

RAB7, STARD3, TBC1D5 and TBC1D15 expression levels in combination with high/low 

ANXA6 levels are provided, respectively. In Panel C of each of these figures (Fig. 4.8-4.13), the 

overall survival probability of colorectal cancer patients with low LDLR, NPC1, RAB7, STARD3, 

TBC1D5 and TBC1D15 expression levels in combination with high/low ANXA6 levels are given, 

respectively.  

 Overall survival probability was reduced for single gene analysis with low LDLR, NPC1, and 

to a minor extend with high TBC1D15 levels (Panel A in Fig. 4.8, 4.9 and 4.13) and comparable 

for patients with high/low RAB7, STARD3, TBC1D5 levels (Fig. 4.10A, 4.11A, 4.12A). Please 
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note that high/low ANXA6 levels displayed slightly differential overall survival curves depending 

on the gene pair selected. Interestingly, high ANXA6 levels showed reduced colorectal patient 

survival probability when co-analyzed with any of the selected ANXA6 interactome partners: 

LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 (Fig. 4.8A-4.13A). This could indicate 

an overarching and tumor supporting role for ANXA6 in colorectal adenocarcinoma that might not 

be related to cholesterol homeostasis.  

Alike the previous chapter, we have summarized the large amounts of data shown in Panels B-

C in Figures 4.8-4.113, in Table 4.2. 

 
Figure 4.8: A. Probability (%) of overall patient survival (months) from colorectal adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) LDLR (n=21, 30) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) LDLR in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low LDLR and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.9: A. Probability (%) of overall patient survival (months) from colorectal adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) NPC1 (n=17, 55) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) NPC1 in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low NPC1 and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.10: A. Probability (%) of overall patient survival (months) from colorectal adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) RAB7A (n=25, 25) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) RAB7A in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low RAB7A and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.11: A. Probability (%) of overall patient survival (months) from colorectal adenocarcinoma 
(TCGA, Firehose Legacy) with high (EXP>1) and low (EXP<1) STARD3 (n=24, 20) and ANXA6 
expression levels. B-C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) 
LDLR in combination with high/low ANXA6 expression levels as indicated. The number of samples with 
high/low STARD3 and ANXA6 levels are given, and the significance was calculated. 
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Figure 4.12: A. Probability (%) of overall patient survival (months) from colorectal adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) TBC1D5 (n=18, 28) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) TBC1D5 in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low TBC1D5 and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.13: A. Probability (%) of overall patient survival (months) from colorectal adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) TBC1D15 (n=28, 13) and ANXA6 expression levels. B-
C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) TBC1D15 in combination 
with high/low ANXA6 expression levels as indicated. The number of samples with high/low TBC1D15 and ANXA6 
levels are given, and the significance was calculated. 
 

The Table 4.2 summarizes the patient survival probability of high/low ANXA6 levels paired 

with high/low LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 in a cohort of colorectal 

adenocarcinoma. Alike the previous analysis of breast cancer samples, many observations were 

not significant due to low sample numbers. Furthermore, in line with single gene analysis of patient 

survival probability (Panels A in Fig. 4.8-4.13), which indicated an alternative, cholesterol-

independent role for high ANXA6 levels to lower patient survival in colorectal adenocarcinoma 

that might not be related to cholesterol homeostasis, a significantly reduced patient survival 

probability was only observed in samples displaying low ANXA6 levels in combination with low 

LDLR levels or high ANXA6 with high NPC1 expression levels. The latter could indeed reflect 

an additional role for ANXA6 in tumor progression unrelated to cholesterol export from LE/Lys. 

A significant reduction of ANXA6 levels was also observed when comparing normal tissues vs in 
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Table 4.2: 50% probability of overall patient survival (months). The months of 50% overall patient survival probability for gene pairs with high (⇑)  and low (⇓) ANXA6 
expression levels in combination with high/low expression levels of LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 in colorectal adenocarcinoma patients (TCGA, 
Firehose Legacy) are given. Reduced and increased length of overall patient survival probability is indicated in red and green, respectively (* p<0.05). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANXA6 LDLR 
 ⇑ 

LDLR  
⇓  

NPC1 
 ⇑  

NPC1 
 ⇓ 

RAB7 
 ⇑ 

RAB7 
 ⇓  

STARD3 
 ⇑ 

STARD3 
 ⇓ 

TBC1D5 
 ⇑ 

TBC1D5 
 ⇓ 

TBC1D1
5 ⇑ 

TBC1D1
5 ⇓  

⇑ >20 >40 <20 >50 >50 >20 >40 >50 >50 >20 >20 >50 

⇓ >35 <20 >35 >50 >50 >40 >35 >50 40 >40 >25 >35 
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colon adenocarcinoma (Chapter 2.4.3 – 2.4.5.). Likewise, 50% survival probability of >50 months 

in patients with high RAB7 as well as low TBC1D15 levels indicate a minor involvement of RAB7 

GTPase activation and its regulators in the progression of colorectal cancers. 
 
4.4.3. Expression patterns of the endo-lysosomal ANXA6 interactome and overall patient 

survival in liver cancer 

We next analyzed the overall survival probability of ANXA6 and ANXA6 interactome gene 

pairs in a cohort of liver hepatocellular carcinoma (TCGA, Firehose Legacy; 379 samples) through 

the cBioportal platform (286, 287, 291). Within this cohort, approx. 10-50 samples displayed either 

high/low LDLR, NPC1, RAB7, STARD3, TBC1D5 or TBC1D15 expression levels. Within these 

high/low expression groups of ANXA6 interactome proteins, approximately 3-10 samples showed 

high/low ANXA6 expression levels. Gene pairs in patient samples with relatively high (EXP>1) 

and low (EXP<1) expression levels of ANXA6 and LDLR (Fig. 4.14), ANXA6 and NPC1 (Fig. 

