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Overexpression of V-ATPase subunits is linked to cancer cell migration, invasion and 
metastasis in a number of cancer types including prostate cancer (PCa). Due to 
expression of androgen receptor (AR) variants, drug resistance is a significant problem in 
PCa. Various strands of data suggest that the V-ATPase may influence AR function and 
therefore represents a novel target for which to treat PCa. The central hypothesis 
addressed in this project is that V-ATPase dysregulation is directly linked to cancer via 
alterations in activity, and that V-ATPase inhibition influences AR function in prostate 
cancer. 
 
Somatic missense mutations, glutamine (Q), valine (V) and lysine (K) at glutamate (E) 61 
in the human V-ATPase V1E2 isoform were first identified in the COSMIC database (v81). 
A V-ATPase ΔE null mutant yeast model was complemented with wild-type or mutant 
forms of human V1E1 or E2 subunits to determine whether the mutations altered V-
ATPase activity and function. The results indicated that V-ATPase catalytic activity was 
significantly increased in the V-ATPases with E61 to V and Q substitutions in the V1E2 
subunit compared to the wild-type subunit. The E61Q mutation also substantially 
increased V-ATPase proton-coupling rate. These results show that cancer-associated V-
ATPase mutations can increase enzyme catalytic activity and function. 
 
Inhibition of V-ATPase reduced AR function in wild-type and mutant AR luciferase models. 
These results were supported by experiments in hormone sensitive PCa cell lines (LNCaP 
and DuCaP) and mutant AR cell lines (22Rv1 and LNCaP-F877L/T878A), which showed 
that V-ATPase inhibition reduced AR expression, and expression of AR target genes, at 
mRNA and protein levels. To investigate the role of individual subunit isoforms, siRNA and 
CRISPR-Cas9 were used to silence the V1C1 subunit in LNCaP and 22Rv1 cells. Results 
showed that transfection with ATP6V1C1 siRNA significantly reduced AR protein levels 
and function in 22Rv1 cells. Conversely, CRISPR-Cas9 mediated knockout of V1C1 
showed a small increase in AR in both cell lines, which was accompanied by a 
compensatory increase in protein levels of the alternate V1C2 isoform. Overall, these 
results are consistent with the hypothesis that V-ATPase dysregulation is directly linked to 
cancer via alterations in activity. In particular, this work revealed that somatic mutations 
identified in tumour samples can increase V-ATPase activity, and that V-ATPase inhibition 
can reduce AR signalling regardless of mutant AR expression. 
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Introduction 

1.1 Overview 

Vacuolar-ATPase (V-ATPase) is a multi-protein complex that catalyses the ATP-

dependent transport of protons across intracellular and plasma membranes. The resulting 

acidification of organelle lumens and the extracellular space influences a diverse range of 

cellular processes, many of which are dysregulated in cancers (1). One cancer type in 

which V-ATPase dysregulation has been shown to increase the potential of cancer cell 

invasion and metastasis is prostate cancer (2). Prostate cancer can progress to an 

aggressive form known as castrate resistant prostate cancer (CRPC) which currently has 

no treatments with curative intent. Due to the adaptive responses of the cancer cells such 

as alterations to the androgen receptor, splice variants and alternative signalling 

pathways, drug resistance is a significant problem. It is essential that either novel targets 

are found for next generation therapeutics, or new options are provided for existing 

treatments. V-ATPase may represent an ideal target for which to satisfy both of these 

criteria.   

The overall goal of this thesis was to investigate the role of V-ATPase in cancer. This 

introduction will therefore provide background information regarding the two key elements 

of the project; (1) the effect of selected V-ATPase somatic missense mutations on V-

ATPase activity and function, and (2) the potential interactions between androgen 

receptor signalling and V-ATPase in prostate cancer. 

1.2 V-ATPase 

V-ATPase are large multi-subunit protein complexes involved in a number of intracellular 

processes including vesicular trafficking, receptor recycling, protein processing and 

degradation (3, 4). They are also important for pH dependent entry of various viruses like 

influenza, and bacterial toxins, such as the anthrax toxin, into healthy human cells (4).  

Whilst intracellular V-ATPases are ubiquitous, plasma membrane (PM)-localised V-

ATPases play more cell specific roles and are overexpressed in specialized acidifying 

cells (5). Misregulation of PM V-ATPases can lead to numerous pathological conditions 

including osteoporosis, renal distal tubular acidosis, proteinuria and deafness (6-9). They 

are also localised to the membrane of clear epididymal cells and play a role in sperm 

storage and maturation (10). More recently, PM V-ATPases have been shown to play a 
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key role in many types of cancer and have been associated with increased invasive and 

metastatic potential (11). 

1.2.1 Structure and mechanism 

The mammalian V-ATPase is composed of two domains: the cytosolic V1 domain and the 

integral membrane complex, VO. These two domains are further divided into 13 different 

subunits, which are illustrated in Figure 1-1. The V1 domain, which is responsible for ATP 

hydrolysis, is composed of 8 subunits (A-H), whereas the VO domain, responsible for 

proton translocation, is composed of 5 subunits (a,c,c’’,d,e) (3). Yeast V-ATPases have a 

similar structure but contain an extra VO subunit (c’) (12). Moreover, V-ATPases are also 

evolutionarily similar to the F0 and F1 ATP synthases (F-ATPases) found in bacteria (13).   

V-ATPases use a rotary mechanism, involving both domains, to drive the transport of 

protons across membranes. ATP hydrolysis occurs in the catalytic V1A3B3 hexamer 

composed of alternating V1A and V1B subunits. Energy generated during hydrolysis acts 

as the driving force of the rotary mechanism, rotating the central stalk made up of subunits 

V1D, V1F and VOd. The proteolipid subunits in the VO domain, VOc and VOc’’, are 

organised into a highly hydrophobic ring formation. Protons enter a cytoplasmic hemi-

channel in subunit VOa and bind to glutamic acid residues in the proteolipid ring (14, 15). 

The clockwise rotation of the central stalk sequentially rotates the proteolipid ring, allowing 

the protonated glutamic acid residues to come into contact with a hemi-channel in subunit 

VOa. Within subunit VOa, a critical arginine residue is thought to then stabilise the glutamic 

acid residues (16). This results in the deprotonation of the glutamic acid of the VOa subunit 

and the release of the proton, thereby acidifying the lumen (17). It is noteworthy that the 

majority of the V-ATPase specific inhibitors bind to the proteolipid ring, including 

bafilomycin-A1, concanamycin-A and archazolid (18-20). 
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Figure 1-1. The mammalian V-ATPase structure 
The V1 domain contains the V1A3B3 catalytic hexamer, the peripheral stalk made up of 

subunits V1E, V1G, V1C and V1H, and subunits V1D and V1F of the central rotor. ATP 

hydrolysis occurs in the V1A3B3 catalytic hexamer and the energy generated is used to 

drive the rotary mechanism. The VO domain is integrated into the membrane and is 

responsible for proton translocation; it consists of subunits VOa, VOd, VOe and the 

proteolipid ring made up of VOc and VO c’’. Taken from (1). 
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The peripheral stator/stalk is composed of subunits V1E, V1G, V1C, V1H and the N-

terminus of VOa (21). This peripheral stator has an important role in tethering the V1A3B3 

hexamer to the N-terminus of subunit VOa, thus resisting the torque generated by the 

rotation of the central stalk (22). It is made up of a central V1EG heterodimer, which acts 

to anchor the membrane to the peripheral complex (13). Eukaryotic V-ATPases have 

three V1EG heterodimers (EG1, EG2, EG3) (23), whereas archaeal-ATPases have two 

(24) and F-ATPases have only one (25). Subunit V1C contains two globular domains, one 

at the foot and one at the head, which contact two of the three V1EG heterodimers (EG2 

and EG3). The head domain can interact with EG3 with high affinity, whereas the foot 

domain can bind to the EG2 heterodimer and the N terminus of subunit VOa with lower 

affinity. Crystal structure analyses of the EGC complexes show that the V1E and V1G 

subunits have a coiled-coil structure giving the peripheral stalks flexibility (12). This 

flexibility allows the A3B3 hexamer catalytic sites to undergo conformational changes (12). 

Subunit V1C, along with V1H, also play a large role in a regulatory process known as 

reversible dissociation, which is explained in more detail in a later section. 

1.2.2 V-ATPase subunit isoforms 

1.2.2.1 Yeast V-ATPase subunit isoforms 

Of the 13 mammalian V-ATPase subunits, at least seven have multiple isoforms in 

mammalian cells, with subunit VOa being the most extensively studied. In yeast, only 

subunit VOa is encoded by two genes (Vph1 and Stv1), whereas all other subunits are 

encoded by a single gene. Table 1-1 summarises the differences between the mammalian 

and yeast V-ATPase subunit isoforms. The two genes play different roles as Stv1 targets 

the V-ATPase to the Golgi whereas Vph1 targets it to the vacuole (26). Key differences in 

the properties of V-ATPases containing either Stv1 or Vph1 have been identified (26), 

which may reflect the differences in pH between the Golgi and vacuole. Additionally, as 

there are no subunit isoforms in yeast and yeast null mutants have a conditional lethal 

phenotype (27), mammalian subunit isoforms can replace yeast subunits so that the 

function of individual mammalian subunits can be studied.  
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Table 1-1 Eukaryotic V-ATPase subunit isoforms 
Mammalian V-ATPases have a variety of isoforms encoded by separate genes, which 

differ from that of yeast V-ATPases. The table below lists the different isoforms for both 

mammalian and yeast V-ATPases. 

Eukaryotic V-ATPase subunits 
 Mammalian Yeast 

Sector Subunit isoform Gene Subunit isoform Gene 

V1 

A ATP6V1A A VMA1 
B1 ATP6V1B1 B VMA2 
B2 ATP6V1B2 - - 
C1 ATP6V1C1 C VMA5 
C2 ATP6V1C2 - - 
D ATP6V1D D VMA8 
E1 ATP6V1E1 E VMA4 
E2 ATP6V1E2 - - 
F ATP6V1F F VMA7 

G1 ATP6V1G1 G VMA10 
G2 ATP6V1G2 - - 
G3 ATP6V1G3 - - 
H ATP6V1H H VMA13 

VO 

a1 ATP6V0A1 a VPH1/STV1 
a2 ATP6V0A2 - - 
a3 ATP6V0A3 - - 
a4 ATP6V0A4 - - 
d1 ATP6V0D1 d VMA6 
d2 ATP6V0D2 - - 
c ATP6V0C c VMA3 
- - c’ VMA11 

c’’ ATP6V0B c’’ VMA16 
e ATP6V0E e VMA9 
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1.2.2.2 Mammalian V-ATPase subunit isoforms 

The most extensively studied V-ATPase subunit regarding isoform function is the VOa 

subunit. In mammalian cells, subunit VOa exists in four isoforms (a1-a4) and, similarly to 

yeast, are involved in the targeting of V-ATPases to specific organelles. The VOa1 subunit 

is expressed ubiquitously but has been shown to localize at nerve terminals, and therefore 

may play a role in the acidification of synaptic vesicles (28). It has also been suggested 

that VOa1 is involved in the endocytic pathway as it might be involved in phagocytosis in 

the brain (29). Expression of the VOa2 isoform has been identified in the spleen, lung and 

epididymis, but is thought to play its predominant role in the kidney. This is where it 

functions to decrease the pH in proximal tubule cells to release peptides involved in 

absorption (30). Subunit VOa3 is involved in bone resorption and targets the V-ATPase to 

the PM of osteoclasts (31). Mutations in this isoform are associated with osteoporosis, 

and therefore VOa3 could be a potential therapeutic target for new osteoporosis 

treatments (8). Finally, the VOa4 isoform is present in the epididymis, inner ear and the 

kidney (10, 32). Similarly to VOa2, VOa4 also plays a large role in targeting V-ATPases to 

the kidney, although VOa4 targets to membranes of intercalated cells in the collecting duct 

and distal tubule. As a result, germline mutations in VOa4 are commonly present in 

patients with renal tubular acidosis (32).  

In addition to subunit VOa, many other mammalian subunits have different isoforms, of 

which at least one isoform is expressed in specific tissues, and another is ubiquitously 

expressed. Many of the subunit isoforms share amino acid sequence homology and the 

similarities are as follows: V1B (83%) (33), V1C (62%) (34), V1E (77%) (35), V1G (53-64%) 

(34) and VOd (68%) (34). 

Subunit V1B has two isoforms, V1B1 and V1B2. V1B2 is expressed ubiquitously but tends 

to localize in intracellular organelles and V1B1 is expressed in renal cells, epididymal cells 

and cells of the inner ear. As a result, mutations in V1B1 have been shown to cause renal 

tubular acidosis and deafness. (36). Although it appears as if the two isoforms may have 

different functions, one study showed that V1B2 could compensate for a loss of V1B1 in 

knockout mice models (37). V1B2 is often referred to as the brain isoform due to its 

localised high levels of expression. Using an ATP6V1B2 knockdown mouse model, Yuan 

et al. demonstrated that V1B2 deficiency results in severe sensorineural hearing loss and 

that a single mutation (Arg506X) results in dominant deafness-onychodystrophy syndrome 

due to abnormal lysosomal acidification (38, 39). Recently, somatic mutations in the V1B2 

isoform have been associated with autophagic flux and mTOR activation in follicular 

lymphoma patients (40), which is discussed in more detail in the next section. 
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The V1C subunit also has two isoforms, V1C1 and V1C2, and in mice two further mRNA 

splicing variants of V1C2 have been identified, V1C2-a and V1C2-b. V1C1 is ubiquitously 

expressed whereas V1C2 is expressed specifically in lung and kidney tissues. Further 

diversity of the V1C2 isoform in mice shows that V1C2-a is expressed in type II alveolar 

cells, whereas V1C2-b was found in the PM of renal intercalated cells. Moreover, the V1C1 

isoform is highly expressed in osteoclasts, where it interacts with the VOa3 isoform, and 

was found to co-localise with microtubules in the PM and F-actin in the cytoplasm (41). In 

agreement with this, Sun-Wada et al. demonstrated that expression of the ubiquitous 

subunit isoforms (V1B2, V1C1, V1G1, and other VOa isoforms) were present in one 

complex, whereas the kidney-specific isoforms (V1B1, V1G3, VOd2, VOa4, V1C2-b) were 

found in another (42). These findings were significant because they showed an in vivo 

selective assembly of V-ATPase isoforms, indicating that V-ATPase complexes may have 

different functional characteristics depending on the expression of individual isoforms.  

Furthermore, a chimeric yeast V-ATPase with mouse V1C1 had a higher Km and proton 

transport activity than that of the V1C2-a or V1C2-b isoforms. The chimeric V1C2-b 

complex had a significantly lower energy coupling efficiency compared to complexes with 

V1C1 or V1C2-a, suggesting the V1C subunit is important for V-ATPase energy coupling 

(42). This is supportive of the fact that the V1C1 isoform is highly expressed in osteoclasts 

(41), suggesting the higher rate of activity is consistent with the increased functional 

requirement. In addition to this, Wang et al. showed that silencing the V1C1 subunit in 

periapical tissues reduced bone resorption by 70%, inhibited T-cell mediated inflammation 

by 75% and reduced expression of pro-inflammatory cytokines, highlighting V1C1 as a 

potential novel therapeutic target for endodontic disease (43). 

The mammalian V1E subunit has two isoforms, V1E1 and V1E2. V1E2 is specific for the 

testes and the spermatozoa whereas V1E1 is expressed ubiquitously, although both are 

well conserved across species (12). Interestingly, subunits V1A and VOa2 were found to 

be localised in the same membranes in the testis as V1E2, indicating a unique V-ATPase 

complex is expressed in the acrosomes of spermatids (44). Furthermore, chimeric yeast 

cells expressing the V1E2 isoform were shown to be temperature sensitive and could not 

grow at 37°C, exhibiting a functional coupling defect between proton and transport and 

ATP hydrolysis. This was not observed for the ubiquitously expressed V1E1 isoform, 

which may represent a V-ATPase specific function as the optimal temperature for 

spermatid cell culture is 33°C, and therefore cells expressing the V1E2 isoform would have 

dysregulated V-ATPase activity above this temperature (44). The V1E2 subunit is primarily 

believed to have a role in sensing the environment of the V-ATPase complex. Okamoto et 

al. showed that the V1E subunit is important for V-ATPase disassembly in response to 

glucose deprivation. In addition, the group identified the Glu-44 residue as the key residue 
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that may prevent V-ATPase disassembly by inhibiting the formation of a strong-coiled coil 

in the enzyme complex (12). 

Compared to the other mammalian subunits the V1G and VOd isoforms are less well 

characterised. The VOd subunit exists in two isoforms; VOd1 is ubiquitously expressed 

whereas VOd2 is present in osteoclasts and renal epididymal cells (45-47). Lee et al. 

demonstrated that silencing the VOd2 subunit is mice results in development of 

osteoporosis, suggesting VOd2 may play a role in osteoclast fusion (48). In comparison, 

V1G has three isoforms: V1G1, V1G2 and V1G3. The V1G1 isoform is ubiquitously 

expressed, V1G2 is expressed in the brain and V1G3 in the kidney and epididymis (34). 

Additionally, V1G3 has been shown to be a potential novel immunohistochemical marker 

for chromophobe renal cell carcinoma (49). 

1.2.3 Mechanisms of regulation 

In addition to regulation of V-ATPase by differential expression of its composite subunits, 

other mechanisms can regulate V-ATPase function by direct modulation of assembly or 

function of the complex. Reversible dissociation of V1 from the VO complex is an essential 

mechanism for rapidly regulating V-ATPase activity without the synthesis of new proteins. 

This mechanism of reversible dissociation is illustrated in Figure 1-2. In yeast, 

disassembly occurs in response to glucose deprivation, and the enzyme re-assembles 

with the addition of glucose. During dissociation, the peripheral interactions that hold the 

enzyme complex together are broken, releasing subunit V1C from both domains into the 

cytoplasm. For V-ATPase re-assembly to occur the interactions must be restored and it is 

essential that subunit V1C is re-incorporated into the complex (50). This re-incorporation 

involves bending of the third peripheral stalk, which induces an enormous amount of 

physical stress leading to a phenomenon referred to as ‘spring loading’. A specific region 

within the V1G-subunit, characterised by a random coil bulge, may play an important role 

in this spring loading process (50).  

The purpose of the spring mechanism is thought to be so that the V-ATPase can quickly 

disassemble after glucose depletion, preserving vital ATP (51). It is crucial that both 

sectors can become inactivated so that the pump activity decreases; if free catalytic V1 

was to enter the cytoplasm then it could deplete cellular ATP stores and have catastrophic 

effects. Subunit V1H has been shown to play a large role in this essential inhibition (52). 

Much like subunit V1C, subunit V1H is composed of two globular domains connected by a 

flexible linker (53). The proposed mechanism of V-ATPase inhibition is through the 

tethering of the peripheral stalk to the central stalk. This is achieved via the binding of 

subunit V1H to a loop in subunit V1F in the central rotor. As a result, a bridge forms 
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between the rotor and stator segments of the enzyme, blocking the rotation of the central 

stalk (53, 54).  
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Figure 1-2. Reversible dissociation of V-ATPase 
Reversible dissociation is an important V-ATPase regulatory mechanism. Dissociation of the V1 from the V0 complex releases subunit V1C, which needs to 

be re-incorporated upon reassembly.  
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This reversible assembly requires another heterotrimeric protein complex known as RAVE 

(regulator of the ATPase of vacuolar and endosomal membranes), which is composed of 

three separate proteins (Rav1P, Rav2P and SkP1) (55). RAVE is thought to bind subunits 

V1E, V1G and V1C to stabilize the dissociated V1 domain and to help regulate the 

dissociation process (55, 56). Interestingly, in yeast reversible dissociation appears to 

depend on where the enzyme is localised. V-ATPases localised to the Golgi containing 

Stv1p do not dissociate upon glucose deprivation, whereas those localised to the vacuole 

that contain Vph1p do dissociate (57). RAVE also appears to preferentially bind to Vph1p 

(58). Furthermore, when V-ATPase complexes that contain Stv1p are overexpressed in 

the vacuole, the complex does dissociate in response to glucose deprivation (57). Why 

this phenomenon occurs is not exactly known but may be due to the differences in luminal 

pH. In mammalian cells, the protein rabconnectin 3 may play a similar role to RAVE (59). 