4.15), ANXA6 and RAB7 (Fig. 4.16), ANXA6 and STARD3 (Fig. 4.17), ANXA6 and TBC1D5 

(Fig. 4.18), ANXA6 and TBC1D15 (Fig. 4.19) were selected and the overall patient survival 

probability (%) with high/low levels of single genes (ANXA6, LDLR in Fig. 4.14A; ANXA6 and 

NPC1 in Fig. 4.15A ; ANXA6 and RAB7 in Fig. 4.16 etc) are shown in Panels A of Figures 4.13-

4.18. In Panel B of each of these figures (Fig. 4.14-4.19), the overall survival probability of liver 

hepatocarcinoma patients with high LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 

expression levels in combination with high/low ANXA6 levels are provided, respectively. In Panel 

C of each of these figures (Fig. 4.14-4.19), the overall survival probability of liver cancer patients 

with low LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 expression levels in 

combination with high/low ANXA6 levels are given, respectively.  

Overall survival probability was reduced for single gene analysis with low LDLR, high NPC1 

and high RAB7 level (Panels A in Fig. 4.14-4.16, while patient survival probability was 

comparable for patients with high/low STARD3, TBC1D5 and TBC1D15 levels (Fig. 4.17-4.19). 

Please note that high/low ANXA6 levels displayed slightly differential overall survival curves 

depending on the gene pair selected. Interestingly, low ANXA6 levels showed reduced liver 

hepatocarcinoma survival probability when co-analyzed with any of the selected ANXA6 

interactome partners: LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 (Fig. 4.14A-

4.19A). This could indicate a tumor suppressor role for ANXA6 in liver hepatocarcinoma that in 
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the case of patient samples with high NPC1 and/or RAB7 levels, might not be related to cholesterol 

homeostasis.  

Alike the previous chapter, we have summarized the large amounts of data shown for gene pair 

associations in Panels B-C of Figures 4.14-4.19, in Table 4.3. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14. A. Probability (%) of overall patient survival (months) from hepatocellular carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) LDLR (n=36, 32) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) LDLR in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low LDLR and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.15. A. Probability (%) of overall patient survival (months) from hepatocellular carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) NPC1 (n=29, 10) and ANXA6 expression levels.  
B. Probability (%) of overall patient survival with high (EXP>1) NPC1 in combination with high/low ANXA6 
expression levels as indicated. Overall patient probability for samples with low NPC1 in combination with 
high/low ANXA6 levels was not available. The number of samples with high/low NPC1 and ANXA6 levels are 
given, and the significance was calculated. 
 
 

 
 
Figure 4.16. A. Probability (%) of overall patient 
survival (months) from hepatocellular carcinoma 
(TCGA, Firehose Legacy) with high (EXP>1) and low 
(EXP<1) RAB7A (n=48, 41) and ANXA6 expression 
levels. B-C. Probability (%) of overall patient survival 
with high (EXP>1) and low (EXP<1) RAB7A in 
combination with high/low ANXA6 expression levels as 
indicated. The number of samples with high/low RAB7 
and ANXA6 levels are given, and the significance was 
calculated. 
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Figure 4.17. A. Probability (%) of overall patient survival (months) from hepatocellular carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) STARD3 (n=47, 11) and ANXA6 expression levels. B-
C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) STARD3 in combination 
with high/low ANXA6 expression levels as indicated. The number of samples with high/low STARD3 and 
ANXA6 levels are given, and the significance was calculated. 
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Figure 4.18. A. Probability (%) of overall patient survival (months) from hepatocellular carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) TBC1D5 (n=43, 42) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) TBC1D5 in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low TBC1D5 and ANXA6 levels 
are given, and the significance was calculated. 
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Figure 4.19. A. Probability (%) of overall patient survival (months) from hepatocellular carcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) TBC1D15 (n=49, 37) and ANXA6 expression levels. B-
C. Probability (%) of overall patient survival with high (EXP>1) and low (EXP<1) TBC1D15 in combination 
with high/low ANXA6 expression levels as indicated. The number of samples with high/low TBC1D15 and ANXA6 
levels are given, and the significance was calculated. 
 

The Table 4.3 summarizes the patient survival probability of high/low ANXA6 levels paired 

with high/low LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 in a cohort of liver 

hepatocarcinoma patients. Alike the previous analysis of breast and colorectal cancer samples, 

many observations were not significant due to low sample numbers. Interestingly, low ANXA6 

levels in combination with low LDLR or low RAB7 levels indicated a tumor suppressor role for 

ANXA6 that might not be related to LDL-cholesterol uptake and distribution (Fig. 4.14C, 4.16C). 

Low expression levels of the ANXA6/TBC1D5 pair also displayed reduced liver cancer patient 

survival, and the functional relevance has yet to be identified. Low ANXA6 levels correlating with 

poorer patient outcome in liver cancers identified here (Fig. 4.14-19, panels A) and in Chapter 

2.4.2 (Fig 2.7B), correlates with published data, which identified ANXA6 downregulation in  
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Table 4.3: 50% probability of overall patient survival (months). The months of 50% overall patient survival probability for gene pairs with high (⇑)  and low (⇓) ANXA6 
expression levels in combination with high/low expression levels of LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 in liver hepatocellular carcinoma patients (TCGA, 
Firehose Legacy) are given. Reduced and increased length of overall patient survival probability is indicated in red and green, respectively (* p<0.05, ** p<0.01). 

ANXA6 
LDLR 

 ⇑ 
LDLR  
⇓  

NPC1 
 ⇑  

NPC1 
 ⇓ 

RAB7 
 ⇑ 

RAB7 
 ⇓  

STARD3 
⇑ 

STARD3 
⇓ 

TBC1D5 
⇑ 

TBC1D5 
⇓ 

TBC1D15 
⇑ 

TBC1D15 
⇓  

⇑ >100 <30 <20 N.A. >100 >100 >100 >30 >80 80 >90 20 

⇓ >30 <15 >35 N.A. >50 >15 <10 >10 >110 10 >30 20 

  * p<0.05    ** 
p<0.01 

   * p<0.05   
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hepatocellular carcinoma (233). Interestingly, low ANXA6 further lowered survival probability of 

liver cancers with high NPC1 expression levels (Fig. 4.15B). A negative association of ANXA6 

with NPC1 using cBioportal was also observed in all liver cohorts (see Chapter 3). None of the 

other gene pairs analyzed indicated that low ANXA6 levels could promote liver cancer progression 

via the TBC1D15/RAB7/STARD3 axis. This correlates with the lack of correlations of ANXA6 

with LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 in liver cancers (see Chapter 

3.3.1.2; Table 3.3). Nevertheless, high NPC1 levels as well as high RAB7 levels reduced patient 

survival (Fig. 4.15A, 4.16A), which could indicate effective LDL-cholesterol distribution and 

utilization in these cancers. 

 

4.4.4. Expression patterns of the endo-lysosomal ANXA6 interactome and overall patient 

survival in pancreatic adenocarcinoma 

We next analyzed the overall survival probability of ANXA6 and ANXA6 interactome gene 

pairs for pancreatic cancers, and examined a cohort of pancreatic adenocarcinoma (TCGA, 

Firehose legacy; 186 samples through the cBioportal platform (286, 287, 291). Within this cohort, 

approx. 5-30 samples displayed either high/low LDLR, NPC1, RAB7, STARD3, TBC1D5 or 

TBC1D15 expression levels. Within these small high/low expression groups of ANXA6 

interactome proteins, an even smaller number of samples (n=0-5) displayed high/low ANXA6 

expression levels. Hence, a number of gene pairs could not be plotted, as expression data for 

pancreatic cancer samples with certain gene pair combinations was not available. In Panel B of 

Figures 4.21, 4.22, 4.23, and 4.25, the overall survival probability of pancreatic adenocarcinoma 

with high NPC1, RAB7, STARD3, and TBC1D15 expression levels in combination with high/low 

ANXA6 levels are provided, respectively. In Panel C of Fig. 4.23 and 4.25, the overall survival 

probability of pancreatic cancer patients with low STARD3 and TBC1D15 expression levels in 

combination with high/low ANXA6 levels are given, respectively.  

 In line with significantly reduced survival of pancreatic cancers with low ANXA6 expression 

patterns observed in Chapter 2.4.2. (See Figure 2.6), gene pairs in patient samples with relatively 

high (EXP>1) and low (EXP<1) expression levels of ANXA6 in combination with LDLR (Fig. 

4.20), NPC1 (Fig. 4.21), RAB7 (Fig. 4.22), STARD3 (Fig. 4.23), TBC1D5 (Fig. 4.24), and 

TBC1D15 (Fig. 4.25) all showed reduced patient survival probability for low ANXA6 expression 

levels. Please note that high/low ANXA6 levels displayed slightly differential overall survival 



171 
 

curves depending on the gene pair selected. This could indicate a tumor supporting role for 

ANXA6 in pancreatic adenocarcinoma that might be linked to cholesterol homeostasis. Alike the 

previous chapters, we have summarized the data shown in Panels B-C for Figures 4.20-4.25, in 

Table 4.4. 
 

 
Figure 4.20. Probability (%) of overall patient survival 
(months) from pancreatic adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) 
LDLR (n=16, 6) and ANXA6 (13. 9)  expression levels. 
The significance was calculated. Overall patient for 
samples with high/low LDLR in combination with 
high/low ANXA6 were not available.  
 
 
 
 
 
 

 
 

Figure 4.21. A. Probability (%) of overall patient survival (months) from pancreatic adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) NPC1 (n=29, 9) and ANXA6 (11. 14)  expression levels. 
B. Probability (%) of overall patient survival with high (EXP>1) NPC1 levels in combination with high/low 
ANXA6 expression levels as indicated. The number of samples with high/low NPC1 and ANXA6 levels are given, 
and the significance was calculated. Overall patient for samples with low NPC1 in combination with high/low ANXA6 
were not available.  

B A 
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Figure 4.22. A. Probability (%) of overall patient survival (months) from pancreatic adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) RAB7A (n=22, 12) and ANXA6 (11. 10)  expression 
levels. B. Probability (%) of overall patient survival with high (EXP>1) RAB7A levels in combination with 
high/low ANXA6 expression levels as indicated. The number of samples with high/low RAB7A and ANXA6 levels 
are given, and the significance was calculated. Overall patient for samples with low RAB7A in combination with 
high/low ANXA6 were not available. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.23. A. Probability (%) of overall patient survival 
(months) from pancreatic adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) 
STARD3 (n=21, 19) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high 
(EXP>1) and low (EXP<1) STARD3 levels in combination 
with high/low ANXA6 expression levels as indicated. The 
number of samples with high/low STARD3 and ANXA6 levels 
are given, and the significance was calculated.  
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Figure 4.24. Probability (%) of overall patient survival 
(months) from pancreatic adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) 
TBC1D5 (n=16, 23) and ANXA6 (12. 11)  expression levels. 
The significance was calculated. Overall patient for samples 
with high/low LDLR in combination with high/low ANXA6 
were not available.  
 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

 
 

 

 
 
Figure 4.25. A. Probability (%) of overall patient survival 
(months) from pancreatic adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) 
TBC1D15 (n=15, 31) and ANXA6 expression levels. B-C. 
Probability (%) of overall patient survival with high 
(EXP>1) and low (EXP<1) TBC1D15 levels in combination 
with high/low ANXA6 expression levels as indicated. The 
number of samples with high/low TBC1D15 and ANXA6 
levels are given, and the significance was calculated.  
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The Table 4.4 summarizes the patient survival probability of high/low ANXA6 levels paired 

with high/low LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 in a cohort of pancreatic 

adenocarcinoma patients. Within this cohort, several gene pair associations were not available, and 

all gene pairs collections consisted of low sample numbers. Interestingly, despite the low sample 

numbers, low ANXA6 levels in combination with high RAB7, STARD3 and TBC1D15 displayed 

a shorter patient survival probability, indicating a role for ANXA6 in the 

TBC1D15/RAB7A/STARD3 axis possibly related to cholesterol transport in the LE/Lys 

compartment.  