Moreover, PI3K and EGF are also involved in glucose-regulated assembly (60, 61). 

In addition to reversible dissociation, other mechanisms are key to regulating V-ATPase 

activity. One such mechanism involves the insertion of active V-ATPase complexes into 

membranes and is particularly important in renal-intercalated cells and clear epididymal 

cells. In both cell types, cAMP levels are increased in response to low cytoplasmic pH. 

This is aided by a bicarbonate-sensitive adenylate cyclase (62). As a result, PKA activity 

increases, which in turn directly phosphorylates subunit V1A, localizing the enzyme 

complex at the respective apical membrane (63). Furthermore, the enzyme AMPK also 

has the ability to phosphorylate the V1A subunit directly and can inhibit PKA-dependent 

phosphorylation (64, 65). This represents a co-regulatory effect of both PKA and AMPK 

on proton transport across apical membranes. Additionally, the HRG-1 protein (66), pro-

hormone processing (67), and transcription factor EB (TFEB) (68) have all been found to 

regulate V-ATPase activity in human cells, without altering the enzymes assembly. 

1.2.4 V-ATPase functions 

Our understanding of the functions of the V-ATPase complex is continuously developing 

and we are starting to unravel the complexity of the enzyme. Research is moving away 

from the idea that it serves only as a proton pump and it is now understood to have a 

central role in environmental sensing including as a pH sensor. 

1.2.4.1 Vesicular and luminal acidification 

The key function of V-ATPase is to acidify intracellular vesicles such as endosomes and 

lysosomes. V-ATPase is present on the surface of endosomes and functions to mediate 

processes like vesicular trafficking and receptor recycling through acidification. This 
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acidification is critical for the internalisation of essential receptor ligand complexes into the 

endosome, and the reduction in pH has been shown to result in the recycling of ligands, 

which are then transported to the PM (69). V-ATPases in the lysosome contribute to the 

maintenance of the acidic pH required for lysosomal function. They also assist in 

transporting newly synthesised acid hydrolases to lysosomes from the Golgi. Many 

proteins undergo glycosylation in the Golgi, which is an important post-translational 

modification (70). Interestingly, mutations in the V-ATPase VOa2 subunit have been 

associated with the development of a recessive autosomal wrinkly skin syndrome known 

as cutis laxa. However, despite the genetic link to a defect in glycosylation, the direct 

involvement of Golgi acidification in protein maturation is not fully understood (71). 

Furthermore, phagosomes and autophagosomes require a V-ATPase mediated acidic 

environment for the activity of degradative enzymes (72). Within specialised cells, V-

ATPase expression is linked to specific cell-type functions. For example, V-ATPase has 

been shown to be important for: the formation of synaptic vesicles during 

neurotransmission (73), insulin exocytosis in pancreatic cells (66) and mediating fission-

fusion of the vesicular system (74). In addition to these vesicular functions, there is a 

growing interest in V-ATPase activity in the PM, especially with regards to cancer (1, 75). 

Many of the luminal functions of the V-ATPase are attributed to the expression of specific 

subunit isoforms in specialised cells, which are outlined in 1.2.2.  

1.2.4.2 Additional functions 

It is well established that the primary function of the V-ATPase is to acidify intracellular 

compartments and the extracellular environment. However, novel V-ATPase functions are 

beginning to emerge and a summary of these key functions is shown in Figure 1-3. One of 

the more novel concepts to develop is that V-ATPase is required for amino acid mediated 

mTORC1 signalling. Amino acids can initiate a signalling cascade that leads to activation 

of mTORC1, which is a master regulator of many catabolic and biosynthetic processes 

associated with cell growth. Amino acids promote mTORC1 signalling by initiating binding 

to Rag-GTPases that recruit mTORC1 to the surface of lysosomes. The regulator complex 

anchors Rag GTPases to the lysosome forming an mTORC1 docking site. Zoncu et al. 

demonstrated that components of the V-ATPase complex formed functional and physical 

links with the Rag-Ragulator complex. Furthermore, they showed that it was the V-

ATPase ATP-hydrolysis, and not the lysosomal pH gradient, that was required for the 

amino acid dependent activation of mTORC1. The group proposed a lysosome-centric 

inside-out model in which the V-ATPase functions between amino acids and loading of the 

Rag GTPases with nucleotides, forming a critical component of the sensing mechanism. 

This finding was particularly interesting because it demonstrated that it was the physical 
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rotation of the V-ATPase complex that was responsible for regulating mTORC1 activity 

and that the V-ATPase is more than just a proton pump (76).  

In addition to acting as an amino acid sensor, V-ATPases may be able to operate as pH 

sensors and regulate the recruitment of cytosolic proteins. Cyothesin-2 and Arf6 interact 

with V-ATPase to mediate endosomal and lysosomal degradation pathways. The Arf-

family GTP-binding proteins are small GTPases that act as regulatory molecular switches. 

Cytohesin-2 and Arf-6 are both specifically targeted to early endosomes and their 

recruitment is pH dependent (77). More importantly, the VOa2 subunit isoform has been 

shown to directly interact with cytohesin-2 and subunit VOc (78). These specific 

interactions depend on acidification of the endosomal lumen by V-ATPases. Thus, the 

VOa2 isoform in the V-ATPase complex has the ability to sense pH levels and can transmit 

information across membranes. Recently, Meruklova et al. used pull down experiments to 

show that in fact all four subunit VOa isoforms could interact with cytohesin-2 (79). This 

regulatory complex may therefore be able to mediate trafficking between early and late 

endosomes and regulate specific signalling proteins such as insulin (80).  

Notch and Wnt pathways are two key signalling pathways involved in many physiological 

processes. They both require intact V-ATPases for the accurate trafficking and processing 

of cell surface receptors. The Notch receptor is key to cell-cell signalling and is important 

in cellular development. Upon ligand binding, the Notch receptor is activated by a series of 

cleavage events that release the Notch intracellular domain (NICD). This allows its 

translocation to the nucleus and activation of target genes (81). Inappropriate Notch 

activation is becoming an important feature of cancer development (82) and it is therefore 

crucial that we understand the full involvement of V-ATPase. In V-ATPase deficient cells, 

Notch and other components accumulate in lysosomal compartments and are not 

processed (83). This is because when V-ATPases are perturbed, γ-secretase cleavage in 

endosomes is greatly reduced, preventing the release of NICD. Furthermore, this 

suggests that V-ATPase inhibitors could be used to reduce endosomal acidification and 

prohibit the increased levels of Notch activation seen in many cancers (84). 

V-ATPases are essential for endosomal acidification and this acidification consequently 

affects Wnt signalling (85). For example, V-ATPases are required for the phosphorylation 

of cell surface Wnt receptor LRP6 in the canonical pathway. The proposed mechanism is 

that the prorenin receptor (PRR) forms part of the Wnt/Fz/LRP6 receptor complex and 

acts as an adaptor between the V-ATPase and LRP6. This complex is then endocytosed 

upon Wnt stimulation and the V-ATPase generates a proton gradient that is crucial for 

LRP6 phosphorylation (86). Thus, this demonstrates that V-ATPases are involved in the 

regulation of early endosomes in the protein degradation pathway. Moreover, inhibition of 

V-ATPase using bafilomycin-A1 results in inhibition of Wnt activity (85) and can therefore 
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prevent Wnt-induced transcription. This reiterates the significance of V-ATPases as a 

therapeutic target due to their widespread effects throughout the human body.  
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Figure 1-3. V-ATPase function 
Intracellular V-ATPase regulates multiple intracellular processes. In secretory vesicles, V-

ATPase generates a proton gradient that is used to drive the H+-dependent uptake of 

neurotransmitters. In endosomes, low pH promotes the dissociation of ligands, such as 

low density lipoproteins, from their receptors, facilitating receptor recycling to the plasma 

membrane. In signalling endosomes, V-ATPase promotes signalling to β-catenin 

downstream of Wnt receptors, and can promote NOTCH signalling via enhanced cleavage 

to generate NICD. In the Golgi, V-ATPase promotes binding of hydrolases to the 

mannose-6-phosphate receptor which is important for their delivery to the lysosome. In 

lysosomes, low pH is required for optimal activity of acid-dependent proteases, such as 

cathepsins. Lysosomal V-ATPase also acts to coordinate activity of AMPK and mTORC1 

to regulate cellular catabolism versus anabolism in responses to shifting 

microenvironmental cues. Note the figure is designed to illustrate some key functions of V-

ATPase and is not intended to portray all of the diverse functions that have been ascribed 

to V-ATPase. Plasma membrane functions of V-ATPase in specialized cell types including 

renal intercalated cells, osteoclasts and clear epididymal cells. Taken from (1) 

.
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1.3 Role of V-ATPases in cancer 

1.3.1 Overview 

Due to the complexity of the V-ATPase, it is logical to propose that their dysregulated 

expression and activity may play a crucial role in cancer development. There is now a 

large body of research supporting this, and V-ATPase have been linked to a number of 

different cancers including breast, pancreatic, gastric, lung, prostate and many more (2, 

87-90). V-ATPase subunits are overexpressed in many tumour samples and in various 

cancer cell lines (2, 91-93). The information in this section was adapted from my review 

paper (1). 

1.3.2 Dysregulation of V-ATPase in cancer  

The bulk of the evidence linking dysregulation of V-ATPase to cancer derives from studies 

showing altered expression or subcellular localisation of specific V-ATPase subunits in 

malignant cells versus normal counterparts and/or correlations between variable subunit 

expression and clinical features of disease.  

For example, analysis of the TCGA database revealed that amplification/overexpression 

of ATP6VC1 was observed in 34% of human breast cancers and was associated with a 

relatively poor outcome (94). In a separate study, expression of the V1C1 subunit, which 

bridges between the V1 and VO domains, was detectable in all examined stages of 

Barrett’s oesophagus (a precursor lesion for oesophageal squamous cell carcinoma 

associated with an ~0.3% annual  risk of progression to adenocarcinoma) using 

immunohistochemistry (IHC), indicating that its increased expression may play a role early 

in the transformation in these tissues (95). Interestingly, immunofluorescence staining 

revealed that at least a proportion of V-ATPase was localised to the PM in oesophageal 

squamous cell carcinoma (ESCC) cells (96). Furthermore, a recent detailed study using 

IHC showed that the V1E1 subunit was overexpressed in ESCC compared to normal 

oesophagus. Unusually high V1E1 subunit protein levels in cancer cells was associated 

with tumour invasiveness and lymph node (LN) metastasis, and with reduced disease-free 

and overall survival, including in early stage disease. Importantly, V1E1 expression was an 

independent predictor of outcome (97) and could potentially be used as a marker of 

disease. A similar study has investigated the significance of the V1A subunit in gastric 

cancer using IHC. Again, increased V-ATPase subunit expression was observed in 

cancer, compared to normal tissue, and high tumour expression was associated with poor 
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differentiation, LN metastasis, advanced stage and was an independent predictor of poor 

outcome (87). 

Other studies have described expression of V-ATPase/specific subunits in pancreatic 

cancer (88, 98), non-small cell lung cancer (90), oral squamous cell carcinoma (92, 99), 

ovarian cancer (100), cervical cancer (101), breast cancer (102, 103), gliomas (104) and 

hepatocellular carcinoma (91). A summary of studies investigating clinical significance of 

V-ATPase in cancer is provided in Table 1-2. It is important to note that most of these 

studies focussed on individual subunits and lack information on localisation, expression of 

other subunits, and/or analysis of the ATP hydrolysis and proton transport activities of V-

ATPase. Further investigation into whether altered gene expression and/or protein 

accumulation of one of the subunits of V-ATPase lead to malfunction of V-ATPase 

function in the primary human tumours remains an important area for future investigation. 

An important new advance that moves beyond differences in subunit expression in cancer 

is the recent identification of V-ATPase subunit mutations. Somatically acquired mutations 

of ATP6V1B2 or the accessory subunit ATP6AP1 are detected in ~20% of follicular 

lymphoma (FL) patients (105, 106). These V-ATPase mutations frequently co-occur with 

mutations in the RRAGC gene encoding the Rag-GTPase family member RagC, that with 

V-ATPase and the V-ATPase interaction partner Ragulator, form an amino acid “sensing” 

supercomplex which is required for mTORC1 activation (76). FL RRAGC mutations 

appear to be gain-of-function and promote inappropriate mTORC1 activity following 

amino-acid depletion (106). Functional data are lacking, but V-ATPase mutations may 

also promote inappropriate mTORC1 activation in FL. A relatively large number of V-

ATPase subunit sequence variants have been reported in the COSMIC database in a 

wide spectrum of cancer types (107) suggesting that the occurrence and importance of V-

ATPase mutations may extend beyond lymphoma. However, validating studies will be 

required to confirm which sequence variants are truly cancer-specific and have important 

functional consequences. 
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Table 1-2. Evidence for V-ATPase subunit dysregulation in patient tumour tissues 
IHC, Immunohistochemistry; IF, Immunofluorescence; WB, Western-blot; IP, 

Immunoprecipitation. Taken from (1). 
Cancer type Subunits 

investigated 
Techniques Key evidence Reference 

Breast VOa RT-qPCR, IHC VOa3 mRNA expression was upregulated in all 
breast cancer tissues tested compared to 
normal tissue and a3 mRNA expression 

correlated with tumour grade. Invasive breast 
cancer tissue had greater a3 staining than 

ductal carcinoma in situ, suggesting a3 
expression increases with invasive potential. 

(102) 

Breast and 
melanoma 

VOa2 IHC, IF Highly positive staining of VOa2 in breast and 
skin tumours compared to their respective 

normal tissues. 

(103) 

Cervical V1C1 IHC V-ATPase expression significantly increased 
in patients with cervical adenocarcinoma. In 

patients with bulky cervical tumour expression 
was correlated with poor disease-free survival 

(101) 

Gastric V1A IHC V1A overexpressed in gastric cancer tissue 
compared to normal tissue. V1A expression 

correlated with advanced tumour grade, 
vascular invasion, lymph node metastasis and 

was associated with worse survival than 
patients with negative V1A staining. 

(87) 

Glioma Voa RT-qPCR VOa4 isoform increased compared to brain 
biopsies of epileptic patients. 

(104) 

Human 
hepatocellular 

carcinoma 

VOc (ATP6L) RT-qPCR, WB, 
IHC 

Greater ATP6L mRNA and protein expression 
in HCC tissues compared to normal liver 

tissue. Baf-A1 inhibition retarded growth of 
HCC in liver of mice. 

(91) 

Lung V-ATPase 
complex 

IHC V-ATPase complex overexpressed in NSCLC. 
Expression was significantly lower in grade II 

adenocarcinoma and squamous cell lung 
cancer than grade III. V-ATPase expression 
was found to be positively correlated to drug 

resistance in NSCLC samples and a 
significant positive correlation was obtained 

for V-ATPase expression and common cancer 
chemotherapeutic agents. 

(90) 

Oesophageal VOa and V1C1 Confocal 
microscopy, 

IHC 

V-ATPase expressed in all stages of 
neoplastic progression in Barrett’s 

oesophagus. 

(95) 

V-ATPase 
complex 

IHC/IF Complex highly expressed in oesophageal 
squamous cancer cells. 

(96) 

V1E1 IHC V1E1 expression increased in oesophageal 
cancer tissues than normal oesophageal 

tissue and was directly correlated with tumour 
invasiveness and poor prognosis. Can act as 

independent prognostic factor. 

(97) 

Oral 
squamous 

cell 
carcinoma 

 

V1C1 RT-qPCR V1C1 overexpressed in OSCC tissues 
compared to healthy oral mucosa samples. 

(99) 

V1C1 IHC V1C1 overexpressed in OSCC tissues 
compared to healthy oral mucosa tissue. 

(92) 

Ovarian VOa IF, IHC VOa2 expression increased and a3 subunits 
had greater staining in ovarian cancer tissues 

compared to normal ovarian tissues. 

(100) 

Pancreatic VOc RT-qPCR, IHC, 
IP 

VOc overexpressed in pancreatic carcinoma 
tissues compared to normal pancreatic tissue. 
Expression was linked to invasive capabilities 

as the overexpression of VOc was 
characteristic of invasive ductal 

adenocarcinomas. 

(98) 

V1E IHC V-ATPase staining was significantly increased 
from low-grade pancreatic intraepithelial 

neoplasia (PanIN) to invasive PDAC. 

(88) 
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1.3.3 V-ATPase function in cancer cells 

Functional characterisation of V-ATPase in human cancer cells has focused on its role in 

potentiation of migration and invasion, consistent with the common association between 

elevated subunit expression and advanced stage/metastasis observed in several cancer 

types (Table 1-2). Increased cancer cell invasive activity is frequently associated with 

aberrant V-ATPase PM localisation suggesting that increased acidification of the 

extracellular space plays an important role (2, 11, 88, 90, 93, 96, 100, 108-110).  

Various cell lines have been used to study the functional links between V-ATPase and 

invasive activity. For example, using two closely related human breast cancer cell lines, 

MCF10a and MCF10CA1a, Capecci et al. found that the levels of mRNA encoding VOa1 

and VOa3 were highest in the invasive MCF10CA1a cells (93). Furthermore, the VOa3 

isoform was also expressed in lung and bone metastasis of B16-F10 cells, suggesting this 

isoform might be relevant to the increased metastatic potential of melanoma cells (110). 

As previously discussed, VOa isoforms can be expressed in a tissue-enriched pattern and 

are associated with PM localisation. Therefore, overexpression of these isoforms might be 

an example of cancer cells hijacking a normal cellular process to increase H+ extrusion. 

V-ATPase in the invasive breast cancer MDA-MB-231 cell line was shown to be localised 

to the PM and V-ATPase activity was significantly higher than in less invasive cell lines. 

To investigate whether PM or intracellular V-ATPases were responsible for the invasive 

phenotype of breast cancer cells, Cotter et al. inhibited PM V-ATPase activity in MDA-MB-

231 cells with a monoclonal antibody to the V5 epitope of a V5 tagged VOc subunit 

construct (which, in contrast to pharmacological inhibitors or RNAi-mediated subunit 

ablation, would be expected to specifically target PM localised V-ATPase) and found that 

specific inhibition significantly decreased in vitro invasion (109). Other studies of breast 

cancer cells have also linked V-ATPase subunit expression to invasion. For example, 

siRNA knockdown of VOa3 (but not a1, a2 or a4) significantly decreased invasion of 

MCF10CA1a cells. Interestingly, in this system, knockdown of VOa4 led to an increase in 

VOa3 expression and a combined knockdown of both VOa3 and VOa4 led to the greatest 

reduction in MCF10CA1a cell invasion (93). 