In contrast to these findings, elevated ANXA6 protein levels were associated with shortened 

survival in other studies (221, 222). Leca et al. documented low ANXA6 protein amounts only in 

primary pancreatic tumor cells, while the tumor environment contained elevated ANXA6 amounts 

that increased with pancreatic cancer grade (222). O’Sullivan et al. (221) also proposed 

extracellularly high ANXA6 protein levels being associated with poorer outcome. Hence, future 

experiments that better separate tumor cell-associated vs. extracellular and non-tumor cell-

associated ANXA6 amounts will be needed to clarify these opposing findings. 
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Table 4.4: 50% probability of overall patient survival (months). The months of 50% overall patient survival probability for gene pairs with high (⇑)  and 
low (⇓) ANXA6 expression levels in combination with high/low expression levels of LDLR, NPC1, RAB7, STARD3, TBC1D5 and TBC1D15 in pancreatic 
adenocarcinoma patients (TCGA, Firehose Legacy) are given. Reduced and increased length of overall patient survival probability is indicated in red and 
green, respectively. N/A, data not available. 

ANXA6 
LDLR 

 ⇑ 
LDLR  
⇓  

NPC1 
 ⇑  

NPC1 
 ⇓ 

RAB7 
 ⇑ 

RAB7 
 ⇓  

STARD3 
 ⇑ 

STARD3 
 ⇓ 

TBC1D5 
 ⇑ 

TBC1D5 
 ⇓ 

TBC1D1
5 ⇑ 

TBC1D1
5 ⇓  

⇑ N/A N/A >20 N.A. >20 N/A >15 >20 N/A N/A >20 N/A 

⇓ N/A N/A >35 N.A. <10 N/A <10 >20 N/A N/A <5 >15 
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4.4.5. Expression patterns of the endo-lysosomal ANXA6 interactome and overall patient 

survival in prostate adenocarcinoma 

We next analyzed the overall survival probability of ANXA6 and ANXA6 interactome gene 

pairs in a cohort of prostate adenocarcinoma (TCGA, Firehose legacy; 501 samples through the 

cBioportal platform (286, 287, 291). Within this cohort, approx. 35-80 samples displayed high/low 

LDLR, NPC1, RAB7, STARD3, TBC1D5 or TBC1D15 expression levels. Within these sample 

groups, 25-50 samples showed high/low ANXA6 expression levels. Single genes in patient 

samples with relatively high (EXP>1) and low (EXP<1) expression levels of ANXA6 in 

combination with LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 are shown in Fig. 

4.26.  
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Figure 4.26. A-F. Probability (%) of overall patient survival ((months) from prostate adenocarcinoma (TCGA, 
Firehose Legacy) with high (EXP>1) and low (EXP<1) LDLR (n=50, 34), NPC1 (n=47, 38), RAB7A (n=70, 40), 
STARD3 (n=39, 65), TBC1D5 (n=72, 49) and TBC1D15 (n=66, 43) and ANXA6 (n=26-48, respectively) 
expression levels. 
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Strikingly and irrespective of high/low expression levels, all ANXA6 interactome genes 

showed 100% patient survival probability for >90 months. Beyond 90 months, only patient 

samples with high LDLR, high/low NPC1, high STARD3, high TBC1D5 and high TBC1D15 

showed a reduction in survival probability. For all ANXA6 interaction partners, the survival 

probability remained high irrespective of high/low ANXA6 levels (not shown). These findings 

indicate that in early stages of prostate cancer, increased cholesterol availability may not be a 

critical factor that contributes to the outcome of cancer progression and/or treatment response at 

later stages. This is also in line with the survival probability analyzed in Chapter 2 (Fig. 2.7), which 

remained almost unchanged for >3000 days (>100 months) for both patients with high and 

low/medium ANXA6 levels. At later time points, overall patient survival with high ANXA6 levels 

was not available, while survival of prostate cancers expressing low ANXA6 levels dropped 

substantially at 3500 days (>115 months). Indeed, the gene expression patterns from 50 lethal, 

heavily pre-treated metastatic castration-resistant prostate cancer obtained after rapid autopsy 

(248). identified ANXA6 expression to be highest in the benign tissue, and a continuous and 

significant downregulation of ANXA6 levels was evident in localized and even more so in 

metastatic cancer samples (Chapter 2.4.2.3; Figure 2.4B). Hence ANXA6 downregulation may 

occur during the progression from localized to metastatic prostate cancer and any changes to its 

functional links with the ANXA6 interactome in the LE/Lys 

 

Figure 4.27: High (EXP>1) (red) and low (EXP <1) (blue) gene expression patterns of LDLR, NPC1, RAB7A, 
STARD3, TBC1D5 and TBC1D15 in a cohort of metastatic prostate adenocarcinoma samples with low ANXA6 
expression levels. Median expression levels of all genes in individual tumor samples are depicted in grey (248). 
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compartment may not impact on the data available within the analyzed time frame for survival 

probability in the prostate adenocarcinoma cohort analyzed here.   

Therefore, to identify potential ANXA6-related gene pair associations in metastatic prostate 

cancers, we mapped the expression levels of the ANXA6 interactome in individual patient samples 

available from the Grasso cohort (248).  High (red) and low (blue) relative expression levels of 

ANXA6, LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 for individual tumors are 

shown in Fig. 4.27. From this metastatic prostate cancer cohort, 37 samples displayed reduced 

ANXA6 levels. Several of those also expressed low LDLR (n=6), while other tumors displayed 

low NPC1 (n=2), RAB7A (n=1), STARD3 (n=4) levels. Several tumors contained high RAB7A 

levels (n=4), two of those in tumors expressing low amounts of ANXA6. Three tumors expressed 

elevated levels of TBC1D15, one of those also containing high amounts of RAB7A and low 

ANXA6. 

The substantial number of metastatic tumors with low ANXA6 levels could indicate an 

increased requirement of these tumors for cholesterol, which could be covered by ANXA6 

downregulation, increasing efficacy to metabolize and utilize internalized LDL-derived 

cholesterol. Furthermore, at least in 2 tumors, this could be supported by upregulation of RAB7 

expression. These specific expression patterns in selected tumors may indicate gene networks 

being in place to provide growth and progression advantages. While these networks may only exist 

in less than 5% of advanced prostate cancers, this still makes a significant contribution to the 

annual >3500 death from prostate cancer in Australia in 2022 (see canceraustralia.gov.au). 

The poor outcome of an increased supply with cholesterol for prostate cancer progression is 

also exemplified in hypercholesterolemia, which correlates with a more rapid occurrence of 

castration-resistant prostate cancer after androgen deprivation therapy (95). Likewise, elevated risk 

of prostate cancer development and progression correlates with elevated plasma cholesterol levels 

(377-379) . Moreover, cholesteryl ester storage in lipid droplets is increased in advanced and 

metastatic prostate cancer (138). Also, Grewal and co-workers demonstrated that increased LDL-

cholesterol availability stimulated growth of androgen-independent prostate cancer cell lines (89), 

supporting efficient LDL uptake and export of LDL-derived cholesterol from LE/Lys to other 

organelles to advance prostate cancer progression.  
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4.5. Discussion 

In the previous Chapter, we identified several gene correlations of ANXA6 and its interactome 

using cBioportal and CANCERTOOL. In this Chapter, ANXA6-related gene pairs were analyzed 

on their potential to influence patient survival.  

(i) In breast cancer, this analysis showed a positive correlation between ANXA6/LDLR and 

ANXA6/NPC1 gene pairs in Her2+ and ER-positive cancers (2/4) in both cBioportal and 

CANCERTOOL platforms. These breast cancer subtypes have not yet been linked with de-

regulated LDL uptake or ANXA6 cancer-related functions. Using CANCERTOOL, trends for 

negative correlations between ANXA6 and LDLR levels in ER-negative cancers (5/5) were 

observed, which support published reports on ANXA6 downregulation or LDLR upregulation in 

these cancers (10, 25). Hence, this gene pair expression pattern could support increased LDL 

uptake and efficient LDL-cholesterol distribution via NPC1-dependent and NPC1-independent 

(and ANXA6-regulated) routes to cellular sites supporting growth and metastatic behaviour. 

This findings coincide with NPC1 upregulation and associated poorer prognosis and possible 

drug resistance in TNBC and ER-negative breast cancers (380). The negative correlation of 

ANXA6 and NPC1 in 2/4 breast cancer cohorts in cBioportal, and 4/4 (ER-), 3/4 (ER+) and 3/3 

(Her2+) cohorts in CANCERTOOL support these findings. Several breast cancer cohorts suggest 

high NPC1 in combination with low ANXA6 levels to promote cellular distribution of incoming 

LDL-cholesterol to promote breast cancer growth and progression, leading to poorer prognosis 

and treatment response. 

The analysis of patient survival probability in this Chapter supports several of these gene 

correlations listed in Chapter 3. Although some observations were not significant due to low 

sample numbers, low ANXA6 levels strongly reduced the survival probability in patients with 

high LDLR (Fig. 4.1B), high RAB7 (Fig. 4.3B) and STARD3 (Fig. 4.4B) levels, supporting the 

supportive role of ANXA6 for LDL-cholesterol distribution via RAB7- and STARD3-dependent 

cholesterol routes in breast cancer settings where elevated LDLR activity allows increased uptake 

of LDL-cholesterol to reach the LE/Lys compartment. On the other hand, high ANXA6 levels 

were associated with longer patient survival probability in breast cancer samples with high/low 

LDLR and NPC1, high STARD3, RAB7, TBC1D5 and TBC1D15. This might point at elevated 

ANXA6 levels to counteract LDL-cholesterol distribution in these breast cancers.  
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Most interestingly, within the invasive breast cancer cohort from TCGA, a substantial number 

of samples (n∼25 for ER-negative; n∼15 for EGFR overexpression) displayed elevated LDLR 

levels, suggesting increased LDL uptake in these cancers. Moreover, within these ER-negative and 

EGFR-related subgroups with high LDLR, approximately 10 samples displayed reduced ANXA6 

levels. Several of these cancers were also characterized by high NPC1, RAB7A, STARD3 and low 

TBC1D15 expression levels. Hence, in ER-negative and EGFR-related breast cancers, subgroups 

appear to exist that display a gene network expression pattern that favour increased LDL uptake 

and distribution characterized by high levels of cholesterol transporters (LDLR, NPC1, StASRD3) 

and regulatory proteins (RAB7A, TBC1D15) that allow increased membrane contact site 

formation for cholesterol efflux from LE/Lys.  

These findings support a tumor suppressor role for ANXA6 in ER-negative and TNBC breast 

cancers (71, 204) that involves increased LDL-cholesterol supply, which has been observed in 

breast cancer, increasing proliferation and metastatic behaviour, and contributing to poor prognosis 

and chemoresistance (106, 107, 126, 127, 129). The fact that expression patterns related to ANXA6 

and its interactome in LE/Lys might be relevant only in certain breast cancer subgroups indicate 

that other oncogenic mutations, such as EGFR overexpression, must be present in order for 

ANXA6-related changes related to cholesterol export from LE/Lys to impact on cancer 

progression. Furthermore, metabolic reprogramming in these cancers most likely extends beyond 

cholesterol homeostasis, involving changes in carbohydrate and amino acid metabolism. For 

example, it is well known that many TNBC cancers are characterized by predominantly aerobic 

glycolysis, also termed the Warburg effect (381). In addition, increased utilization of amino acids 

in breast cancer to provide building blocks that support growth is common (382). 

Hence, future research will have to identify the master regulators responsible for metabolic 

reprogramming that involves lipid, but also carbohydrate and amino acid metabolism. Strikingly, 

the master regulator of cancer cell metabolism, mTORC1 kinase, often de-regulated and 

hyperactive in many cancers, including prostate, liver, pancreatic and colon cancers discussed 

below, is located in LE/Lys and activated in a NPC1 and cholesterol-sensitive manner (34, 100). 