The precise mechanisms by which V-ATPase promotes invasion/migration require further 

investigation, but appear multifactorial. V-ATPase can increase the activity of extracellular 

proteases, such as cathepsins and matrix metalloproteinases (MMP), via both increased 

protease secretion and decreased extracellular pH which enhances activity of these 

enzymes (111-113). Once activated, these proteases increase extracellular matrix 

degradation and facilitate migration of cancer cells. For example, in ovarian cancer cells, 
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VOa2 was found to be localised in endosomes and inhibition showed a decrease in MMP-

9 and -2 activity (100). A study in hepatocellular carcinoma (HCC) found that inhibiting the 

VOc subunit led to decreased MMP-2 expression and extracellular MMP-2 activity (114).  

Other potential mechanisms may involve modulation of intracellular organelles. 

Intracellular V-ATPase may play a role in tumour cell invasion by either assisting in the 

activation of lysosomal proteases or by activating cytosolic proteins which aid in trafficking 

these proteases to the surface of the cell (115, 116). V-ATPase localises with vesicles 

containing the small GTPase Rab27B, which promotes secretion of proinvasive growth 

factors and is associated with poor prognosis in breast cancer. V-ATPase inhibition alters 

distribution and size of Rab27B vesicles, and reduces collagen type I invasion, cell cycle 

and invasive growth in the chorioallantoic membrane assay. Importantly, V-ATPase 

inhibition reduces the Rab27B dependent extracellular secretion of Hsp90α, which is a 

molecular chaperone required for MMP-2 activation (115). 

The role of V-ATPase in tumour migration has also been linked to tumour cell stiffness. 

Recent evidence suggests that a loss of cell stiffness is correlated with an increase in 

invasion and proliferation (117). For example, in HCC V-ATPase inhibition was shown to 

increase cell stiffness due to depletion of cholesterol in the PM and decreased Ras 

signalling (118). However, due to the complexity of the tumour microenvironment, the 

impact of V-ATPase on tumour membrane stiffness is not clear. In breast cancer, in vivo 

deletion of the ATP6V0A2 gene encoding VOa2 subunit caused a reduction in breast 

tissue stiffness due to defective extracellular matrix glycosylation and altered Golgi 

morphology, resulting in an inflammatory and metastatic phenotype. Furthermore, normal 

breast tissue from patients who had reported lymph node metastasis (LNM) was analysed 

using IHC and was found to have significantly lower VOa2 expression than those without 

LNM, indicating that low VOa2 expression is associated with metastatic disease (119).  

V-ATPases may also promote increased cancer cell migration via interaction with the 

cytoskeleton. In breast cancer 4T1 cells, following lentiviral depletion of V1C1 subunit 

expression, the actin cytoskeletons lost their regular orientation resulting in decreased 

migratory and invasive activity, suggesting that V1C1 is able to regulate actin cytoskeleton 

rearrangements (120). Moreover, V-ATPase inhibition is associated with F-actin 

reorganisation in PC-3 prostate cancer cells (121). Additionally, inhibition of V-ATPase 

using archazolid A or VOc subunit siRNA in SKBR3 breast cancer cells altered the 

distribution and localization of EGFR and Rac-1, which are associated with cellular 

migration (122).  

In addition to effects on migration/invasion linked to extracellular acidification, it has been 

proposed that H+-extrusion by V-ATPase can counter intracellular acidification associated 
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with altered metabolism (75). Thus, cancer cell growth is often associated with a 

reprogramming of metabolism towards aerobic glycolysis. This is termed the Warburg 

effect and is associated with tumour hypoxia as well as activation of oncogenes, such as 

MYC and RAS, and inactivation of tumour suppressors, such as p53 (123-125). This 

results in production of lactic acid and H+, and PM V-ATPase may be key under these 

conditions for maintaining intracellular pH homeostasis (126). In addition, via its action as 

a coordinator of regulators of opposing anabolic versus catabolic pathways (eg, mediated 

via mTORC1 or AMPK, respectively) (127). V-ATPase may support “metabolic plasticity” 

allowing tumour cells to adapt to distinct and shifting tumour microenvironments (e.g. 

nutrient/O2 deplete versus limited). 

Finally, V-ATPase expression in cancer cells may influence immune cells to promote 

tumorigenesis indirectly. For example, a soluble cleavage fragment of VOa2 (a2NTD) has 

been shown to polarise macrophages towards a “tumour-associated” or M2 macrophage 

phenotype (103, 128).  

1.3.4 V-ATPase as a potential cancer therapeutic target 

V-ATPase function is intimately involved in the control of multiple normal cellular 

processes. However, genetic manipulation experiments suggest the potential to target V-

ATPase function in cancer cells, with relatively little effect in normal cells, both in vitro and 

in vivo. This suggests that cancer cells may become particularly dependent on V-ATPase 

complex function, or on specific subunits, to support cancer-associated hallmarks, 

including growth and survival. 

In the breast cancer cell lines MDA-MB-231, MCF-7 and MDA-MB-435, shRNA mediated 

knockdown of the V1C1 subunit significantly inhibited cell proliferation, whereas in the 

untransformed C3H10T1/2 cell line, there was no effect on proliferation (94). In addition, 

4T1 cells with 90% V1C1 depletion had significantly less metastatic potential and reduced 

osteolytic lesions. (94). Alternatively, siRNA knock-down of the ATP6L (VOc) subunit in 

HCCLM3 hepatocellular carcinoma cells resulted in significantly reduced invasion, 

decreased MMP-2 expression, reduced average xenograft size and a dramatic reduction 

in intrahepatic metastases (114). In support of this, siRNA mediated knockdown of the 

VOc subunit led to a reduction of both SK-N-MC and A-673 Ewing sarcoma cell number 

(108).  

In addition to these genetic experiments, chemical inhibitors of V-ATPase, plecomacrolide 

bafilomycin-A1 (baf-A1), concanamycin-A (con-A), benzolactone enamides, and 

archazolid, have been used to understand consequence of V-ATPase inhibition in vitro 

and in vivo (chemical structures shown in Figure 1-4). Both baf-A1 and con-A bind to the 
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VOc subunit responsible for proton translocation and are highly specific V-ATPase 

inhibitors with IC50 values in the nanomolar range (4-400 nM) (129). Benzolactone 

enamides have been extracted from marine organisms such as the sponge Haliclona sp. 

and the tunicate Aplidium lobatum as well as the gram negative bacterium Pseudomonas 

sp. and the myxobacterium Chondromyces sp. Archazolid is one of the novel V-ATPase 

inhibitors originally isolated from Archangium gephyra, which competes with con-A for 

binding to the VOc subunit and also has IC50 values in the low nanomolar range (130). 

V-ATPase inhibition has been shown to reduce cancer cell growth and induce apoptosis in 

a number of cell lines across a range of cancer types. Importantly, chemical inhibition 

appears to show selectivity for cancer cells compared to normal cells. For example, baf-

A1 inhibition resulted in significant reductions in hepatoblastoma cell growth compared to 

normal human hepatocytes (131). One of the benzolactone enamides and a derivative of 

salicylihalamide was shown to have a significantly synergistic effect on the viability of NCI-

H1155 lung cancer cells when applied with paclitaxel increasing the sensitivity to the latter 

1000-fold (132) (133). Additionally, archazolid had a significantly increased toxic effect in 

SKBR3 breast carcinoma cells compared to non-tumour MCF10A cells (134). 

The biological mechanisms in which V-ATPase inhibition induces cancer cell death are 

diverse and complex. V-ATPase inhibition has been shown to result in increased reactive 

oxygen species (ROS) in cancer cells (135-137) and HIF-1α upregulation (134).   

Furthermore, V-ATPase inhibition induces caspase-dependent apoptosis in invasive 

tumour cells via the mitochondrial pathways (134, 138). Archazolid was also shown to 

induce cell cycle arrest in MDA-MB-231 cells and double-strand breaks in all cell lines 

investigated (139). This evidence indicates that V-ATPase inhibition can induce a cellular 

stress response, autophagy and eventually apoptosis in tumour cells. However, it should 

be noted that the relationship between V-ATPase and autophagy is complex particularly 

since the V-ATPase has a well-established role in activation of lysosomal acid hydrolases 

that mediate proteolysis during autophagy (140-142). Moreover, although V-ATPase 

inhibition can result in increased autophagic markers in some settings (134), V-ATPase is 

required for activation of non-canonical autophagy (143). In a very recent study, the 

autophagy-related protein ATG5 was demonstrated to displace ATP6V1E1 from V-

ATPase, causing it to accumulate in exosomes (144).The function of autophagy in cancer 

is also complex; both pro-survival and pro-death rolls have been described, dependent on 

cellular context (145). 

In addition to activation of pro-apoptotic pathways, V-ATPase inhibition may promote cell 

survival pathways. For example, V-ATPase inhibition can result in activation of MAPKs 

including ERK in colon cancer cells (138). Thus, outcomes following V-ATPase inhibition 

are likely to reflect the balance of activation of pro-survival and pro-apoptotic pathways 
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and coordinate the inhibition of survival responses that may enhance apoptosis following 

V-ATPase inhibition. For example, inhibition of ERK using sorafenib augmented 

bafilomycin mediated cell death in tumour cells under hypoxic conditions (146).  

Furthermore, iron chelators deferoxamine and 3-AP, showed a synergistic cytotoxic effect 

when used in combination with archazolid. It was therefore suggested that V-ATPase 

induced cytotoxicity might primarily be due to disturbed iron receptor recycling, impairing 

the iron metabolism of tumour cells (139). Consistent with this, the expression of genes 

responsive to a decrease in iron concentration were greatly increased in response to V-

ATPase inhibition. Iron concentration was also inversely related to the cytotoxic 

hypersensitivity of cancer cells and therefore may act as a key determinant of cancer cell 

sensitivity to V-ATPase inhibition (147). 

In addition to these in vitro cell line studies, chemical V-ATPase inhibition has recently 

been shown to be effective using in vivo mouse models. For example, in a 4T1-Luc 

mouse breast cancer xenograft model, archazolid treatment inhibited lung metastasis at a 

concentration (1 mg/kg i.v.) which did not cause signs of obvious toxicity (122). Similar 

results were obtained using baf-A1, in which treatment led to the reduction of tumour 

volume by 50% on average in MCF-7 and MDA-MB-231 xenograft mouse models. Again, 

no toxic side effects were observed using baf-A1 (1 mg/kg). Additionally, when combined 

with sorafenib, V-ATPase inhibition resulted in tumour regression in MDA-MD-231 

xenograft mice (146). Another study demonstrated that growth of a HepG2 orthotopic 

HCC xenograft model in nude mice was retarded by baf-A1 (91).  

Finally, the potential “repurposing” of protein pump inhibitors (PPI), which are widely used 

for the treatment of gastroesophageal reflux and gastric ulcers, has garnered considerable 

interest (148). Although deployed as H+/K+-ATPase inhibitors, PPI such as omeprazole 

and esomeprazole, also inhibit V-ATPase and can increase sensitivity to 

chemotherapeutics in vitro and in vivo (149, 150). However, it should be noted that the 

concentration of PPIs required to inhibit V-ATPase is considerably higher than for H+/K+-

ATPase (151). 
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Figure 1-4. Chemical structures of bafilomycin-A1, concanamycin-A and archazolid 
The chemical structures for (1) bafilomycin-A1, (2) concanamycin-A and (3) archazolid. Adapted from (130). 
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1.3.5 V-ATPase as a mediator of resistance for conventional cancer therapies 

In addition to a role in cancer cell growth, survival, migration and invasion, V-ATPase 

dysregulation is also linked to therapy resistance. Indeed, it remains unclear whether 

correlations between V-ATPase (subunit) dysregulation and poor clinical outcome (Table 

1-2) reflect an impact of V-ATPase on cancer cell behaviour per se versus a response to 

treatment. Effects of V-ATPase on drug responses may be explained, in part, by the 

reversal of the normal pH gradient between the cytoplasm and extracellular environment 

associated with overexpression of PM V-ATPases (75), and since, in some cases, 

lowering of extracellular pH protonates drugs leading to impaired cellular entry and/or 

vesicular trapping. 

In breast cancer, V-ATPase inhibition was able to induce apoptosis in the trastuzumab 

resistant JIMT-1 cells, impair HER2 signalling and decrease HER2 surface expression. 

Moreover, treatment with archazolid significantly reduced the proportion of strongly HER2 

positive cells and tumour growth in a JIMT-1 cell xenograft (152). Chemical V-ATPase 

inhibition was also shown to overcome Bcl-xL- and Bcl-2 mediated resistance in Ms-1 

cells and induce apoptosis. Baf-A1 was able to supress the mitochondrial protective 

function of Bcl-xL and allow paclitaxel to decrease MMP levels (153). V-ATPase 

expression was found to be higher in cisplatin resistant cells than other drug resistant cell 

lines. It has been shown that baf-A1 and cisplatin had a synergistic effect on cell 

cytotoxicity, which was greater in cisplatin resistant cells than cisplatin sensitive (154). 

Again, a potential role for V-ATPase in drug resistance has been demonstrated using 

siRNA ablation of specific subunits. You et al used siRNA targeting the ATP6L (Voc) 

subunit in human drug resistant MCF-7/ADR breast cancer cells. The knockdown cells 

were more sensitive to chemotherapeutic agents such as doxorubicin and 5-FU than 

control MCF-7/ADR cells. ATP6L knock-down was associated with an increase of 

lysosomal pH (ie alkalinisation) and increased caspase-3/7 activity and PARP expression 

(155).  

1.3.6 Role of V-ATPase modulatory proteins in cancer 

In addition to the core V-ATPase subunits Figure 1-1, proteins which directly modulate V-

ATPase activity have been shown to contribute to cancer progression. LASS2/TMSG1 is a 

negative V-ATPase regulatory protein which directly binds to the VOc subunit and was 

found to be inversely related to the metastatic potential of tumour cells (156). 

Furthermore, these modulatory proteins may also have a role in cancer therapy 

resistance. It has been demonstrated that the expression of LASS2/TMSG1 was 
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significantly lower in doxorubicin resistant MCF-7/ADR breast cancer cells than sensitive 

MCF-7 cells. LASS2/TMSG1 positive tumours had a positive correlation with disease-free 

and overall survival. Overexpression of LASS2/TMSG1 increased chemosensitivity to a 

number of chemotherapeutic agents in drug resistant MCF-7/ADR cells. Overexpression 

of LASS2/TMSG1 inhibited intracellular pH recovery and significantly decreased MCF-

7/ADR cell migration due to the suppression of V-ATPase function via LASS2/TMSG1 

binding to subunit VOc (157). Furthermore, the downregulation of a positive regulator of V-

ATPase activity, TM9SF4, significantly inhibited tumour cell invasiveness and increased 

the cytotoxic effect of 5-FU in colon cancer cells. This group hypothesized that in 

malignant cancer cells TM9SF4 binds to the V1H subunit, leading to stabilization of the V-

ATPase complex and permanent activation of the enzyme (158). 

1.3.7 Summary 

There is emerging evidence to support a role for V‐ATPase in cancer biology through 

impact on processes including cancer cell invasion, metastasis, and proliferation. 

Evidence also supports a potential link between V‐ATPase and conventional cancer 

therapy and that V‐ATPase may represent a direct anti‐cancer target. Future work is still 

required to understand whether the expression of individual subunits represents a casual 

or causal relationship with cancer progression. It is also important to uncover whether 

there are other functional consequences of V‐ATPase dysregulation in cancer and if more 

specific agents can be developed with more acceptable toxicity profiles. 

1.4 Prostate cancer 

Prostate cancer (PCa) is now the most common cancer in males in the UK with around 

47,740 men diagnosed each year (159). It is an age related disease that is commonly 

diagnosed at the low risk localized stage and is often associated with a favourable survival 

rate (160). Initially, cancer cell growth is dependent on androgenic activation of the 

androgen receptor (AR). However, despite initial treatment success, recurrence occurs in 

a proportion of patients and some will progress to an advanced form of the disease. Most 

patients who develop the advanced disease will undergo hormone therapy in an attempt 

to limit the growth and spread of the cancer. Following castration, the disease will 

inevitably progress to a more aggressive prostate cancer phenotype known as castration-

resistant prostate cancer (CRPC), which is currently incurable (161). 
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1.4.1 Classification of prostate cancer 

The human prostate gland is located below the bladder and plays an important role in 

reproduction, producing several constituents of the seminal fluid. Early prostate 

development requires epithelial and mesenchymal interactions and is dependent on 

androgen production. Huggins Nobel prize winning work in the 1940s revealed that 

androgens are also central to prostate cancer development (162). The revolutionary work 

conducted by Huggins’ and Hughes found that acid phosphatase activity (PAP) was 

higher in prostate cancer specimens and that PAP levels fell after castration. This 

indicated that PAP biomarker expression was dependent on androgen concentration (and 

thus AR function) and that castration led to an anti-cancer effect (162). Since then our 

understanding of the underlying mechanisms that drive PCa progression has greatly 

increased but treatment for advanced PCa remains critically dependent on androgen 

deprivation therapy.  

1.4.1.1 Definition and classification of CRPC 

CRPC by definition is the progression of prostate cancer following androgen deprivation 

therapy. In 2015, 41 prostate cancer experts concluded that a CRPC diagnosis should 

meet the following criteria: The circulating testosterone level is <1.7 nmol/l, and there 

should be an indication of biochemical progression. Biochemical progression is 

characterized by PSA expression levels that have ‘increased twice in a row from an 

interval of 1 week or >3 consecutive measurements with the lowest value increased >50% 

and >2 g/l’. PSA is an AR transcriptional target, used clinically, as a measure of PCa 

activity, as it can be measured in blood. Further characterization of CRPC includes ‘≥2 

increases in novel lesions based on bone scanning or soft tissue lesions with the 

corresponding evaluation criteria of the solid tumour’ (163).  

1.4.2 Androgen receptor physiology 

The androgen receptor is a nuclear transcription factor that is important for both prostate 

cancer and normal prostate development. In all males, testosterone is the predominant 

androgen and it circulates in the blood. Once it enters prostate cells, around 90% is 

converted into the more potent ligand dihydrotestosterone (DHT) via the enzyme 5α-

reductase. Although fundamentally studied with regards to the prostate, the AR plays a 

crucial role throughout the human body by regulating cell cycle processes such as cell 

division, differentiation and apoptosis (164). Therefore, dysregulation of AR signalling can 

lead to a number of different pathological conditions, which is why it is imperative that we 

fully understand every aspect of AR biology. 
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1.4.2.1 Androgen biosynthesis 

Androgens belong to the steroid hormone family and are important for male phenotypic 

expression. Testosterone is the main circulating androgen and it is synthesized in Leydig 

cells in the testis from cholesterol. The synthesis of testosterone from cholesterol involves 

several steps, which first involves the transport of cholesterol to the inner mitochondrial 

membrane where it undergoes side chain cleavage by P450scc. This conversion results in 

the formation of pregnenolone and this is also the rate-limiting step in the biosynthesis 

pathway (165) shown in Figure 1-5. Testosterone is then metabolised to 5α-

dihydrotestosterone by 5α-reductase type 2, which is an important step for the 

development and differentiation of the urogenital sinus into the prostate. This irreversible 

conversion of testosterone to DHT is also essential for the differentiation of male genitalia 

including the penis, scrotum and urethra (166). Both testosterone and DHT interact with 

the AR but have different binding affinities and characteristics. For example, testosterone 

has a two-fold lower affinity for the AR than DHT, and the rate of dissociation of 

testosterone from the AR is five-fold faster than DHT (167). 
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Figure 1-5. Testicular testosterone biosynthesis pathway 
The testicular testosterone biosynthesis pathway results in the production of 5α-

dihydrotestosterone (DHT) via the conversion of testosterone by 5α-reductase. 
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1.4.2.2 Nuclear receptor family 

The activity of different androgens is mediated by the AR, which is a transcription factor 

belonging to a nuclear receptor superfamily. There are currently 48 known human nuclear 

receptors that respond to ligands including thyroid hormones, 1,25 dihydroxy-vitamin D, 

all-trans and 9-cis retinoic acid and steroid hormones. Some of the key steroid hormone 

receptors that share similar protein homology to the AR include the progesterone 

receptor, mineralocorticoid receptor, glucocorticoid receptor and the oestrogen receptors 

α and β (167). Additionally, there are a number of nuclear proteins that have been 

identified with an amino acid structure similar to that of nuclear receptors, but do not have 

a known ligand. These proteins have been termed ‘orphan’ receptors and they are a 

subfamily of transcription factors that act either without an endogenous ligand or in the 

absence of ligands (168). 