(ii) In prostate cancers, CANCERTOOL analysis revealed a negative association of ANXA6 

and LDLR in metastatic prostate cancers (2/4), which aligns with the proposed tumor suppressor 

role of ANXA6 in these cancers. Yet, irrespective of high/low ANXA6 expression levels, all 

ANXA6 interactome genes showed 100% patient survival probability for >90 months in a prostate 
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adenocarcinoma cohort from TCGA. Only patient samples with high LDLR, high/low NPC1, high 

STARD3, high TBC1D5 and high TBC1D15 showed a reduction in survival probability after >90 

months, altogether indicating that cholesterol availability may not be a decisive factor for late-

stage prostate cancer progression and/or treatment response. In line with this, high and 

low/medium ANXA6 levels showed comparable survival probability (Fig. 2.7) that remained 

constant for >3000 days (>100 months). Yet, significant ANXA6 downregulation was observed in 

metastatic and castration-resistant prostate cancer (248).. Within this cohort, 37 samples displayed 

reduced ANXA6 levels. Several of those also exhibited high RAB7A levels (n=4). This could 

indicate an increased requirement of these tumors for cholesterol, which could be covered by 

ANXA6 downregulation and RAB7 upregulation. These patient-specific expression patterns may 

indicate ANXA6-related gene networks that allow the tumor to become more efficient to 

metabolize and utilize internalized LDL-derived cholesterol in order to gain growth and 

progression advantages. If these networks only exist in a small proportion of advanced prostate 

cancers, this can still be considered significant as annual death from prostate cancer in Australia 

in 2022 were >3500 (see canceraustralia.gov.au). 

In line with this hypothesis, elevated plasma cholesterol levels and increased cholesteryl ester 

storage are linked to increased risk of prostate cancer development and progression (138, 377-379, 

383). Also, hypercholesterolemic patients show a more rapid occurrence of castration-resistant 

prostate cancer (95), which implicates efficient supply with LDL-cholesterol to advance prostate 

cancer growth progression (89). 

(iii) In liver cancers, gene correlation analysis of ANXA6 and its interactome (see Chapter 3) 

partially support published findings of ANXA6 expression in liver cancers (233). In fact, low 

ANXA6 levels correlated with poorer patient outcome in liver cancers (Fig. 2.7B and 4.14-19, 

panels A), which correlates with ANXA6 downregulation reported by Grewal and colleagues in 

hepatocellular carcinoma (233). However, in the cohort of liver hepatocarcinoma patients from 

TCGA, low ANXA6 levels in combination with low LDLR or low RAB7 levels indicated a tumor 

suppressor role for ANXA6 that might not be related to LDL-cholesterol uptake and distribution 

(Fig. 4.14C, 4.16C). On the other hand, low ANXA6 lowered survival probability of liver cancers 

with high NPC1 expression levels (Fig. 4.15B), which coincides with the negative association of 

ANXA6 with NPC1 using cBioportal in all liver cohorts analyzed (see Chapter 3). Nevertheless, 

none of the other gene pairs analyzed indicated that low ANXA6 levels could promote liver cancer 
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progression via the TBC1D15/RAB7/STARD3 axis. Likewise, correlations of ANXA6 with 

LDLR, NPC1, RAB7A, STARD3, TBC1D5 and TBC1D15 were lacking in liver cancers (see 

Chapter 3.3.1.2; Table 3.3). Yet, high NPC1 levels as well as high RAB7 levels reduced liver 

cancer patient survival (Fig. 4.15A, 4.16A), which could indicate effective LDL-cholesterol 

distribution and utilization in some of these cancers. 

(iv) In pancreatic cancers, two studies associated elevated ANXA6 protein levels with reduced 

survival (221, 222). Both of these studies identified elevated ANXA6 amounts in the tumor stroma 

and/or extracellular milieu, in contrast to these findings, low ANXA6 levels in combination with 

high RAB7, STARD3 and TBC1D15 displayed a shorter patient survival probability, indicating 

the ANXA6-dependent TBC1D15/RAB7A/STARD3 axis to play a role. These opposing findings 

will need further research to better dissect the role of ANXA6 in tumor cells vs. the surrounding 

tumor environment. 

In colon cancers, a significant reduction of ANXA6 levels was observed in colon 

adenocarcinoma (Chapter 2.4.3 – 2.4.5.). Both cBioportal and CANCERTOOL showed a negative 

correlation between ANXA6 and LDLR in the various colon and colorectal cancer cohorts 

(Chapter 3). However, high ANXA6 levels were characterized by lower patient survival in 

colorectal adenocarcinoma, indicating a potentially cholesterol-independent role for ANXA6 in 

these cancers. Low ANXA6 levels in combination with low LDLR levels or high ANXA6 with 

high NPC1 expression levels showed significantly reduced patient survival probability, which also 

did not support high/low ANXA6 levels to control tumor progression via cholesterol export from 

LE/Lys. 
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Chapter 5 

Conclusions and future directions 
 

Besides mutations in proto-oncogenes and loss of tumor suppressors that trigger activation of 

signalling cascades to promote proliferation, avoidance of apoptosis and ability to metastasize, the 

substantial reprogramming of cancer cell metabolism has become a well-accepted additional 

hallmark of oncogenesis. In order to accommodate the increased need for biomolecules and 

building blocks that support tumor growth and progression, cancer cells develop strategies to alter 

the activity of metabolic pathways to maintain their growth advantage (384). This is exemplified 

by the Warburg effect, which describes the upregulation of glucose uptake followed by anaerobic 

glucose oxidation to produce ATP (385). In addition, cancer cells often show increased utilization 

of amino acids, such as glutamine, providing building blocks for the synthesis of complex 

molecules. As cancer cells also need lipids for cell growth and progression, metabolic 

reprogramming in oncogenesis commonly entails adaptations in the way cancer cells handle lipids 

(1, 88, 89, 386, 387). 

Figure 5.1: LDL internalization by cancer cells 
and reduction in invasive behaviour by the 
inhibition of cholesterol export from LE/Lys A. 
Cancer cells internalize LDL bound to LDL 
receptors. LDL-derived cholesterol reaches the late 
endosomal/lysosomal (LE/Lys) compartment and 
is then delivered to other organelles, such as focal 
adhesions at the leading edge of cells. Together 
with an increased delivery of integrins to the 
leading edge, this promotes migratory and invasive 
behaviour of cancer cells. B. Inhibition of 
cholesterol export from LE/Lys to the leading edge 
reduces the invasive behaviour of cancer cells 
(with kind permission from T. Grewal). 

 

Lipids required for the proper functioning of cell homeostasis represent a complex and diverse 

group and include fatty acids, triglycerides, phospholipids, sphingo- and glycolipids (387). In 

addition, cholesterol serves as a precursor for bile acids, steroid hormones and vitamins and is 

indispensable for membrane integrity, organelle compartmentalization, cell surface receptor 
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signalling and endocytosis as well as regulation of signal transduction pathways that emanate from 

the plasma membrane or other intracellular membranes (2, 4, 97). 