1.4.2.3 The androgen receptor 

1.4.2.3.1 Androgen receptor structure  

The AR gene shown in Figure 1-6 is located on the X chromosome (Xq11-12) and spans 

186,587 kilobases (kb), encoding a protein with a molecular weight of 110 kDa. It consists 

of 8 exons which encode four active domains: the DNA-binding domain (DBD), the ligand 

binding domain (LBD), the hinge region and N-terminal A/B activation domain (169). The 

AR also contains two activation functions (AF-1 and AF-2). AF-2 resides in the N-terminal 

A/B activation domain and responds to hormone-dependent activation, whereas AF-1 is 

located in the LBD and is hormone independent (170). 

It should be noted that as of 17/05/19 the numbering of amino acids for the corresponding 

AR protein was recently updated based on a new NCBI reference sequence 

(NM_000044.6), which is different to the Gen-Bank sequence (M20132.1) used for the 

past 20 years (171). The polyglutamine tract is two amino acids longer, whereas the 

variable polyglycine tract is one shorter, resulting in an AR protein that is one amino acid 

longer (920 vs 919). This means that compared to the previous numbering system there is 

a +1 shift in all amino acids in the DNA binding domain and ligand-binding domain (Figure 

1-6).  

1.4.2.3.2 Androgen receptor regulation 

Transcription of the AR is primarily driven by the Zn-finger transcription factor Sp1, which 

binds to GC-boxes within the 5’UTR and binds upstream of the transcription start site 

(172). Additionally, the promoter for the AR gene lacks CCAAT and TATA elements. 

Transcriptional control of the AR is under both negative and positive regulation (173). 
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Binding sites for ligand bound AR have been identified in the second intron and another 

negative androgen response element (ARE) has been found in the 5’UTR (174). In 

addition to hormonal regulation, there is an important balance between negative (Purα) 

and positive (Sp1) transcription factors binding to the 5’UTR of the AR, which determines 

AR mRNA expression (172). Uncovering the mechanisms of androgen-dependent down 

regulation is an on-going area of research. 

1.4.2.3.3 Androgen receptor polymorphisms 

Although the ligand-binding and DNA-binding domains of the AR have high homology with 

other members of the steroid receptor family, there is an intriguingly low homology 

observed for the N-terminal domain (175). There is a poly-glutamine stretch, which is 

encoded by a polymorphic (CAG)nCAA repeat that varies in length (9-38 glutamine 

residues) in the general population (176). This (CAG)nCAA repeat has been associated 

with modulation of androgen receptor activity and there is debate as to whether having 

shorter or longer repeat lengths can induce differential biological effects. Some studies 

have shown that shortening of this repeat can result in an earlier onset of prostate cancer, 

which is more aggressive and has a higher tumour grade (177). However, in other studies 

shorter repeat lengths have been found to have no overall biological effect (178). 

Furthermore, an association between longer repeat lengths and male infertility due to 

defective spermatogenesis was found, suggesting that the AR was less active. This 

(CAG)nCAA repeat is expanded in patients with spinal and bulbar muscular atrophy 

(SBMA) and is associated with an accumulation of AR protein in the nucleus, which 

results in patients frequently exhibiting endocrinological abnormalities (179). 
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Figure 1-6. The androgen receptor 
(A) The androgen receptor is located on chromosome Xq 11-12 and is encoded by exons 1-8; the exons 1 and 8 also both have long UTR’s. (B) The N-

terminal domain is encoded by exon 1, the DNA binding domain by exons 2-3 and the hinge region and ligand binding domain are encoded by exons 4-8. 

UTR, untranslated region; NTD, N-terminal domain; DBD, DNA binding domain; HR, hinge region; LBD, ligand binding domain; PolyQ, polyglutamine; 

PolyG, polyglycine; NLS, nuclear localisation signal; NES, nuclear export signal. 
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1.4.2.3.4 Androgen receptor post-translational modifications 

The AR can undergo many post-translational modifications including acetylation, 

phosphorylation, methylation, ubiquitination or SUMOylation. These reactions are fully 

reversible and enzymes that mediate these modifications are consequently also potential 

modifiers of AR activity (180). The AR itself has 23 sites that have been identified as direct 

modulatory sites (Figure 1-7) and modifications at these key positions can influence AR 

structure, stability and activity (181). For example, the histone methyltransferase SET9 

can methylate lysine residues 631 and 633 in the hinge region, resulting in an increase in 

AR transcriptional activity (182). Additionally, the same two residues and lysine 634 can 

be acetylated and mutants which are acetylation-deficient have been shown to have 

decreased transcriptional activity (183). Interestingly, disruption of acetylation led to 

receptor ubiquitination and degradation (184), highlighting the importance of post-

translational modifications. 

AR phosphorylation is the most studied post-translational modification and has been 

shown to have a number of functional effects. Phosphorylation of the AR can occur at 

threonine, tyrosine and serine residues (181). The AR becomes immediately 

phosphorylated after translation, leading to two isoforms that can be separated using 

SDS-polyacrylamide electrophoresis. The non-phosphorylated form is 110 kDa and once 

phosphorylated it is converted into a 112 kDa phospho-isoform. Two of the key residues 

that are likely responsible for AR phosphorylation are serine 83 and serine 96 (185). 

Furthermore, serine 83 phosphorylation was found to recruit histone acetyltransferase 

p300 and enhance receptor stability and transcriptional activity (186). Additionally, the 

presence of androgen induces another shift resulting in the formation of a 110-112-114 

kDa AR triplet. This triplet is formed due to both an addition and re-distribution of 

phosphorylation sites (185). It has been shown that mutations that inactivate AR function 

inhibit the generation of the 114 kDa isoform, suggesting that part of the AR 

phosphorylation occurs during or after AR transcriptional regulation. Phosphorylation has 

also been demonstrated to occur at three tyrosine residues at positions 536, 365 and 269, 

which enhances cellular growth in an androgen-depleted environment (187, 188).  
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Figure 1-7. AR post-translational modification sites 
Phosphorylation on serine residues (16, 83, 96, 215, 258, 310, 426, 516, 651, 792) and tyrosine residues (269, 365, 536); SUMOylation on lysine (388, 

521); acetylation on lysine residues (631, 633, 634); methylation of lysine residue (633); and ubiquitination of lysine residues (846, 848). P, 

phosphorylation; SUMO-1, SUMOylation; Ac, acetylation; Me, methylation; Ub, ubiquitination; NTD, N-terminal domain; DBD, DNA-binding domain; HR, 

hinge region; LBD, ligand-binding domain. 
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1.4.2.4 Androgen receptor signalling 

There are two main types of AR signalling known as genomic signalling and non-genomic 

signalling. Genomic signalling is often referred to as ‘classical’ signalling because it is the 

principal pathway of AR activation. When the AR is not bound to ligand, it is localized in 

the cytoplasm. This is where it associates with heat shock proteins (HSPs), which are 

thought to tether the AR to cytoskeletal proteins, securing it in the cytoplasm. When 

ligands such as DHT bind to the AR, it induces a conformational change forming the AF-2 

binding surface, which results in dissociation from the HSPs and exposes a nuclear 

localization sequence (shown in Figure 1-6). This process then allows co-regulatory 

proteins to bind and induce dimerization and nuclear localisation (189). Although the AR 

primarily forms homodimers, it is also possible that it can form heterodimers with nuclear 

receptors such as TR4 (170). Once inside the nucleus the AR can bind to the major 

groove of androgen response elements and recruit additional co-regulatory proteins, 

resulting in the activation of target gene expression (190). There is an ever growing list of 

co-regulatory proteins being uncovered including ARA55, ARA70 and SRC-1 (169), some 

of which may prove to be ideal PCa therapeutic targets. Loss of ligand can result in the 

AR being re-tethered inside the cytoplasm or degraded by ubiquitination (191), 

demonstrating the high level of AR control and regulation. A summary of the genomic AR 

pathway is shown in Figure 1-8. 

Many downstream transcriptional targets of the AR have been identified but none have 

been as well characterised as PSA. The PSA gene is a member of the family of genes 

which encode kallikrein-like serine proteases. Currently 15 kallikrein genes have been 

identified, which cluster at chromosome 19q13.3-13.4 and encode 5 exons (190). The 

PSA gene, KLK3, encodes a glycoprotein enzyme with a molecular weight of 33 kDa. In 

the prostate, the function of PSA is to inhibit semen coagulation by degrading high 

molecular weight proteins. PSA enters the serum only through leakage into the 

extracellular fluid. However, in prostate cancer the normal glandular structure is disrupted 

resulting in increased serum PSA levels (190). Another downstream AR transcriptional 

target is TMPRSS2. TMPRSS2 is an androgen regulated gene, which encodes a type 2 

transmembrane serine protease thought to be important in mammalian homeostasis 

(192). Furthermore, it is encoded by 5 domains and is highly expressed in normal prostate 

tissue (193). The TMPRSS2 gene has been shown to be upregulated by androgens in 

prostate cancer cell lines and has reduced expression in androgen-independent prostate 

cancer cell lines (193). Additionally, TMPRSS2 has also been shown to play a role in 

prostate cancer due to its ability to fuse with ETS family members, such as ERG, leading 

to the overexpression of ETS genes seen in many prostate cancer patients (194). 
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Figure 1-8. ‘Classical’ androgen receptor signalling 
Testosterone (T) enters the cytoplasm and is converted to DHT by 5α-reductase. DHT 

then binds to the AR, releasing it from the HSP’s tethering it to the cytoplasm. This 

dissociation exposes a nuclear localization signal, which induces dimerization and 

transport to the nucleus. The AR dimer binds to ARE’s to upregulate AR specific genes 

such as PSA. Additional co-regulatory proteins bind to complete the transcriptional 

complex. Unbound AR can either be shuttled back to the cytoplasm via the nuclear export 

signal or it can be targeted for degradation in the proteasome. T, testosterone; DHT, 

dihydrotestosterone; AR, androgen receptor; HSP, heat-shock protein; Co-Reg, co-

regulatory proteins; ARE, androgen response element. 
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Over the past few years mounting evidence suggests that the ‘classical’ AR signalling 

pathway has a non-genomic counterpart, which is summarised in Figure 1-9. This 

alternative signalling pathway becomes fundamentally important in cancer progression 

and has different characteristics than the ‘classical’ genomic pathway. Perhaps its most 

defining feature is the rapid speed in which the effects of non-genomic signalling occurs 

(secs/mins), compared to the slower speed (mins/hours) of genomic AR signalling (195). 

This is because it takes a long time for AR transcription and translation processes to 

occur, indicating that non-genomic signalling requires neither. It is also membrane 

mediated and does not require AR DNA binding for activation of target genes. Instead, AR 

can regulate gene transcription indirectly through the activation of different proteins and 

pathways including MAPK, PKA, PKC and PI3K, leading to the activation of various 

transcription factors (189). The most consistent effect of non-genomic activation is the 

rapid change in calcium levels, which is responsible for the quick response to androgen. 

Interestingly, it seems that the mechanisms that lead to an increase in calcium levels are 

different in different cell types. However, it is unclear whether the non-genomic effects are 

regulated by a distinct membrane-bound AR (195).  

Additionally, the non-genomic signalling pathways regulated by the AR have also been 

shown to be able to independently regulate downstream AR transcriptional activity, 

indicating a possible feedback mechanism. The MAPK, PKA, AKT and PI3K pathways 

have all been implicated in the activation of the AR and ARE. Recent genomic profiling 

revealed that PI3K was altered in 42% of primary and 100% of metastatic prostate 

cancers (196). PI3K is an intracellular kinase which, when activated, can phosphorylate 

AKT and subsequently activate mTOR. Activation of this pathway leads to such 

downstream effects as cellular growth, survival, migration, proliferation and angiogenesis 

(197). The AR and PI3K pathway have in fact been found to operate a reciprocal negative 

feedback mechanism in which the suppression of AR signalling leads to an increase in 

PI3K activation, and vice versa (198). Loss of the tumour suppressor PTEN is the most 

common defect observed in this pathway, resulting in over-activation of AKT and 

enhanced progression to the CRPC phenotype (198).  

Other signalling pathways such as the EGF, insulin-like growth factor, JAK/STAT and Wnt 

signalling pathways have also been associated with promoting persistent AR activity 

(199). Specifically, Wnt cross-talk with AR signalling pathways has been shown to be 

correlated with tumour aggressiveness (200). There are three main pathways that are 

activated as a result of Wnt receptor activation: the canonical pathway, the noncanonical 

planer cell polarity pathway and the Wnt/calcium pathway (201). However, the cross-talk 

with AR signalling appears to occur via β-catenin, which is a product of canonical pathway 

activation. β-catenin is responsible for the regulation of many target genes associated with 
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cell proliferation and apoptosis and can amplify AR transcription (202). Moreover, levels of 

β-catenin were found to be higher in invasive androgen independent cells compared to 

non-invasive androgen dependent cells, indicating Wnt signalling plays a role in CRPC 

(200). The complexity of the interacting AR signalling pathways is further increased by the 

fact that different pathways may interact differently in different cell lines. For example, in 

LNCaP cells, an androgen sensitive cell line, activation of the ERK pathway was androgen 

dependent, whereas in an androgen-independent LNCaP model, the ERK pathway was 

found to be constitutively active (203). Furthermore, in the androgen-independent PC-3 

cell line, expression of the AR interfered with EGFR signalling and reduced invasion (204). 

This could imply that there is contrasting non-genomic activity when in fact cell lines may 

not be directly comparable. Dissecting the importance of the interactions between these 

pathways and the AR is extremely difficult as most of them also cross talk with each other. 

However, understanding the way in which the pathways interact has allowed the 

development of new-targeted therapies for PCa. 
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Figure 1-9. Non-genomic AR signalling pathways 
The AR can indirectly regulate gene transcription via other signalling pathways. AR can 

activate the AKT pathway though direct interaction with PI3K, which can then activate the 

MAPK pathway. Akt activation may also lead to the phosphorylation of mTOR and 

FOXO1. Additionally, AR can interact with Src, PKC and Ras/Raf leading to the activation 

of MAPK pathway and phosphorylation of ERK. These signalling pathways regulated by 

the AR are also capable of independently regulating AR transcriptional activity. The 

SHBGR along with GPCRs may act to modulate intracellular calcium levels by increasing 

cAMP levels. Increased cAMP may then increase PKA and PKC activation, which can 

subsequently activate the AR and other transcription factors inside the nucleus. 

Furthermore, the JAK/STAT pathway and Wnt pathway have both been shown to regulate 

AR transcriptional activation. TF, transcription factor; AR, androgen receptor; AKT, protein 

kinase B; PI3K, phosphoinositide 3-kinase; MAPK, mitogen-activated protein kinase;  

mTOR, mechanistic target of rapamycin; PKC, protein kinase C; ERK, extracellular 

receptor kinase; SHBGR, sex hormone binding globulin receptor; GPCR, G-protein 

coupled receptor; cAMP, 3’,5’-cyclic adenosine monophosphate; JAK/STAT, janus kinase/ 

signal transducer and activator of transcription protein; Src, steroid receptor co-activator; 

Fz, frizzled; IGFR, insulin-like growth factor receptor; EGFR, epidermal growth factor 

receptor; IL-6R, interleukin-6 receptor. 
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1.4.3 Prostate cancer diagnosis 

Historically PCa has been difficult to diagnose but the discovery of the prostate specific 

antigen (PSA) revolutionized clinical diagnosis. Although measuring PSA levels is not a 

good screening test due to large variability between individuals, it is still a useful 

biomarker for prostate cancer detection and for monitoring treatment success. Moreover, 

digital rectal examinations (DRE) are also routinely used to detect the presence of PCa. 

Despite the fact that an abnormal DRE is a good diagnostic indicator of PCa and rising 

PSA levels are directly correlated with PCa risk, the diagnosis of PCa is dependent on 

histopathologic confirmation. This requires single or multiple transrectal ultrasound 

(TRUS)-guided biopsies which are then usually evaluated using the Gleason score. The 

Gleason score involves assigning a number between 1 and 5 based on how similar the 

cells in the cancerous tissue appear to resemble cells in normal prostate tissue. For 

example, a score of 1 means the cancerous tissue closely resembles normal prostate 

tissue and a score of 5 means that it does not, or only slightly, resembles normal prostate 

tissue. Two scores are usually taken, which reflect the 1st and 2nd commonest grade 

because the disease is commonly heterogeneous through the prostate, and they are 

combined to give the final Gleason grade between 2 and 10 (occasionally also a tertiary 

score is given but only the first 2 are combined). However, biopsies can be invasive and 

unnecessary, therefore the need for a biopsy is determined by several factors including: 

PSA level, result of DRE, biologic age and potential comorbidities of the patient (205). In 

addition to this, other factors are necessary for accurate PCa diagnosis including the 

primary tumour status, which ranges from organ restricted to the invasion of other organs 

(T1-4). The involvement of regional lymph nodes (N0 or N1) and the presence of 

metastasis (M0 or M1) are also important factors in diagnosis. It is interesting to note that 

there is currently no evidence to support nationwide early prostate cancer screening 

programmes in all men despite the high frequency of cases.  

1.4.4 Risk factors 

Prostate cancer is a highly heterogeneous disease and cannot be attributed to a single 

cause. Many factors have been linked to prostate cancer development with varying levels 

of risk associated with each. The first and probably most significant risk factor is an 

individual’s age. The highest rates of prostate cancer are in older men and only 1% of 

patients in the UK are diagnosed under 50. Incidence rates rise sharply in the 50-54 group 

and peak in the 75-79 age group. However, prostate cancer is not just a consequence of 

ageing as the incidence varies across populations. It is believed that the interplay between 

genetics and the environment plays a significant role in cancer progression. The fact that 
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ethnicity is a major risk factors demonstrates this, with black males having a significantly 

higher risk than white males and Asians (159). Inflammation, oxidative stress (primarily 

imbalance of reactive oxygen species), telomere shortening and cellular senescence have 

also all been linked to PCa initiation (206). 

There are many genetic and epigenetic alterations that are commonly associated with the 

incidence of aggressive prostate cancers. Genetic abnormalities within families can lead 

to a hereditary form of prostate cancer that begins on average 6-7 years before the more 

common sporadic form (207). Furthermore, germline mutations in the DNA repair genes 

BRCA2 and BRCA1 have been found to be associated with increased prostate cancer risk 

(208). Other germline mutations in genes associated with DNA repair pathways such as 

ATM, CHEK2, PALB2, MSH2 and MLH1 also appear to contribute to PCa risk (208). 

Interestingly, it was recently found that the incidence of germline mutations in DNA repair 

genes was significantly higher in individuals with metastatic disease than those with 

localized prostate cancer (209). Genome-wide association studies (GWAS) have identified 

many SNPs linked to cancer risk with one of the most significant considered to be the 

C154T polymorphism in the NKX3.1 gene. The NKX3.1 gene is androgen regulated and is 

critical for the regulation of prostate epithelial cell differentiation; it is frequently 

downregulated or lost in almost all PCa cases (210). Epigenetic alterations, such as 

chromatin modifications, have also been shown to be key in carcinogenesis and may be 

useful as biomarkers in the future. For example, one important alteration is the tri-

methylation of lysine 27 in histone H3, which is associated with the repression of vital 

tumour suppressor genes (211).   