Besides upregulation of de novo cholesterol synthesis, cancer cells often show increased uptake 

of LDL-derived cholesterol (92, 93) (Figure 5.1). Once endocytosed, LDL-cholesterol is delivered 

from late endosomes/lysosomes (LE/Lys) to other cellular sites such as the plasma membrane, 

lipid droplets and mitochondria to promote proliferation and metastatic behaviour. Hence, 

blocking endocytosis of LDL-derived cholesterol has therapeutic potential, and LDLR depletion 

or inhibition, as well as pharmacological inhibition of LDL-derived cholesterol esterification 

inhibited growth and migratory behaviour of cancer cells in multiple settings (105, 130, 132, 138, 

152, 386) and in ovarian and pancreatic cancer models, sensitized cancer cells to anticancer therapy 

(93, 137). 

It has yet to be determined if the pharmacological manipulation of cholesterol homeostasis 

described here and below for itraconazole and other drugs targeting cholesterol transport in LE/Lys 

(171-185) can become an effective and selective approach to limit cancer progression. It is evident 

from a plethora of other studies that many cancers often prefer to upregulate glucose uptake or 

enhance amino acid metabolism to gain a growth advantage (374-376). Rather identifying the 

subgroups of cancer patients that will benefit the most from therapeutic interventions blocking 

cholesterol uptake and utilization, most likely in combination with current anticancer drugs, that 

could become a strategy to develop further in the future. 

In line with this, the Grewal group and colleagues identified several LDL-cholesterol sensitive 

mechanisms driving cell motility that could be targeted by genetic or pharmacological inhibition 

of cholesterol export from LE/Lys. For instance, pharmacological NPC1 inhibitors or ANXA6 

overexpression, which caused an NPC1-mutant like phenotype, compromised membrane transport 

regulated by cholesterol-sensitive SNARE and Rab proteins responsible for integrin recycling, 

fibronectin secretion (85-87), focal adhesion assembly (44, 56, 57) and caveolae formation (83), 

as well as cholesteryl ester storage in lipid droplets (55, 89) (Figure 5.2).  



186 
 

Figure 5.2: LDL-derived cholesterol transportation and contribution to the invasive and metastatic behaviour. 
LDL-derived cholesterol reaches the late endosomal/lysosomal (LE/Lys) compartment and cholesterol transporters 
such as Niemann Pick Type C1 (NPC1) then deliver cholesterol to the Golgi, recycling endosomes and plasma 
membrane to support molecular events that drive invasive behaviour and metastasis (1, 384, 385), including formation 
of caveolae, delivery of metalloproteases (MMPs, MT1-MMP), integrins, extracellular matrix (fibronectin, FN) to the 
cell surface, including focal adhesions at the leading edge of cells (see text for further details; with kind permission 
from T. Grewal).  

 
Most of the findings described above were derived from fibroblast cell lines, and there is still 

limited knowledge if cellular distribution of internalized LDL-cholesterol has any role for cancer 

cell motility. Chapter 1 of this thesis provides the proof-of-principle, showing that depletion of the 

cholesterol transporter NPC1 in a well-established and aggressive cancer cell line significantly 

reduced cell migration not only in 2-dimensional wound healing assays (56), but also compromised 

the ability of these cancer cells to adhere and invade secondary organs in vivo. This identifies 

NPC1 as a therapeutic target in cancer, and while pharmacological NPC1 inhibitors exist 

(U18666A), their side-effects up to date limited further drug development. Alternatively, the 

antifungal agent itraconazole also inhibits NPC1-mediated cholesterol export and showed potential 

for cancer therapy (173, 176, 181, 182). These anticancer properties of itraconazole also improved 

cisplatin efficacy and have resulted in Phase I and II trials in non-small cell lung cancer, basal cell 

carcinoma, metastatic prostate, and pancreatic cancer.  
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Likewise, cholesterol accumulation in LE/Lys triggered by the alkaloid cepharanthine, the 

antihistamine astemizole and the lysosomotropic compound leelamine correlate with improved 

anticancer drug efficacy, lowering of adverse effects after chemotherapy and downregulation of 

oncogenic signal transduction pathways (173-180, 184). 

In addition, a better understanding of cholesterol export from LE/Lys and the role of other 

cholesterol transport routes in this compartment could provide alternative therapeutic 

opportunities. Along these lines, in previous work from the Grewal group, the scaffolding protein 

ANXA6 was identified as a gatekeeper in LE/Lys, reducing the ability of cholesterol transporters 

in LE/Lys to export cholesterol to other organelles (55).  

Mechanistically, ANXA6 recruits the RAB7-GTPase activating protein TBC1D15 to 

cholesterol-rich LE/Lys. This leads to TBC1D15/RAB7 complex formation, followed by 

inhibition of RAB7 activity and lowering of RAB7-GTP levels. Vice versa, ANXA6 depletion and 

the concomitant loss of TBC1D15 membrane targeting elevated RAB7-GTP levels, enabling 

cholesterol export from LE/Lys via the cholesterol transporter STARD3 to the ER, followed by 

cholesterol esterification and storage in lipid droplets. Rather than being exported from LE/Lys via 

vesicular or non-vesicular transport, ANXA6-regulated cholesterol transfer exiting LE/Lys occurs 

through the formation of membrane contact sites (MCS), which is depicted in Figure 5.3. In 

addition, ANXA6 depletion also increased delivery of LDL-derived cholesterol to focal adhesions, 

indicating that low ANXA6 levels can contribute to cancer aggressiveness in cancers that are 

known to respond to increased supply with dietary cholesterol.  