Although these risk factors are considered largely unmodifiable, there have been studies 

that link dietary and lifestyle factors to PCa development. Smoking, UV exposure and BMI 

all appear to correlate with PCa progression (212). In fact, one study revealed that 

individuals who are underweight (BMI <22.5 kg/m2) have a risk of prostate cancer specific 

mortality that is almost as high as those who are overweight (BMI ≥27.5 kg/m2) (213). The 

degree to which environmental factors contribute to PCa progression is not fully 

understood and there may be many other factors that increase the overall lifetime risk of 

PCa. 

1.4.5 Treatment of localised PCa 

The treatment of prostate cancer, even at the localized stage, is widely debated and is 

becoming increasingly complex. To help overcome this complexity, the European 

Association of Urology (EAU) have published guidelines to help standardize classification, 

diagnosis and treatment of PCa. Moreover, the treatment of localized PCa is generally 
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based on the risk of patient mortality, which can be divided into low, intermediate and high 

risk (214).  

It is recommended by the EAU that patients with very low risk PCa are not initially treated, 

and instead a management approach referred to as active surveillance (AS) should be 

used to monitor potential PCa progression. This solution was designed with the 

consideration that early PCa patients have a high survival rate and there is a risk of 

overtreatment in these patients. AS is used to identify the minority (in those it is suitable) 

who develop clinical stage or histological grade progression so that they can be selected 

for radical (curative) treatment whilst sparing the majority (who undergo AS) that will never 

need treatment. For example, AS might be an appropriate option for patients under 70 

years of age or those with a life expectancy greater than 10 years (214). The eligibility 

criteria for patients suitable for AS can generally include the following: patients with a 

clinically organ confined PCa, a Gleason score of 6 or below, three or fewer biopsies with 

cancer (where 12 biopsies are normally taken), less than 50% of each biopsy with cancer 

and a PSA level below 10 ng/mL (214). An alternative to AS is watchful waiting (WW), 

which is used for patients who are not suitable for radical treatments (207). Watchful 

waiting is primarily used to control the disease and manage symptoms without curative 

intent, thereby deferring treatment until intervention is actually required because (as with 

AS) a proportion will never need treatment. These treatments are required because 

cancers are discovered that may not need treatment as a result of wide use and 

availability of the PSA test, which has poor qualities as a screening investigation. 

Despite the EAU guidelines there is still confusion concerning how to define cancer 

progression. Most of this confusion derives from different words and phrases being used 

to describe the same thing. In general, the criteria used for progression during AS 

includes a Gleason score ≥ 7 at re-biopsy and PSA progression above 10 ng/mL. In 

patients that meet this criteria, radical prostectomy (RP) can be used to treat PCa 

progression. Radical prostectomy is the only surgical treatment available for localized 

disease and has shown a survival benefit compared to WW. In fact, nerve sparing RP is 

usually the treatment of choice for men with intact erectile function (214). Alternatively, 

radiation therapy can also be used, with external-beam radiotherapy (EBRT) being the 

most commonly used (207). The ProtecT trial evaluated AS, RP and EBRT as viable 

treatment options and found that the disease progression for patients treated with either 

RP or radiotherapy was significantly lower than those assigned to AS. This shows that 

there is a clear benefit to using immediate radical treatment over AS. However, the study 

revealed that prostate cancer specific mortality was low at 1% after 10 years follow up and 

that there were no significant differences in mortality between treatments. Therefore, 
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despite reduced disease progression as a result of radical therapy, the results did not 

translate into an overall reduction in patient mortality (215). 

Advances have led to improved prostate specific radiation treatment options and the EAU 

now suggest that image-guided intensity-modulated radiation therapy (IMRT) should be 

the standard treatment for localized PCa. Furthermore, transperineal brachytherapy is 

another option that is considered safe and effective with high recurrence-free survival 

rates after 5 years (214). Intermediate and high risk PCa cases are even more complex 

and at the moment there is no clear consensus on which treatment approach is the most 

effective. A multi-disciplinary approach is recommended for tackling high-risk disease due 

to the likelihood that a large number of patients will have lymph node metastasis. Much 

like with low risk disease, RP can be used and is considered a logical first choice therapy. 

However, in patients with T3 stage cancer, experienced surgeons are required to keep the 

morbidity low and to perform lymph node dissections.  

1.4.6 Initial treatment of metastatic and advanced PCa 

PCa is largely a hormone driven cancer and therefore castration is a common treatment 

for recurring locally advanced and metastatic cancer. Castration can either be surgical or 

chemical and aims to deplete the patient’s androgen levels. Surgical castration is known 

as orchiectomy, which involves the removal of both of the testicles and can result in side 

effects such as decreased libido and impotence (207). Obviously this is aesthetically 

challenging for many men, which is why chemical castration is almost exclusively used 

instead. Luteinising hormone-releasing hormone (LHRH) analogues and antagonists are 

hormonal treatments that are commonly used to slow cancer progression and reduce the 

size of the tumours (216). Analogues over-stimulate the LHRH receptors causing the 

pituitary gland to stop producing LHRH via a negative feedback mechanism. On the other 

hand, LHRH antagonists rapidly decrease LHRH and testosterone levels, completely 

depleting the androgen without a testosterone ‘surge’. The LHRH analogues are more 

commonly used in standard care because the process is reversible so androgen depletion 

therapy (ADT) can potentially be used intermittently (216).  

AR antagonists such as flutamide and bicalutamide can be used as an alternative 

hormonal therapy. They can also slow the progression of PCa and are often initially given 

in combination with LHRH analogues to reduce the negative effects of surging 

testosterone levels (often referred to as testosterone flare) (216). The combination of both 

is quite controversial and leads to a more complete androgen blockade. Several studies 

have reported a 3-9% survival advantage compared to LHRH monotherapy, whereas 

others have reported no significant increase in 5 year survival rate (217). Both sides of the 

argument rely heavily on patient cohorts as different treatments have varying levels of 
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effectiveness depending on the stage and aggressiveness of the cancer. It does appear 

that combination with antiandrogens may be more effective than LHRH alone but the 

additional negative side effects reduce patient benefit (216, 218). ADT is therefore initially 

successful and can result in remission of the tumour for several years.  

Chemotherapeutic agents such as docetaxel are also used as an initial treatment for 

advanced disease. It was recently found that when docetaxel treatment was given at the 

same time as ADT in hormone sensitive PCa it resulted in reduced PCa deaths, longer 

progression time to CRPC and longer overall survival, compared to ADT alone (219). 

Furthermore, the STAMPEDE trial comparing standard of care (ADT for at least 2 years), 

zoledronic acid with standard of care, docetaxel with standard of care, or all three 

combined also showed a clear survival benefit of using docetaxel with ADT. In fact, the 

authors of the study advised that docetaxel should be an addition to the standard of care 

for patients undergoing long-term ADT (220).  

Although ADT is a good palliative treatment for advanced PCa, patients will inevitably 

progress to the castration-resistant phenotype. Figure 1-10 illustrates the treatment 

options available for various stages of PCa progression. Due to the fact that the AR is the 

main driver of PCa progression, many treatments for CRPC are aimed at targeting the AR 

and its associated signalling pathways. 
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Figure 1-10. Simplified schematic of treatment options available for PCa 
PCa can be initially diagnosed at either the localised or metastatic stage. At this point the 

disease is hormone sensitive and potentially curative. Options available include active 

surveillance, radiotherapy (with or without hormone therapy), surgery and watchful 

waiting. Some patients may progress to the advanced stage, which is still hormone 

sensitive and hormone therapy is administered as standard practise (with or without 

chemotherapy). On the other hand, a subset of patients may develop metastatic disease 

but the cancer may remain hormone sensitive, in which case treatments such as 

docetaxel, enzalutamide, abiraterone or apalutamide may be given. Inevitably, some 

patients will progress to the castrate resistant phenotype, which is incurable and not 

hormone sensitive by definition. This is usually due to an increase in a variety of different 

adaptive molecular mechanisms, in which tumours continue to grow despite castrate 

levels of androgen. Some of the molecular mechanisms responsible for this include the 

emergence of AR splice variants and point mutations, usually accompanied by an 

increase in circulating PSA levels. Hormone therapy is still given to CRPC patients but is 

combined with other treatments such as chemotherapy (docetaxel, cabazitaxel), AR 

antagonists (enzalutamide), antiandrogens (abiraterone), radium-223, and others. PCa, 

prostate cancer; CRPC, castration resistant prostate cancer; ADT, androgen deprivation 

therapy; PSA, prostate specific antigen; HS, hormone sensitive; M1, metastatic; M0, non-

metastatic; RP, radical prostectomy.  
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1.4.7 Treatments for castration resistant prostate cancer 

Once an individual progresses to CRPC or metastatic CRPC (mCRPC), treatment options 

are limited and none of which are curative. However, many new treatments are being 

evaluated in phase III trials and are becoming available to patients. Established 

treatments for mCRPC include docetaxel, cabazitaxel, radium-223, sipuleucel-T and 

hormonal therapies (Figure 1-11) (216).  

1.4.7.1 Chemotherapeutic agents 

Docetaxel was the first therapy to show an improvement in overall survival rates in 

mCRPC patients in two significant phase III trials (221, 222). It is a taxane based 

chemotherapeutic agent that works by binding to the β-tubulin subunit of microtubules, 

which stabilizes the mitotic spindle during mitosis and interphase, resulting in an arrest of 

mitosis and consequently cell death (223). It is commonly administered intravenously 

every three weeks at a dose of 75 mg/m2 for 10 cycles (224). Side effects are comparable 

to other chemotherapeutic agents and include vomiting, nausea and cytopenias.  

Cabazitaxel is another taxane based chemotherapeutic agent approved for use in 

mCRPC patients, which causes cell death due to microtubule disruption (225). Therefore, 

side effects are similar to docetaxel and include nausea, diarrhoea, fatigue and 

neutropenia. This therapy was originally selected to counteract the emergence of taxane 

resistance and, after the results of the phase III TROPIC trial, it became approved by the 

FDA as a second-line treatment post-docetaxel. TROPIC showed that cabazitaxel 

treatment conferred a survival advantage when combined with prednisolone compared to 

prednisolone and mitoxantrone (226). A further two phase III trials have investigated the 

efficacy of cabazitaxel, which are called FIRSTANA and PROSELICA. FIRSTANA 

examined whether two doses of cabazitaxel (20 and 25 mg/m2) was more effective in 

improving the overall survival rate of chemotherapy-naïve mCRPC patients than docetaxel 

(75 mg/m2). Results from FIRSTANA showed that cabazitaxel did not show a significant 

improvement in overall or progression free survival rates compared to docetaxel, but did 

show that tumour responses were higher for cabazitaxel and that is was tolerated better 

than docetaxel (227). PROSELICA was designed to compare the efficacy of two 

concentrations of cabazitaxel (20 vs 25 mg/m2) in mCRPC patients who had been 

previously treated with docetaxel. Results showed that the lower dose of 20 mg/m2 

retained approximately 50% of the overall survival benefit of 25 mg/m2 (228).  
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1.4.7.2 Hormonal therapies 

Abiraterone acetate is an irreversible cytochrome p450 17A1 (CYP17) inhibitor that blocks 

steroid biosynthesis and extra-gonadal androgen synthesis, including intra-tumoural 

androgen synthesis (229). It can be administered orally and taken at 1000 mg/day, usually 

with prednisolone. Common side effects include hypokalaemia, fluid retention and 

hypertension, which are due to increased mineralocorticoid levels resulting from blocking 

CYP17 (230). Phase III trials have shown that abiraterone significantly improves survival 

rates and increases time to PSA progression in metastatic CRPC, either pre-(231) or post-

(232) docetaxel treatment. This is a successful hormonal therapy and shows that despite 

the fact the cancer is no longer sensitive to systemic androgens (i.e. castrate resistant), it 

still expresses the AR, making the AR a viable therapeutic target. Furthermore, pre-clinical 

data indicates that abiraterone is metabolised to generate an AR antagonist that is as 

effective at blocking the AR as enzalutamide, suggesting it may affect the AR both directly 

and indirectly (233). 

Enzalutamide acts as an effective irreversible AR antagonist and has an AR binding 

affinity that is ten times higher than that of its first generation counterpart bicalutamide 

(234). As an efficient AR antagonist, enzalutamide has the ability to reduce the nuclear 

translocation of AR, disrupt the activity of AR coactivators and can prevent the AR from 

binding to ARE’s. The AFFIRM trial compared enzalutamide to a placebo arm and found 

that enzalutamide reduced the risk of death by 37% (235). In addition to this, results from 

the PREVAIL trial showed that after 12 months progression-free survival was 65% in 

patients treated with enzalutamide compared to 14% of patients receiving placebo. 

Enzalutamide treatment also had a significant benefit for all secondary end-points 

including time until PSA progression (236).  

There is no clear benefit to selecting abiraterone over enzalutamide or vice versa as both 

are well tolerated. Therefore, selection usually depends on patient preference and 

comorbidities. For example, abiraterone is generally not used in patients with 

cardiovascular disease due to the side effects resulting from increased mineralocorticoid 

levels, but may be preferred in patients who have jobs that require a high level of 

intellectual ability (237). A few studies have shown that some patients respond to 

abiraterone post-enzalutamide and enzalutamide post-abiraterone (10-15%) (238), 

however in general response rates are lower than predicted due to cross-resistance 

mechanisms that include the emergence of AR splice variants (232, 239). 
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1.4.7.2.1 Novel antiandrogens 

Apalutamide (ARN-509) is an AR antagonist that has a binding affinity five-times higher 

than bicalutamide and has greater efficacy in xenograft models (240). Results from a 

phase II trial in high-risk CRPC patients showed 89% of patients had ≥50% PSA decline 

at 12 weeks (241). It has been evaluated in phase III studies for non-metastatic CRPC 

(SPARTAN) and hormone sensitive metastatic PCa (TITAN). Results from the SPARTAN 

trial found that time to progression and metastasis-free survival was significantly longer 

compared to a placebo (242). The first results from the TITAN trial were recently 

published and show that in patients with high- and low-volume disease, with or without 

prior docetaxel treatment, the addition of apalutamide to ADT significantly improved 

progression free survival and overall survival. It also had an acceptable safety profile and 

supports the use of apalutamide with ADT for patients with hormone sensitive metastatic 

PCa (243).  

Darolutamide is another AR antagonist that has a greater binding affinity than both 

enzalutamide and apalutamide. It is has been shown to be effective in phase I and II 

clinical trials (ARADES) in patients with mCRPC (244). Recently the results from a phase 

III clinical trial have been published, which examined darolutamide in non-metastatic 

CRPC (ARAMIS). The results from ARAMIS were that darolutamide treated patients had a 

median metastasis-free survival of 40.4 months compared to 18.4 months with a placebo. 

There were also benefits associated with all secondary endpoints (245). Currently there is 

another phase III underway that is investigating the impact of darolutamide in patients with 

mCRPC (ARASENS) (246). 
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Figure 1-11. Hormonal therapies for prostate cancer 
A summary of the hormonal therapies established for the treatment of prostate cancer. 

Abiraterone is an inhibitor of CYP17A1 and prevents the biosynthesis of testosterone. 

Apalutamide, darolutamide and enzalutamide are all AR antagonists, which can reduce 

the nuclear translocation of AR, disrupt the activity of AR coactivators and can prevent the 

AR from binding to ARE’s. P, steroid precursor; T, testosterone; DHT, 

dihydrotestosterone; AR, androgen receptor; HSP, heat-shock protein; Co-Reg, co-

regulatory proteins; ARE, androgen response element. 
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1.4.7.3 Other therapies 

Radium-223 is a bone seeking radioisotope that emits high-energy radiation in a localised 

area, resulting in double strand DNA breaks in tumour cells. ALSYMPCA was a phase III 

trial that demonstrated a significant improvement in overall survival in patients who 

received radium-223 compared to a placebo. Additionally, as it is a localised treatment, 

side effects are minimal and it was well tolerated. Common side effects include 

gastrointestinal upset, fatigue and bone pain. It is important to note that ALSYMPCA 

included symptomatic mCRPC patients with bone metastasis, as it is a calcium mimetic so 

localises to bone, and therefore it is not a recommended treatment for patients who have 

disease outside of their skeleton (247). 

Another therapy approved by the FDA for the treatment of mCRPC is sipuleucel-T, which 

is the first therapeutic cancer vaccine, and currently the only immunotherapy, approved for 

use in prostate cancer. It is a dendritic cell vaccine that involves first extracting 

mononuclear cells from a patient’s peripheral blood using leukapheresis. The antigen 

presenting cells are then activated ex-vivo using a protein called PA202, and the activated 

cells are transfused back into the patient, triggering the activation of the patients own 

immune system (248). Results have been encouraging and a small phase III trial showed 

an improvement in overall survival of more than four months compared to a placebo (249). 

However, the drug is very expensive and costs approximately $35,000 per cycle (250), 

meaning that it is not widely used. It also has a large number of side effects associated 

with the treatment including bleeding, bruising, rigors, pyrexia, fatigue, nausea and 

headaches.  

There are additional treatments that are available for reducing skeletal related events 

such as denosumab (a monoclonal antibody against RANKL) and zoledronic acid. In 

terms of clinical use, zoledronic acid is the standard treatment, although a recent study 

showed that denosumab is more effective at delaying skeletal-related events in some 

patients (20.7 vs 17.1 mo) (251).  

1.4.8 Adaptive responses and drug resistance 

Despite the success of targeted drugs, resistance can develop quickly and AR activation 

continues to persist. It is believed that malignant PCa cells will ensure AR signalling 

persists by undergoing numerous adaptive changes to maintain the AR axis. The exact 

mechanisms of how PCa cells can escape and evade the tight regulatory controls are not 

known, nor fully understood. However, a number of mechanisms have been suggested 

including alterations to the AR, persistent levels of androgen, growth factors, AR 
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coregulators, alternative signalling pathways and AR splice variants (252). Alterations to 

the AR itself can be further separated into AR gene amplification, AR overexpression, AR 

mutations and splice variants.  

1.4.8.1 AR gene amplification and overexpression 

An increase in AR protein levels is a hallmark of progression to CRPC, which is presumed 

to accelerate AR signalling. The increase in AR protein levels is partly due to an increase 

in AR gene amplification and overexpression (253). Firstly, Visakorpi et al. found that AR 

amplification occurred in 30% of recurrent prostate cancer patients, but was not seen in 

untreated primary carcinoma samples. Their findings suggest that AR amplification can 

occur as a result of selection during ADT and that the tumour adapts to the low level of 

androgen through an elevated AR copy number (254). Although this is a very important 

finding, as you would expect AR gene amplification to result in increased AR levels, this is 

not always the case. One study found that there was no increase in AR copy number in 

the transition from the hormone sensitive to the castration resistant stage. Furthermore, 

additional studies have proposed that the AR is self-regulating and can bind to the AR 

gene, increasing AR mRNA levels (255).  

1.4.8.2 AR adaption though translational regulation  

Another mechanism that may lead to an increase in AR signalling is regulation through 

post-transcriptional modulation of AR expression. As shown in Figure 1-6, the AR has a 

long 3’UTR, which is bound by RNA binding proteins. PolyC-binding proteins (PCBPs) 

and Hu antigen R are key RNA binding proteins that have been found to regulate 

translation of AR mRNA by binding the AR 3’UTR (256). Additionally, PCBP1 was shown 

to block AR translation in endometrial cells, which was confirmed in LNCaP cells (257). 

ErbB3 binding protein (EBP1) is another posttranscriptional inhibitor of the AR that binds 

to the UC-rich 3’UTR and an RNA stem-loop, which encodes the polyglutamine stretch in 

the AR N-terminal (258). Interestingly, binding of EBP1 to the UC-rich 5’UTR results in 

mRNA decay, whereas binding to the RNA-stem loop initiates translation. It was also 

found to be downregulated in advanced prostate cancer and inhibited prostate cancer 

growth when overexpressed (259, 260). Furthermore, the ribonucleoprotein transcriptional 

enhancer complex assembled by midline 1 (MID1) has recently been shown to enhance 

translation of the AR, and MID1 knockdown resulted in a reduction of AR protein 

expression. Although MID1 modulates the AR via translation control, the AR is also a 

negative regulator of MID1, and therefore forms a regulatory feedback loop. This 

represents a mechanism responsible for AR protein homeostasis and MID1 is 

overexpressed in prostate cancer in a stage-dependent manner (261).  
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1.4.8.3 AR mutations 

Mutations in the AR are rare during the early stages of PCa progression, particularly in un-

treated localised PCa, but become more prevalent after hormonal therapy and in CRPC 

(262). There are over 100 established AR point mutations, which are mainly found to 

occur in the N-terminal domain (~37%) and the ligand-binding domain (~49%) (263). 

Gain-of-function mutations, particularly in the ligand-binding domain, may provide a 

growth advantage despite castrate levels of AR ligands and the presence of anti-

androgens. Some of the most well characterised AR mutations include L702H, W742C, 

H875Y/T, F877L and T878A, which are summarised in Figure 1-12.  

The T878A mutation (formerly T877A) is the most frequently observed and most well 

characterised AR point mutation (264, 265). It is able to convert antagonists like flutamide 

into strong agonists (266), and the mutation results in broadening of the AR ligand 

binding-specificity, making it sensitive to a wider range of hormones including 

progesterone (266-268). One study identified the mutation in 6/24 patients with advanced 

metastatic prostate cancer (269), and in another the mutation was observed in 3/3 

metastatic patients (270). Recently, this mutation was frequently found in abiraterone 

treated CRPC patients and it produced a progesterone-activated mutant, resulting in 

abiraterone resistance (271).  

The H875Y mutation has similar functional effects to that of T878A as it also increases AR 

ligand promiscuity, and increases binding affinity for progesterone and estradiol (268, 

272). Similarly to T878A and H875Y, the L702H mutation results in broadening of AR 

ligand specificity. It is also the only single mutant activated by hydrocortisone and it was 

reported in patients undergoing glucocorticoid treatment who were abiraterone and 

enzalutamide resistant (273). Additionally, Romanel et al. found that pre-abiraterone 

patients with T878A or L702H mutations, or AR gain, had a significantly worse 

progression-free and overall survival (273). The H875Y, L702H and T878A mutations 

have been detected in CRPC patients during abiraterone treatment, which has been 

associated with an increase in progesterone levels (271, 274, 275). 

Another clinically relevant mutation is the F877L mutation. This mutation is capable of 

converting some of the second-generation antiandrogens, such as enzalutamide and 

apalutamide, from antagonists to agonists (276). Additionally, in an LNCaP xenograft 

model with the F877L mutation, tumours showed increased growth in mice treated with 

enzalutamide in castrate conditions (277). Furthermore, the F877L mutation was identified 

in the endogenous T878A allele of LNCaP cells after repeated enzalutamide treatment 

(277), which shows that drug treatment is selective for specific mutations. Importantly, 

F877L was detected in the plasma DNA of CRPC patients previously treated with 



Chapter 1 

55 

apalutamide (276), highlighting the clinical significance of this mutation. Balbas et al. 

demonstrated that these mutations could potentially be overcome with the synthesis of 

new compounds that could inhibit AR signalling in cells expressing these specific AR 

mutations (278).  

Much like F877L, the W742 mutation is capable of activating antiandrogens (279). 

Whereas the F877L confers an antagonist to agonist switch for enzalutamide, W742C 

converts bicalutamide into an agonist. This mutation has been detected in CRPC patients 

who have been previously treated with apalutamide (280).  
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Figure 1-12. Androgen receptor activating mutations in the ligand-binding domain 
(A) Five of the most well characterised AR functional mutations are present in the ligand-binding domain; L702H, W742C, H875Y, F877L and T878A. (B) 

Table summarizing the effects of the point mutations, adapted from (262). 



Chapter 1 

57 

1.4.8.4 AR splice variants 

In addition to AR alterations, AR variants (AR-V) represent another clinically important 

mechanism of drug resistance. AR splice variants are truncated forms of the AR resulting 

in constitutive activation that is ligand independent. The CWR22 xenograft model is very 

useful for the study of the progression of PCa to CRPC and it was discovered that 

CWR22Rv1 cells express two different AR proteins (one has a length of 112 kDa whereas 

the other is 75-80 kDa) in almost equal proportions (281). The smaller sized AR was 

androgen resistant, lacked the LBD and was constitutively active in the nucleus, whereas 

the full-length AR remained androgen dependent, giving rise to the idea that AR variants 

may play a role in drug resistance (281). Recently many AR-Vs have been identified with 

varying structures but they all lack the LBD, or at least portions of it (282), which is 

highlighted in Figure 1-13. 

Perhaps the best-studied and most commonly observed splice variant is AR-V7. It is 

thought to derive from mRNA splicing of exons 1–3 and a loss of exons 4–8. The addition 

of the cryptic exon 3 (CE3) in the AR gene is also thought to contribute to AR-V7 

expression (283). It is associated with enzalutamide and abiraterone resistance and 

patients with positive AR-V7 expression had reduced survival rates compared to AR-V7 

negative patients. AR-V7 expression is heterogeneous and can form heterodimers with 

full-length AR as well as homodimers with itself. Furthermore, in the absence of 

androgens AR-V7 can bind to ARE’s, which facilitates a protumorigenic transcriptome 

(284). In addition to this there is a decreased or completely abolished PSA response to 

both enzalutamide and abiraterone (285) due to the fact that both treatments target the 

ligand binding domain. Interestingly, AR-V7 mRNA expression has been found to be 20 

times higher in CRPC patients than in hormone sensitive PCa patients (286), and protein 

levels of AR-V7 have been shown to increase as patients develop CRPC (287). Recently, 

Sharp et al. investigated AR-V7 expression in patient tumour samples. It was found that 

AR-V7 was detected in less than 1% of primary PCa samples but was expressed in 75% 

of samples following ADT, which further significantly increased after abiraterone or 

enzalutamide treatment. AR-V7 expression was found to be heterogeneous and there 

were varying levels of expression in different metastases from a single patient. 

Additionally, chemotherapy naïve patients without detectable levels of AR-V7 had an 

improved overall survival (74.3 vs. 25.2 months) and a better PSA response (100% vs. 

54%) compared to AR-V7 positive patients (288). 

Additional relevant splice variants include AR-V12 (ARv567es) and AR-Q641X. AR-V12 has 

exons 1-4 and 8 intact but skips exons 5,6 and 7 (282). This variant is constitutively active 

and can interact with full length AR increasing its sensitivity to ligand. Furthermore, in 
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castrate conditions, it can enhance the growth of the cancer by generating larger 

malignant cells and can produce tumour populations that favour the selection of cells 

expressing AR-V12 (282). AR-Q641X contains a nonsense mutation in the hinge region of 

the AR, which results in a truncated C-terminal protein that is constitutively active (289). 

This nonsense mediated splice variant was originally isolated by Ceraline et al. but is yet 

to be fully characterised and the prevalence in PCa remains unknown (289).  

Identification of novel variants represents a challenge for directed treatment, due to the 

fact that AR variant biology is not fully understood and treatments are not yet specific 

enough to target individual AR variants. This is because all AR directed treatments 

currently approved for clinical use mediate AR activity through the ligand-binding domain; 

therefore, there is no treatment that would be effective in cancers driven by splice variant 

activity. As the majority of AR variants retain the N-terminus, new classes of drugs 

targeting this region of the protein have been developed. EPI-001 and its later derivatives 

were designed to covalently bind to the N-terminus of the AR and inhibit the transcriptional 

activity. In in vitro, in vivo and xenograft models, EPI showed promising results but a 

phase I/II clinical trial was terminated early due to high pill burden (290). Research is 

ongoing to improve the potency and metabolic stability of the EPI compounds and recently 

EPI-7170 was shown to be active in AR-V7 expressing LNCaP95 cells (291). Despite this, 

splice variants may be suitable for detection in the blood and therefore may be useful as 

predictive biomarkers and offer a tractable option for personalised medicine (285). There 

is an urgent need for treatments that are effective in patients who express spice variants 

and have functional AR mutations.



Chapter 1 

59 

 
Figure 1-13. Selected androgen receptor splice variants 
The AR wild-type represents the full length AR with all four functional domains intact. AR-V7 lacks the LBD, whereas AR-Q641X also lacks part of the HR. 

NCBI or GenBank references are shown for each variant except for AR-Q641X (unavailable reference). Different colours represent sequence differences in 

the hinge region. AR, androgen receptor; WT, wild-type; NTD, N-terminal domain; DBD, DNA binding domain; HR, hinge region; LBD, ligand binding 

domain.  
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1.4.9 Future therapies 

Although there are a plethora of treatments aimed at improving the prognosis of patients 

with CRPC or mCRPC, these agents only realistically provide small survival benefits. 

However, advances in next-generation sequencing techniques has improved our 

understanding of the molecular mechanisms that drive prostate cancer progression, 

allowing for the development of therapies aimed at novel targets such as the PTEN/AKT 

pathway, DNA repair pathway, mismatch repair pathway, PARP and platinum-based 

chemotherapy. 

1.4.9.1 PTEN/AKT pathway  

Approximately 50% of mCRPC patients have activation of the PI3K/AKT pathway, which 

increases tumour cell growth and proliferation, and has been linked to an increase in 

treatment resistance (292). This pathway is negatively regulated by PTEN, a protein that 

is downregulated in ~40% of mCRPC patients. Loss of PTEN has also been linked to poor 

outcome and disease progression (293). One study found that as a monotherapy the AKT 

inhibitor perifosine had limited benefit in recurrent hormone sensitive PCa, but suggested 

that combinational therapy may still prove effective (294). In fact, AKT inhibitors provided 

an increased benefit when combined with MEK inhibition in an enzalutamide resistant 

CRPC model. However, it was also found that the effects appeared to be cell line 

dependent and that the effectiveness of the treatment was correlated to the activation of 

the pathways in the tumour (295). Although the results from preclinical data using single-

agent AKT inhibitors have been modest, there are several phase I/II trials underway that 

are investigating combinatorial therapy with AR antagonists such as enzalutamide (RE-

AKT) (296) or docetaxel and prednisolone (ProCAID) (297). 

1.4.9.2 DNA repair pathway 

Mutations in genes associated with DNA repair have been identified in mCRPC patients 

including BRCA1, BRCA2, PALB2 and ATM, which are commonly deleted and are 

associated with an increased risk of disease. Germline BRCA1 and BRCA2 mutations 

have also been linked to a higher tumour grade at diagnosis and worse patient outcomes 

(298). Targeting these important repair defects may be a future avenue for the 

development of immunotherapeutics (299).  

1.4.9.3 Mismatch repair pathway 

Defects in the mismatch repair (MMR) pathway have been estimated at between 3-12% in 

mCRPC. MMR loss of function has been linked to high mutational load and microsatellite 
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instability, which has been associated with a higher burden of neo-antigens (299). These 

neo-antigens are tumour specific, allowing for an increase in immune recognition. 

Therefore targeting immune checkpoints such as CTLA-4 and PD-L1 might increase the 

immune response. The CTLA-4 pathway can be blocked using a monoclonal antibody 

(ipilimumab) but two phase III trials in mCRPC patients (pre- and post-docetaxel) failed to 

meet their primary endpoints (300, 301). Targeting PD-L1 using immunotherapy has been 

FDA approved for a number of tumour types including melanoma (nivolumab) and small 

cell lung cancer (pembrolizumab). Although initial phase I trials using nivolumab in 

prostate cancer were underwhelming, two phase II clinical trials using pembrolizumab 

(KEYNOTE-028 and -199) suggested that a small proportion of mCRPC patients would 

benefit from single use pembrolizumab treatment and two patients had a complete 

response in a PD-L1 positive cohort (302, 303). This highlights the importance of the 

development of reliable molecular and genomic biomarkers (304) to identify patients who 

would benefit from single use therapies. 

1.4.9.4 PARP 

A recent trial investigated the use of the PARP inhibitor olaparib in patients who had 

metastatic CRPC and no longer responded to standard treatments. PARP is a key 

enzyme in DNA repair and PARP inhibitors have already been successfully used in the 

treatment of ovarian cancer (305). The results of the mCRPC trial revealed that there was 

a substantial response to olaparib, with large reductions in PSA levels and circulating 

tumour cells. Out of the 49 evaluable patients in the study, 16 patients responded to 

olaparib monotherapy. These impressive responses were associated with DNA-repair 

defects in tumour cells including BRCA2, BRCA1, ATM, CHEK2 (306). Therefore, due to 

the success of the treatment, the FDA granted accelerated approval for the use of 

olaparib in mCRPC patients with mutated BRCA2, BRCA1 and ATM genes (307). 

1.4.9.5 Platinum-based chemotherapy 

Platinum-based chemotherapy agents have shown promise in phase II trials and work by 

initiating double strand breaks by cross-linking DNA. Results showed an increase in 

progression free survival but failed to identify a target group (308). If trials were to be 

conducted in patients with confirmed mutations in DNA repair genes, the outcome may 

prove to be successful. Additionally, a number of ovarian cancer patients who had defects 

in the nucleotide excision repair pathway and were resistant to PARP inhibitors responded 

to a platinum based treatment (309). Therefore, the use of platinum based chemotherapy 

warrants further investigation in mCRPC patients with defects in the DNA repair pathway. 
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1.4.10 Summary 

To summarize, CRPC is an aggressive and incurable PCa phenotype. Current treatments 

are primarily aimed at targeting the androgen receptor but due to cancer cell adaptive 

responses, drug resistance is an ever-present challenge. It is therefore necessary to 

develop novel targeted therapies and provide new options for existing treatments. 

Considering the need for novel therapies and the pre-clinical evidence demonstrating V-

ATPase subunit overexpression in cancer, there was a rationale for investigating the role 

of V-ATPase in prostate cancer.  

1.5 V-ATPase in prostate cancer 

This section will summarize what is known about V-ATPase in PCa and the current 

evidence supporting a link to the AR. 

Using a V-ATPase inhibitor known as Iejimalide B, Wang et al. were one of the first 

groups to publish on the effect of V-ATPase inhibition in PCa (310). Lejimalide B is a 

marine macrolide lysosomal V-ATPase inhibitor. The group selected the AR WT hormone 

sensitive LNCaP and AR null hormone insensitive PC-3 cell lines to model early stage 

PCa and CRPC respectively. The group were primarily interested in investigating the 

effects of Iejimalide B on the cell cycle rather than the direct effects of V-ATPase inhibition 

in PCa, or in fact a link with AR signalling. Treatment with Iejimalide B induced cell cycle 

arrest and cell death in the LNCaP cells, but no cell death, and only S phase arrest, was 

observed in the PC-3 cells. There were distinct changes in gene expression suggesting 

Iejimalide B had an effect on transcriptional regulation, and Iejimalide B treatment induced 

both p53 dependent and independent responses (310). This study demonstrated that 

there were differences in how prostate cancer cells responded to V-ATPase inhibition and 

that inhibition consequently resulted in cell cycle arrest. 

1.5.1 Specific V-ATPase subunit isoforms contribute to the invasive and 
metastatic potential of prostate cancer cells 

To investigate the role of V-ATPase in PCa further, Licon-Munoz et al. studied the 

downstream physiological consequences of V-ATPase inhibition in the hormone 

insensitive PC-3 cells (121). PC-3 cells were found to express ATP6V0A2 and ATP6V0A3 

but not ATP6V0A1 or ATP6V0A4 mRNA suggesting these were the two dominant VOa 

subunit isoforms expressed. Immunofluorescent staining revealed that V-ATPases were 

primarily localised to the Golgi and clathrin-coated vesicles in PC-3 cells, and there were 

less V-ATPase complexes detected in the lysosomes and endosomes. After treatment 

with 5 nM con-A, V-ATPase mediated proton transport was blocked as evidenced by an 
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increase in the pH of lysosomes and endosomes from pH 6.7 to 7.1. Additionally, V-

ATPase inhibition increased the size and number of intracellular vesicles, indicating V-

ATPase function was vital for the exit of V-ATPase from the Golgi and for its redistribution 

to different cellular membranes. Interestingly, V-ATPase was not found to be expressed at 

the PM of PC-3 cells, but cell motility assays demonstrated that the redistribution of V-

ATPase-containing vesicles to the front of migrating cells was inducible. Furthermore, the 

V-ATPase co-localised with F-actin in migratory cells but not in non-migratory cells, and V-

ATPase inhibition resulted in F-actin reorganisation. It was suggested that the purpose of 

the F-actin ring assembly was to overcome a toxic blockage of intracellular vesicles 

caused by V-ATPase inhibition (121). This study provided evidence for the role of V-

ATPase in the invasive and migratory capabilities of prostate cancer cells. 

An additional study by Smith et al. investigating the role of V-ATPase in extracellular and 

luminal pH regulation found that the VOa1 and VOa3 subunit isoforms were the dominant 

VOa isoforms expressed in PC-3 cells, and that ATP6V0A4 gene expression was not 

detectable at the PM (311). This disagrees with the data published by Licon-Munoz et al. 

who did not find V-ATPase expression at the PM of PC-3 cells, and instead suggested a 

mechanism of inducible trafficking to the PM (121). These differences are likely due to the 

detection methods used (gene array chip analysis vs RT-qPCR). However, western blot 

analysis revealed VOa4 protein expression in the total membrane fraction, but not the PM 

fraction (311), agreeing with the observation by Licon-Munoz et al. that ATP6V0A4 is not 

expressed at the PM. Regardless, Smith et al. went on to study the effect of siRNA 

mediated knockdown of VOa1, VOa3 and the accessory protein Ac45 (ATP6AP1) on V-

ATPase function and localisation (311).  

Firstly, levels of VOa1 and VOa3 were not affected by V1A knockdown, indicating VO 

stability is not dependent on V1A expression, but there was a loss of V1F, implying a 

disruption in the assembly of the V1 domain. In addition to this, loss of VOa1 and VOa3 did 

not result in a compensatory upregulation of the other VOa subunit isoforms, which has 

been previously described for other subunit isoforms (7). However, there was a loss in 

V1A signal in the PM fractions, supporting the idea that there is a reduction in V-ATPase 

assembly due to the reduced availability of VOa subunits. Confocal microscopy showed 

that VOa1 co-localised with transferrin receptor enriched early endosomes, whereas VOa3 

co-localised with the late endosomal/lysosomal marker LAMP-1. Additionally, VOa1 and 

VOa3 were both found to have 95% co-localisation with V1A, suggesting little of the VO 

domain was detached from V1 (311). Together, this shows that VOa1 and VOa3 exist in 

different endocytic compartments. 

The siRNA mediated knockdown of VOa1, VOa3 and Ac45 in PC-3 cells resulted in a 

cessation of cell growth but not cell death after 48 hours compared to non-targeting 
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controls. This finding highlights the importance of V-ATPase in cell motility and cell 

physiology. In support of this, results from a Matrigel invasion assay showed that VOa1 

and VOa3 knockdown suppressed migration and reduced metastatic potential. 