It should be noted that TBC1D15/RAB7 assembly is also relevant for communication between 

LE/Lys and mitochondria. MCS formation between these two organelles is inhibited by 

TBC1D15-mediated RAB7-GTP hydrolysis. This mechanism has yet only been described to 

disrupt mitochondrial function in neurological models, such as Parkinson’s and Charcot-Marie-

Tooth type 2B (CMT2B) (388-391). However, as ANXA6 has also been identified in mitochondria 

(392), one can envisage that high/low ANXA6 levels also determine the transfer of cholesterol 

from LE/Lys to mitochondria. In fact, the well-being and ability of mitochondria to support cancer 

growth and progression greatly depends on an increased delivery of cholesterol to mitochondria 

(393-395).  
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Figure 5.3: ANXA6 controls the formation of membrane contacts sites (MCS) in LE/Lys with the endoplasmic 
reticulum (ER) and possibly other organelles. Left: High ANXA6 levels recruit the RAB7-GTPase activating 
protein TBC1D15 to downregulate RAB7 activity and lower RAB7-GTP levels. This blocks the formation of MCS 
between LE/Lys and the ER (55). Right: ANXA6 depletion prevents recruitment of TBC1D15, leading to elevated 
RAB7-GTP levels. This enables STARD3 to interact with VAMP associated protein-A (VAP-A) in the ER for 
cholesterol transfer to the ER, followed by acetyl-CoA-acetyltransferase (ACAT) -mediated cholesterol esterification 
and storage of cholesteryl esters in lipid droplets (55). Other routes of cholesterol from the ER promoted by low 
ANXA6 levels include the delivery of cholesterol to the plasma membrane (focal adhesions) and mitochondria. 
Increased cholesterol storage and delivery to focal adhesions promote invasive cancer cell behaviour (56) (with kind 
permission of T. Grewal). 
 

Hence, high/low ANXA6 levels determining the presence or absence of MCS appear to have 

consequences for cholesterol transfer between organelles. This may extend to other annexins, such 

as ANXA1, which acts as a tether to promote MCS formation or ANXA2, which can bridge 

membranes (reviewed in (396)). Thus, manipulating the levels of regulators of MCS formation 

offer therapeutic opportunities in chronic disease, such as cancer. 

We have addressed this potential tumor suppressor role of ANXA6 related to incoming LDL-

cholesterol in Chapter 2-4. Examining cancers linked to de-regulated cholesterol homeostasis or 

increased responsiveness to oversupply with dietary cholesterol, we found a significant 

downregulation of ANXA6 expression during the progression from localized to metastatic prostate 

cancer. Low ANXA6 levels were also associated with reduced overall survival in TNBC breast 

cancers. Furthermore, ANXA6-related gene network associations seem to exist, as a negative 

association between ANXA6 and LDLR, NPC1 and RAB7A expression levels was made in several 

cancers, in particular ER-negative and TNBC breast cancer. This points at an improved LDL-

cholesterol utilization when ANXA6 levels are low, and relevant for cancer aggressiveness, 

progression, and treatment outcome. On the other hand, ANXA6 and STARD3 levels were 
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positively associated in breast, prostate, colon, pancreas, and liver cohorts, indicating that ANXA6 

is indeed a gatekeeper that limits the involvement of STARD3 in cholesterol export from LE/Lys. 

In further support of cancer cells being able to coordinate the expression of multiple genes involved 

in cholesterol homeostasis, low ANXA6 levels strongly reduced the survival probability in breast 

cancer patients with high LDLR or high RAB7A or high STARD3 levels. Indeed, when mapping 

the expression patterns of all selected genes from the ANXA6 interactome (ANXA6, LDLR, 

NPC1, RAB7A, STARD3, TBC1D5, TBC1D15) in individual samples, the abovementioned 

expression patterns were enriched in ER-negative and/or EGFR-related (triple-negative) breast 

cancers. On the other hand, high ANXA6 levels were associated with longer patient survival 

probability in breast cancer samples with high/low LDLR and NPC1, high STARD3, RAB7A, 

TBC1D5 and TBC1D15, suggesting elevated ANXA6 levels to counteract efficient LDL-

cholesterol distribution in these breast cancers. Despite the low number of patient samples that 

displayed these expressions patterns, these findings suggest the existence of expression profiles of 

ANXA6 and its interactome in LE/Lys that has diagnostic and prognostic value. Results described 

here implicate blockage of ANXA6 and its interactome (NPC1, RAB7A, STARD3) to inhibit 

dietary cholesterol supply from LE/Lys as an attractive anticancer approach, yet the limited 

statistical significance of many of the findings described here due to the low number of samples 

with certain gene pair combinations  requires further analysis of larger cohorts in the future to 

confirm trends observed here.  

Nevertheless, based on the work presented here and studies discussed above, therapeutic 

targeting of cholesterol homeostasis, in particular the uptake of dietary LDL-cholesterol, could 

become an attractive alternative or supplement to current anticancer drugs for a variety of 

cholesterol-sensitive cancers. Also, the combination of drugs interfering with lipid supply together 

with pharmaceutical approaches that interfere with metabolic pathways supplying cancer cells with 

glucose and amino acids should be considered (384-386). Our study implicates ANXA6 expression 

levels to be critical for cancer cells to utilize LDL-derived cholesterol as a growth advantage. 

Hence, to manipulate ANXA6 expression levels for therapeutic purposes, more insight into the 

regulation of ANXA6 expression is still needed.  

This includes the potential contribution of epigenetic modifications in the ANXA6 gene, but 

also in genes encoding for the ANXA6 interactome. In previous studies, Grewal and coworkers 

identified epigenetic silencing of the CpG-rich ANXA6 promoter, which was heavily methylated 
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in several EGFR overexpressing cancer cells and ER-negative breast cancer cells with low AnxA6 

levels (75). Likewise, ANXA6 promoter methylation and downregulation was documented in 

gastric cancer (257, 362). Along these lines, further insights into the cellular machinery driving 

histone alkylation and expression of non-coding RNAs to downregulate gene expression should 

also be considered. The targeting of epigenetic modifiers as an anticancer strategy in breast and 

prostate cancer includes several miRNAs that modify the expression of multiple genes in lipid, 

cholesterol, and glucose metabolism (258-261). 

 Hence, future strategies to block ANXA6-dependent and RAB7A/STARD3-mediated 

cholesterol export from LE/lys may take advantage of manipulating epigenetic modifications and 

be beneficial for selected cancer patients in TNBC breast cancers and possibly other tumors (e.g. 

advanced prostate) that show increased cellular LDL uptake and metabolism.   
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