Furthermore, knockdown of VOa1 removed 78±6% of the concanamycin-sensitive 

component of the PM proton pumping rate, whereas VOa3 knockdown only removed 

34±17% of the proton pumping rate, suggesting VOa1 expressing V-ATPase contribute to 

a greater degree than VOa3 V-ATPase complexes to the rate of PM proton flux. It appears 

as if knockdown of VOa3 affects the invasive potential of PC-3 cells more than the PM 

proton pumping activity, and therefore resulting effects are more likely to be mediated by 

changes to trafficking processes than decreased extracellular acidification. Knockdown of 

VOa1 and Ac45 (and to a less extent VOa3) resulted in an arrest of transferrin receptor 

recycling, which was likely due to altered vesicular acidification. The depletion of Ac45 

resulted in an increase in extracellular pH and a reduction in the trafficking of MMP-14 to 

the cell surface, leading to an overall reduction in the invasive potential of the PC-3 cells. 

Finally, Ac45 knockdown inhibited both internalisation of the transferrin from the PM and 

its transportation back to the cell surface (311). This study showed that the VOa1 and 

VOa3 isoforms were predominant in different compartments and that they directly 

contribute to the invasive and metastatic characteristics of PC-3 cells. Importantly, it 

showed that Ac45 plays a crucial role in navigating the V-ATPase to the plasma 

membrane, highlighting the relevance of V-ATPase accessory proteins in prostate cancer 

progression. 

1.5.2 The role of V-ATPase modulatory proteins in prostate cancer progression 

In addition to the direct link between the V-ATPase complex and prostate cancer, V-

ATPase modulatory proteins also contribute to the metastatic potential of PCa cells. 

LASS2/TMSG1 was expressed at low levels in the highly metastatic prostate cancer cell 

line PC-3M-1E8 and highly expressed in the low metastatic PC-3M-2B4. Furthermore, 

MMP-9 and -2 activity was found to be significantly increased in LASS2/TMSG1 shRNA 

PC-3M-2B4 cells. Moreover, mouse xenografts of PC-3M-2B4 cells transfected with 

LASS/TMSG1 shRNA exhibited significantly increased average tumour size and weight 

compared to controls. Those with LASS/TMSG1 shRNA also had more LNM, suggesting 

loss of LASS2/TMSG1 induced tumour cell growth, proliferation, invasion and metastasis 

likely as a result of a loss of control in V-ATPase activity (156). 

 In addition to this, Sennoune et al. demonstrated that pigment epithelium-derived factor 

(PEDF), which is a potent endogenous angiogenic inhibitor, is another regulator of V-

ATPase in prostate cancer (312). PEDF is downregulated in prostate cancer cells and it 

was hypothesised that PEDF transduction would reduce V-ATPase function. The prostate 
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cancer cell lines LNCaP and its castration-refractory derivative CL1 were manipulated to 

stably co-express DsRed fluorescent protein with or without PEDF. PEDF expression was 

found to decrease proton flux in the metastatic CL1 cells, but not in the non-metastatic 

LNCaP cells. Furthermore, PEDF expression significantly decreased the levels of VOa4 

and ATP6AP2 in the CL1 cells, without altering levels in the LNCaP cells. This suggests 

that PEDF regulates V-ATPase function via a reduction in the subunit isoforms 

responsible for targeting the V-ATPase to the PM, which correlates with metastatic 

potential (312). 

1.5.3 Evidence for interactions between V-ATPase and AR signalling in prostate 
cancer 

Michel et al. went on to characterise the effect of V-ATPase inhibition in PCa (2). By 

inhibiting V-ATPase with baf-A1 and con-A in the hormone sensitive (LNCaP) and 

hormone insensitive (C4-2B) PCa cell lines, they showed a reduction of in vitro invasion of 

both cell lines by 80%. Expression of V-ATPase was found at the PM of the highly 

invasive C4-2B cell line but not the poorly invasive LNCaP cell line, supporting data from 

other cancer types that expression of V-ATPase at the PM directly correlates with an 

increase in invasive potential. Additionally, V-ATPase co-localised with PSA and V-

ATPase inhibition resulted in a relocalisation of PSA to lysosome-like intracellular vesicles 

(2). V-ATPase inhibition significantly reduced PSA secretion and removal of baf-A1 from 

the media restored PSA compartmentalization with V-ATPase. The expression of V1A was 

absent in the lysosomal vesicles containing PSA suggesting that organelle acidification 

had not occurred and that endosomal and lysosomal acidification was defective. This was 

supported by the fact that V-ATPase inhibition prevented acridine-orange vesicular 

staining. Furthermore, intracellular PSA levels were greater when the cells were 

stimulated with androgen in the presence of baf-A1, indicating that PSA was not degraded 

upon V-ATPase inhibition. Interestingly, in androgen-sensitive LNCaP prostate cancer 

cells, V-ATPase inhibition also reduced PSA mRNA expression, suggesting upstream 

inhibition of AR’s transcription activating activity (2). Taken together, the group were able 

to demonstrate that V-ATPase expression at the PM was correlated with invasive 

potential, V-ATPase inhibition reduced prostate cancer cell invasion and results in 

defective PSA vesicle degradation with a reduction in PSA mRNA expression. 

As PSA gene expression is a regulated by the AR, the group later went on to investigate 

AR expression in response to V-ATPase inhibition (313). Inhibition of V-ATPase with con-

A in LNCaP and LAPC4 cells, which are both AR positive hormone sensitive PCa cell 

lines, resulted in a reduction of AR protein levels by ~90% and ~49% respectively. This 

reduction in AR protein levels was complemented by a ~50% reduction in AR mRNA. 
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These results suggest a link between the AR-PSA axis and V-ATPase function in prostate 

cancer. Furthermore, con-A inhibition resulted in endo-lysosomal alkalinisation in both cell 

lines. However, chloroquine treatment, which is a lysosomotropic amine that accumulates 

in acidic vesicles, also caused a reduction in AR mRNA and protein expression, 

suggesting that the reduction in AR expression observed after con-A inhibition is likely due 

to aberrant pH homeostasis rather than a direct effect of the V-ATPase itself. To explain 

the decrease in AR expression, mRNA stability and turnover was measured by RT-qPCR 

and it was concluded that con-A treatment did not stimulate AR mRNA degradation, and 

therefore V-ATPase inhibition probably impairs AR transcription. At this stage, it appeared 

as if there was a link between the AR and V-ATPase but it remained unclear exactly how 

V-ATPase inhibition reduced AR expression. 

In an attempt to provide a mechanism for the link between the AR and V-ATPase, Licon-

Munoz et al. suggested the potential involvement of Hypoxia Inducible Factor-1 (HIF-1α). 

HIF-1α regulates AR gene expression and has been reported to reduce transcription of 

the estrogen receptor, ERα, in breast cancer cell lines. Treatment with con-A increased 

HIF-1α protein expression, but not mRNA expression, in LNCaP and LAPC4 cells, 

suggesting an increase in protein translation or protein stability but not HIF-1α 

transcription. Interestingly, confocal microscopy analysis revealed that HIF-1α 

translocated to the nucleus upon con-A treatment, which indicates activation of HIF-1α. 

HIF-1α is rapidly turned over under normoxic conditions and is targeted to the proteasome 

for degradation via HIF-1α hydroxylation. Con-A treatment resulted in an increase in HIF-

1α and a reduction in hydroxylated HIF-1α, which was rescued with the addition of iron. 

An increase in iron concentration also partially rescued AR mRNA expression in cells 

treated with con-A, indicating that HIF-1α acts as a transcriptional repressor of the AR. 

Additionally, this increase in iron concentration did not rescue the defective con-A induced 

endo-lysosomal pH, which again provides evidence that the link between the V-ATPase 

and AR is downstream of V-ATPase mediated pH alterations. Moreover, treatment with 

Dimethyloxalylglycine (DMOG) prevents HIF-1α hydroxylation and consequently prevents 

HIF-1α degradation. The addition of DMOG resulted in a decrease in AR protein and 

mRNA levels, and an increase in HIF-1α levels, which were comparable to those induced 

with con-A treatment. This indicates that the V-ATPase mediated downregulation of AR 

occurs via a reduction of HIF-1α hydroxylation and an increase in HIF-1α stability. 

Together this study provides evidence that AR expression is V-ATPase dependent and 

that V-ATPase inhibition indirectly reduces downstream AR expression via HIF-1α. The 

biological mechanism suggested by Licon-Munoz et al. is that V-ATPase inhibition results 

in defective transferrin receptor recycling due to alkalization of endo-lysosomal 

compartments. This in turn blocks iron uptake and reduces HIF-1α hydroxylation, resulting 
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in an increase in HIF-1α stability, which then translocates to the nucleus and 

downregulates AR expression (313).  

Although this is an interesting study, which provides evidence for the role of HIF-1α as the 

link between V-ATPase and AR signalling in prostate cancer, there are still many 

questions left unanswered. For example, it is not known if HIF-1α binds directly to the AR 

or whether there is another molecule regulated by HIF-1α that represses AR expression. It 

is also not known whether this mechanism the same in CRPC or what V-ATPase subunits 

are important for maintaining the AR-PSA axis. 

1.5.4 Summary 

Overall, relatively few studies have investigated the role of V-ATPase in PCa and, in 

particular, on modulation of the AR. The main findings from these published studies are 

that V-ATPase expression is directly correlated to the invasive and metastatic potential of 

PCa cells as evidenced by; (1) its expression in the PM, (2) the V-ATPase dependent 

activation of proteases such as MMP-2, -9 and -14, and (3) an increase in cell motility. 

Evidence suggests that the VOa3 isoform (and potentially VOa1, VOa2 and VOa4) plus the 

V-ATPase accessary subunit Ac45, are the key subunits responsible for targeting the V-

ATPase to the PM in PCa cells. Additionally, individual subunit isoform knockdown results 

in a reduction in proton flux and V-ATPase function, leading to alkalization of endo-

lysosomal compartments. V-ATPase modulatory proteins such as LASS2/TMSG1 and 

PEDF can affect tumour cell growth and invasion via regulation of V-ATPase activity. 

Chemical inhibition of V-ATPase significantly reduces PCa cell invasion and induces cell 

death.  

In terms of the critical interaction between V-ATPase and the AR, there is a link between 

V-ATPase and AR signalling that may involve HIF-1α regulation, but the mechanism is yet 

to be fully elucidated. Taken together, there is compelling evidence that V-ATPase plays 

an important role in PCa, which might affect progression to the CRPC phenotype. 

Furthermore, the emergence of clinically relevant AR mutations and AR splice variants 

adds greater complexity to the AR/V-ATPase axis. However, there are still questions as to 

whether V-ATPase subunit expression directly relates to V-ATPase function and what 

impact the expression of specific subunit isoforms, other than VOa, has on PCa 

progression. There is a lack of genetic evidence for the specific roles of these subunit 

isoforms, and genetic tools such as siRNA and CRISPR are required to improve our 

understanding of V-ATPase subunit expression in PCa. Additionally, the recent discovery 

of V-ATPase somatic mutations also raises its own questions about their importance in 

PCa and whether these mutations alter V-ATPase functionality. Finally, it is crucial to fully 

understand the role of V-ATPase in CRPC and how it is linked to AR signalling. 
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1.6 Hypothesis and aims 

1.6.1 Hypothesis 

The primary hypothesis is that V-ATPase dysregulation is directly linked to cancer via 

alterations in activity. The secondary hypothesis is that V-ATPase inhibition influences 

androgen receptor signalling in prostate cancer, potentially including mechanisms relevant 

to a CRPC phenotype, and therefore makes an attractive therapeutic target. 

1.6.2 Aims 

To investigate these hypotheses, the focus of the experiments described in this thesis was 

to first determine how selected somatic mutations alter V-ATPase activity and function in a 

chimeric yeast model system, before inhibiting V-ATPase activity and silencing subunit 

expression in prostate cancer cell lines with clinically relevant AR aberrations.  

The main aims were to: 

• Measure the effect of selected somatic missense mutations on V-ATPase catalytic 

activity and function. 

• Investigate the effect of V-ATPase inhibition on AR signalling in prostate cancer 

cell lines with AR splice variants and point mutations. 

• Investigate the effect of genetically silencing V-ATPase subunits on AR signalling 

in prostate cancer cell lines. 

 



Chapter 1  

   69 

 

 





Chapter 2 

71 

 

Chapter 2 Materials and Methods 

 

Chapter Two 



Chapter 2 

72 

 



Chapter 2 

73 

Materials and Methods 

Cell Culture Techniques 

2.1 Cell culture materials and methods 

Table 2-1. Cell culture materials 

List of materials used for cell culture techniques. All materials were purchased from 

Sigma-Aldrich or Thermo Fisher unless otherwise stated. All drugs were dissolved in 

DMSO unless otherwise stated. 

 

 

Reagent Components 
Complete 
Growth Media 

RPMI-1640 or DMEM (without L-glutamine) supplemented with: 
10% Fetal Bovine Serum (v/v), 1% Penicillin/Streptomycin (v/v), 1% 
L-Glutamine (v/v) and 1% Pyruvate (v/v). 

Charcoal 
Stripped 
Growth Media 

RPMI-1640 without phenol red and with L-glutamine supplemented 
with: 
10% Fetal Bovine Serum- Charcoal Stripped (v/v), 1% 
Penicillin/Streptomycin (v/v). 

Freeze Media 50% FBS (v/v), 10% DMSO (v/v), 40% RPMI-1640 (v/v). 

1x Phosphate 
Buffered Saline 
(PBS) 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4. 

1x Phosphate 
Buffered Saline 
with Tween-20 
(PBS-T) 

1x PBS, 0.1% Tween 20 (v/v). 

5x Sample 
buffer 

60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-
mercaptoethanol, 0.01% bromophenol blue. 
 

5x RIPA buffer 0.75M NaCl, 5% NP40 (v/v), 2.5% DOC (v/v), 0.5% SDS 
(w/v), 0.25M Tris pH8.0, diluted in 100 mL ddH2O. 
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2.1.1 Cell lines 

Cells were maintained in an incubator (Galaxy 170S, New Brunswick) at 37°C and 5% 

CO2 on 10 cm plates unless otherwise stated. 

 

Table 2-2. Cell lines used for investigations 
List of cell lines used for investigations. WT, wild-type; AR, androgen receptor; PSA, 

prostate specific antigen. 

2.1.2 Preparation of cells from frozen stocks 

Cells stored in cryo vials in liquid nitrogen were defrosted in a water bath at 37° C. 1 mL of 

cells and 9 mL of either complete DMEM or RPMI-1640 was added to a 10 mL falcon 

tube. The falcon was centrifuged at 1,500 g for 3 minutes at 21°C, and the supernatant 

was aspirated and discarded. The pellet was re-suspended in 10 mL fresh media, pipetted 

onto a 10 cm plate and placed in the incubator at 37°C.  

2.1.3 Maintenance of cell lines 

Cells that were approximately 80% confluent were passaged. The appropriate complete 

growth media, 1x PBS and 0.25% trypsin-EDTA were all pre-warmed to 37°C. In a 10 cm 

plate, the existing media was aspirated and 5 mL 1x PBS was used to wash the cells. The 

PBS was then aspirated and 1.5 mL trypsin was added. After trypsinization, the trypsin 

was aspirated and the cells were incubated at 37°C for 1-2 minutes. The plates were 

gently tapped to detach clumps of cells and 10 mL of fresh complete media was added to 

inhibit the action of trypsin. The cells were then split and fresh complete media was added 

to make the final volume 10 mL. Plates were then placed back in the incubator at 37°C. 

Cell line Tissue 
Suitable 
growth 
media 

Hormone 
sensitive 

AR 
abnormality 

AR 
expression 

PSA 
expression 

HeK-293 Embryonic 
kidney DMEM No No 

expression No No 

LNCaP Prostate RPMI-
1640 Yes 

Point 
mutation at 

T877A 
Yes Yes 

DuCaP Prostate RPMI-
1640 Yes WT Yes Yes 

22Rv1 Prostate RPMI-
1640 Yes V7 splice 

variant Yes Yes 

LNCaP 
F877L/T878A Prostate RPMI-

1640 Yes 

Double point 
mutation at 
F877L and 

T878A 

Yes Yes 
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2.1.3.1 CSS media 

Complete growth media with phenol red contains an array of different hormones whereas 

CSS media is hormone free. As prostate cancer is largely a hormone driven cancer, it was 

essential for the majority of experiments that cells were cultured in a hormone free 

environment. This was particularly important so that the direct effect of androgens could 

be studied. To address this, cells were cultured in CSS media and were split (as in 2.1.3), 

but fresh CSS media was added instead of complete media after trypsinization. Cells were 

cultured in CSS media for at least 24 hours prior to experimental use. This was to remove 

the effect of any hormones present in the complete growth media. 

2.1.4 Freezing cell lines 

Once the cells were approximately 80% confluent they could be frozen for future 

experiments. The same process was followed as in 2.1.3, however freeze media was 

used instead of complete growth media. Instead of adding 10 mL of fresh media after 

trypsinization, 3 mL of freeze media was added to each plate and re-suspended. The 

media was then transferred to 3 separate cryo vials and stored at -80°C. 

2.1.5 MTS cell viability assay 

The MTS cell viability assay (Promega) is a colorimetric method for quantification of cell 

viability in proliferation and cytotoxicity assays. The MTS tetrazolium compound is 

reduced by viable cells to generate a coloured formazan product. This conversion occurs 

in metabolically active cells by NAD(P)H-dependent dehydrogenase enzymes. The 

resulting formazan product produced is then quantified by measuring the absorbance at 

490 nm. 

Cells were seeded in 96-well plates in their appropriate growth medium (Table 2-2). After 

24 hours, the experimental compounds were added to the cells for 24-72 hours depending 

on the experimental design. MTS reagent (7 µL) was then added to each well of the cells 

for 4 hours. After 4 hours, the absorbance of the plate was recorded at 490 nM.  

2.2 Luciferase reporter assay 

HeK-293 cells were seeded (12,500 cells) into 96-well white microtitre plates in 100 µL 

CSS media and were grown for 18 hours. The cells were transfected with the androgen 

response element reporter vector p(ARE)3Luc, the AR expression vector pE-AR and the 

pRL-CMV Renilla luciferase control reporter vector (Figure S 8-1) using Fugene HD 

transfection reagent (Promega). The AR firefly reporter plasmid was transfected at a ratio 
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of 9:1 to the ARE expression plasmid. CSS media (200 µL) was used to dilute 2 µg of total 

DNA plasmid (1.8 µg AR, 0.2 µg ARE) and 6 µL Fugene HD was added. The reaction 

mixture was incubated for 5 minutes at room temperature. From the transfection mixture, 

5 µL was added to each of the wells on the microtitre plate. The cells were gently mixed 

and then incubated at 37°C for 18 hours. Following this, DHT was diluted in 1 mL CSS 

media and was split into 10 (100 µL) aliquots. Drugs were then diluted in the DHT aliquots 

to ensure that each drug dilution contained the same 1 nM DHT concentration. From the 

dilution series, 20 µL was added to the wells of the microtitre plate in triplicate (3 x 20 µL 

per dilution). The plate was then incubated for either 18 or 24 hours at 37°C. Following 

incubation, the media was aspirated from each of the wells and passive lysis buffer 

(Promega) was added (20 µL). The cells were incubated at room temperature for 10 

minutes with gentle shaking.  

The dual luciferase reporter assay was performed using the Varioskan Flash plate reader 

(Thermo Scientific, Essex, UK). Firstly, 100 µL of LARII reagent (Promega) was added to 

each of the wells of the microtitre plate and the luminescence detected in 5 seconds was 

recorded. Luminescence is the result of the oxidation of luciferin, which requires ATP, 

Mg2+ and oxygen for the reaction. Stop and Glo reagent (100 µL) (Promega) was then 

added to each well and the Renilla luminescence signal was recorded. The Stop and Glo 

reagent prevents autoluminescence of the Renilla substrate, coelenterazine.  In the 

presence of Renilla, coelenterazine is converted into coelenteramide, which can produce 

a detectable luminescent signal, and a summary of this biological mechanism is shown in 

Figure 2-1. 
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Figure 2-1. Dual luciferase reporter assay biological mechanism 
DHT stimulation promotes the binding of the AR to the ARE, resulting in downstream transcription of the firefly luciferase gene. The upregulation of firefly 

luciferase induces the conversation of beetle luciferin to oxyluciferin, which produces a quantifiable luminescent signal. As a control for transfection 

efficiency, cells were also transfected with plasmids expressing the Renilla luciferase gene, which upregulates the Renllia luciferase protein and 

consequently converts coelenterazine to coelenterazimide. This conversion produces a second quantifiable luminescent signal and the promoter activity 

can be calculated by normalising the firefly luciferase signal to the Renilla luciferase signal. DHT, dihydrotestosterone; AR, androgen receptor; ARE, 

androgen response element. 
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Protein Techniques 

2.3 Materials for protein techniques 

2.3.1 List of materials for protein techniques 

Table 2-3. Materials list for protein techniques 
List of materials used for protein techniques. 

2.3.2 Antibodies 

Table 2-4. Antibodies and their dilution factors 
Primary and secondary antibodies used for western blotting with recommended dilutions. 

Reagents Components 
10x Running buffer 250 mM Tris (w/v), 1.92 M glycine (w/v), 1% SDS (w/v) 

made up to 1 L with ddH2O 
Transfer buffer 100 mL 10x Running buffer (v/v), 200 mL 100% methanol 

(v/v) made up to 1 L with ddH2O 
Milk blocking solution 2.5 g Marvel milk powder (w/v) dissolved in 50 mL PBS-T 
BSA solution 2.5 g BSA powder (w/v) dissolved in 50 mL PBS-T 
Polyacrylamide gels 
Resolving gel (12%) ddH2O, 30% acrylamide mix, 1.5 M Tris (pH 8.8), 10% 

SDS, 10% APS, TEMED  
Stacking gel (6%) ddH2O, 30% acrylamide mix, 1.0 M Tris (pH 6.8), 10% 

SDS, 10% APS, TEMED 

Antibody Catalogue 
number 

Species Dilution Company 

Androgen Receptor (D6F11) 
XP Rabbit mAb 

5153 Rabbit 1:1000 Cell Signalling 
Technology 

PSA/KLK3 (D11E1) XP 
Rabbit mAb 

2475 Rabbit 1:1000 Cell Signalling 
Technology 

β-Actin (8H10D10) Mouse 
mAb 

3700 Mouse 1:2000 Cell Signalling 
Technology 

V-ATPase C1 Antibody (G-5) sc-271077 Mouse 1:1000 Santa-Cruz 
Biotechnology 

ATP6V1E1 Unconjugated 
Polyclonal Antibody 

HPA029196 Rabbit 1:1000 Sigma 

ATP6V1E2 Unconjugated 
Polyclonal Antibody 

HPA052784 Rabbit 1:250 Sigma 

HRP-conjugated Anti-Mouse 
IgG Concentrate 

(RABHRP2) 

RABHRP2 Mouse 1:20,000 Sigma 

HRP-conjugated Anti-Rabbit 
IgG Concentrate 

(RABHRP1) 

RABHRP1 Rabbit 1:20,000 Sigma 

ATP6V1C2 Monoclonal 
Antibody (OTI3E9) 

MA5-26964 Mouse 1:500 Thermo Fisher - 
Invitrogen 

c-Myc Monoclonal Antibody MA1-980 Mouse 1:500 Thermo Fisher - 
Invitrogen 

V-ATPase A Polyclonal 
Antibody (PA5-26779) 

PA5-29191 Rabbit 1:2000 Thermo Fisher - 
Invitrogen 
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2.3.3 Enhanced chemiluminescence (ECL) substrates 

Table 2-5. ECL substrates  
List of ECL substrates used in western blotting and their recommended suitable primary 

antibodies. All ECL substrates were purchased from ThermoFisher. 

2.4 Western blotting 

2.4.1 Cell harvest 

When cells were approximately 80% confluent, the media was aspirated from the plates, 

cells were washed with PBS and then trypsinized. RIPA buffer supplemented with 

cOmplete Mini Protease Inhibitor Cocktail (Roche) and phosphatase inhibitor PhosSTOP 

(Roche) was added to lyse the cells. The cells were then were incubated in RIPA buffer 

on ice for 30 minutes. Next, the cells were scraped using a cell scraper and transferred to 

1.5 mL microcentrifuge tubes. Samples were then sonicated on ice at a power output level 

of 2.0 for a total of 15 seconds processing time (3x5 secs with 2 sec pulse-off). Following 

this, they were centrifuged at 13,000 rpm (16,060 g) for 8 minutes at 4°C and the 

supernatant was transferred to fresh microcentrifuge tubes. Cell pellets were discarded 

and the lysates were kept on ice. The Bradford assay was used to determine the protein 

quantification before sample preparation.  

2.4.2 Protein quantification 

The amount of protein in sample lysate was quantified using the Bradford assay, which 

was used to ensure equal loading in the western blot. Firstly, the BioRad dye reagent was 

diluted using 4 parts ddH2O and 1 part dye reagent, and 250 µL was added to empty wells 

of a 96-well plate.  A standard curve was then constructed using concentrations of BSA 

(1mg/mL) ranging from 0-5 µg/mL. Next, 1 µL of the experimental samples was added to 

individual wells in triplicate and the absorbance was measured at 595 nm. Based on the 

protein quantification, volumes of the samples were pipetted into new microcentrifuge 

tubes and diluted with appropriate volumes of ddH2O. Sample buffer (5x) was added to 

Substrate Suitable primary antibodies 
Pierce ECL substrate β-Actin 
SuperSignal West Pico 
Chemiluminescent Substrate 

AR 

SuperSignal West Dura Extended 
Duration Substrate 

PSA, ATP6V1A 

SuperSignal West Femto Maximum 
Sensitivity Substrate 

ATP6V1E1,  ATP6V1E2, ATP6V1C1, 
ATP6V1C2 
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each sample and the samples were boiled at 95°C for 5 minutes. The excess lysates were 

aliquoted and stored at -20°C for future experiments. 

2.4.3 Electrophoresis using SDS-PAGE 

With the completion of the sample preparation, 12% resolving gels and 6% stacking gels 

(Table 2-3) were cast and placed in a mini-PROTEAN tetra cell (Biorad). The tank was 

filled with 1x running buffer (~800 mL) and the samples were loaded into the wells. To 

assess the size of the proteins in the samples, 4 µL of Spectra Multicolor Broad Range 

Protein Ladder (Thermo Fisher) was run alongside the samples. The gels were run at 120 

V for between 90 and 120 minutes. Proteins were transferred from the gels to a 

nitrocellulose membrane (Amersham Protran 0.45 NC, GE healthcare) using 1x transfer 

buffer in the Mini-Trans Blot Module (BioRad). The transfer was performed at 100 v for 60 

minutes with the addition of an ice pack to assist in maintaining the voltage.  

2.4.4 Protein detection 

Once the proteins had transferred from the resolving gel to the membrane, the 

nitrocellulose membranes were placed in an empty pipette box and 5% milk solution was 

added to block non-specific protein binding. The membranes were blocked for 60 minutes 

with gentle shaking. During blocking, the primary antibodies were diluted in 5 mL of 5% 

BSA solution. The membranes were then incubated with the primary antibody/BSA 

solution for 16 hours at 4°C. After the blots had been washed with PBS-T 3 times for 5 

minutes, anti-mouse or anti-rabbit secondary HRP antibodies were diluted to 1:20,000 in 5 

mL 5% BSA. The blots were then incubated with the HRP antibodies for 60 minutes at 

room temperature. They were then washed again in 1x PBS-T 3 times for 5 minutes. After 

the final wash, the appropriate ECL substrates (Table 2-5) were mixed at a ratio of 1:1 

and added to the corresponding membranes. The membranes were incubated with ECL 

substrate for 1 minute, as per the manufacturer’s instructions, and sandwiched between 

two layers of cling film. The substrate’s signal was then detected and processed by the 

imager, with an exposure time of between 30 seconds to 3 minutes, giving the final image 

of the blot. A complete summary of the western blot procedure is illustrated in Figure 2-2. 
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Figure 2-2. Western blotting procedure 
Following the figure: (1) Samples are loaded into the wells of the SDS-polyacrylamide gel and the proteins migrate towards the positive charge. (2) The 

proteins are transferred from the gel to a nitrocellulose membrane. (3) Membrane is blocked using BSA or milk blocking solution to prevent the binding of 

non-specific proteins. (4) The membrane is incubated with primary antibodies to enable specific binding to the target of interest. (5) Membrane is washed 

and incubated with HRP-labelled secondary antibody, which is specific to the primary antibody. (6) The blot is then washed again, incubated with enhanced 

chemiluminescence substrates and visualised on an imager.  
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Molecular Biology Techniques 

All RNA techniques were conducted in an RNase free environment. RNase Zap 

(Invitrogen) was used to remove RNAses from all pipettes and surfaces. Filter tips and 

RNase free microcentrifuge tubes were also used to prevent RNA degradation.  

2.5 Materials for Molecular Biology techniques 

Table 2-6. Materials for Molecular Biology techniques 
List of materials used for Molecular Biology techniques. All reagents were purchased from 

Sigma or Fisher Scientific unless otherwise stated. 

2.6 RNA extraction 

Cells were harvested in 1X PBS on ice and scraped into microcentrifuge tubes using a cell 

scraper. The samples were centrifuged at 300 g for 5 minutes and the supernatant was 

discarded. The Promega ReliaPrep RNA Cell Miniprep System was used to extract the 

RNA from the samples according to the manufacturer’s protocol. After the RNA was 

extracted it was eluted in 40 µL of RNAse free water and quantified using the NanoDrop 

(ThermoScientific). 

2.7 Complementary DNA (cDNA) synthesis 

For cDNA synthesis, 1 µg of RNA was diluted in RNase free water to make a total volume 

of 14 µL per sample. Oligo(dT) primers (Promega) were added (1 µL) to the samples and 

heated to 70°C in the PCR machine for 5 minutes, and then cooled to 4°C. The master 

mix (5 µL 5X M-MLV RT buffer (Promega), 1.25 µL 10 mM dNTPs (Promega), 0.625 µL 

RNAsin (Promega), 1 µL MLV RT enzyme (Promega) and 2.125 µL RNase free water) 

was added to each sample (10 µL). This mixture was heated to 42°C in the PCR thermal 

Reagents Components 
1x TE 1 ml of 1 M Tris-HCl (pH 8.0), 0.2 mL 

EDTA (0.5 M), made up to 100 mL with 
ddH2O 

25x TAE buffer 5 g Fisher BioReagents 25X TAE Powder, 
made up to 1 L with ddH2O 

Solution AL1 1 mL 10% SDS (w/v) , 1 mL 2M NaOH, 8 
mL ddH2O 

Solution AL2 60 mL 5 M Potassium acetate, 11.5 mL 
Glacial acetic acid, 28.5 mL ddH2O 

Ampicillin resistant plates (10 plates) 300 mL LB agar, 100 mg/mL ampicillin 
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cycler for 60 minutes, then 95°C for 5 minutes and finally cooled to 4°C. The cDNA was 

stored at -20°C for future use.  

2.8 Quantitative Polymerase Chain Reaction (qPCR)  

Table 2-7. TaqMan primers used in RT-qPCR 
List of commercial TaqMan qPCR primers and the company they were purchased from. 

TaqMan primers and probes were used for the quantitative polymerase chain reaction. 

For the qPCR reaction, 15 µL of master mix (10 µL Universal Master Mix (without 

Amperase), 1 µL of Assay on demand probe and primer set (Table 2-7) and 4 µL of 

RNase free H2O) was added to each well of a 96-well PCR plate. The cDNA samples 

were diluted with 75 µL of RNAse free H2O and 5 µL was added to each of the wells. 

Once all of the reagents had been added, a clear plastic film was pressed over the top of 

the plate and was sealed so that all wells were covered. The plate was then briefly 

centrifuged so that all liquid was collected at the bottom of the wells. Each sample was 

completed in triplicate and a control GAPDH probe was included on every PCR plate. This 

was so that the results from the probes of interest could be normalised against the 

GAPDH results. The 7500 Real-Time PCR thermal cycler machine (Applied BioSystems) 

was used to conduct the qPCR reaction via thermo-cycling and detection of the 

subsequent fluorescence. The Real-Time qPCR software v2.0.6 (Applied BioSystems) 

then calculated Ct values for each of the samples. From these Ct values, the comparative 

ΔΔCt method was used to calculate fold changes in gene expression against untreated 

control samples. The overall formula for the ΔΔCt method is 2- ΔΔCt in which ΔCt 

represents the difference between the Ct value for a gene of interest and the Ct value for 

a housekeeping gene for a given sample. The ΔΔCt value is then calculated by making 

the ΔCt values for a given sample relative to the ΔCt values for a control sample using the 

following formula: ΔΔCt = ΔCt (Sample) – ΔCt (Control average). Finally, the fold gene 

expression is calculated using 2 to the power of negative ΔΔCt. 

 

TaqMan qPCR primer Catalogue number Company 
AR (Hs00171172_m1) #4331182 Thermo Fisher Scientific 
ATP6V1C1 (Hs00940702_m1) #4331182 Thermo Fisher Scientific 
ATP6V1C2  (Hs00375969_m1) #4331182 Thermo Fisher Scientific 
ATP6V1A (Hs01097169_m1)                    #4331182 Thermo Fisher Scientific 
GAPDH (Hs02786624_g1) #4331182 Thermo Fisher Scientific 
KLK3/PSA (Hs02576345_m1) #4331182 Thermo Fisher Scientific 
TMPRSS2 (Hs01122322_m1) #4331182 Thermo Fisher Scientific 
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Figure 2-3. cDNA synthesis 
Complementary DNA was produced by binding the oligo dTprimer to the polyA tail, and the reaction was then heated to 70°C to prevent non-specific 

binding. Reverse transcriptase and dNTP’s were added and the reaction was heated to 42°C to enable DNA synthesis, which was complementary to the 

target mRNA sequence. A final heating step of 95°C was incorporated to inactivate the transcriptase enzyme. Illustration prepared in ChemDraw 

Professional 16.0. 
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2.9 Molecular cloning 

2.9.1 Primer design 

The human V1E2, V1E1 and yeast Vma4 subunit sequences were identified using BLAST 

(Basic Local Alignment Searching Tool). Using Clustal Omega, the V1E2 sequence was 

aligned with the V1E1 subunit sequence and Vma4. Somatic mutations in the N-terminal 

alpha helix of the V1E2 subunit were selected using the COSMIC database (314). Three 

missense mutations were chosen relating to a glutamic acid residue at position 61 of the 

V1E2 and V1E1 subunits (E61K, E61V and E61Q). These mutations were aligned to the 

Vma4 yeast sequence and the corresponding residue was a leucine at position 66 (L66K, 

L66E, L66Q). Specific primers for these three mutations were designed for the human 

V1E2, V1E1 and yeast Vma4 sequences. The primer sequences are shown in Table 2-8. 

Primers arrived in powder form as they had been desalt purified and so they were diluted 

to a final concentration of 100 µM in 1x Tris-EDTA. They were then diluted to 10 µM in 

ddH2O before the PCR reaction mixture was assembled. 
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Table 2-8. Primer sequences 
Primers were designed using OligoEvaluator: Oligonucleotide Sequence Calculator 

(Sigma). The mutated bases are shown in red and the restriction enzyme cut sites are 

shown in green. 

 

Target Name Sequence (5' to 3') Length 
(bp) 

Tm 
(°C) 

GC 
(%) 

Yeast 
Vma4 

ForVMA4_EcoRIatg ATGGGAATTCCATGTCCTCCGCTATTACTGCT 32 76.0 46.8 
RevVMA4_XhoIstop TAACCGCTCGAGCGGTCAATCAAAGAACTTT 

CTTGTCTTG 
40 81.0 45 

ForVMA4 L66K AACTTCAAGAGCAAGAAGAAGAAG 24 28.4 37.5 
RevVMA4 L66K CTTCTTCTTCTTGCTCTTGAAGTT 24 35.6 37.5 
ForVMA4 L66E AACTTCAAGAGCAAGGAGAAGAAG 24 28.6 41.6 
RevVMA4 L66E CTTCTTCTCCTTGCTCTTGAAGTT 24 35.7 41.6 
ForVMA4 L66Q AACTTCAAGAGCAAGCAGAAGAAG 24 28.9 41.6 
RevVMA4 L66Q CTTCTTCTGCTTGCTCTTGAAGTT 24 35.6 41.6 

Human 
V1E2 

ForV1E2_EcoRIatg ATGGGAATTCCATGGCCCTGAGTGATGT 28 76.9 50 
RevV1E2_XhoIstop TAACCGCTCGAGCGGTTATATAAAGAACTTT 

CTGTTGGTGTT 
42 77.7 40.4 

ForV1E2 E61K AAGAAGAAGCAGATAGAGCAGCA 23 63.4 43.4 
RevV1E2 E61K TGCTGCTCTATCTGCTTCTTCTT 23 63.4 43.4 
ForV1E2 E61V AAGGTGAAGCAGATAGAGCAGCA 23 66.3 47.8 
RevV1E2 E61V TGCTGCTCTATCTGCTTCACCTT 23 66.3 47.8 
ForV1E2 E61Q AAGCAGAAGCAGATAGAGCAGCA 23 66.5 47.8 
RevV1E2 E61Q TGCTGCTCTATCTGCTTCTGCTT 23 66.5 47.8 

Human 
V1E1 

ForV1E1_EcoRIatg ATGGGAATTCCATGGCTCTCAGCGATGCT 29 79.0 51.7 
RevV1E1_XhoIstop TAACCGCTCGAGCGGTTAGTCCAAAAACTT 

CCTTGTT 
37 79.3 45.9 

ForV1E1 E61K TATGAGAAGAAAAAGAAACAGATT 24 56.9 25 
RevV1E1 E61K AATCTGTTTCTTTTTCTTCTCATA 24 56.9 25 
ForV1E1 E61V TATGAGAAGAAAGTGAAACAGATT 24 57.7 29.1 
RevV1E1 E61V AATCTGTTTCACTTTCTTCTCATA 24 57.7 29.1 
ForV1E1 E61Q TATGAGAAGAAACAGAAACAGATT 24 57.7 29.1 
RevV1E1 E61Q AATCTGTTTCTGTTTCTTCTCATA 24 57.7 29.1 
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2.9.2 Two-step PCR  

A two-step PCR process was used to produce the full-length PCR fragment. The reaction 

setup from the New England Biolabs PCR Protocol for Phusion High-Fidelity DNA 

Polymerase protocol was used.  Firstly, the PCR reagents were combined in a PCR 

microfuge tube on ice (31 µL nuclease-free water, 10 µL 5x Phusion HF Buffer (NEB), 1 

µL 10 nM dNTPs (Promega)). This was followed by the addition of 2.5 µL of 10 µM 

forward EcoRI primer and 2.5 µL of one of the 10 µM reverse mutational clone primers. 

Approximately 200 ng of template DNA vector was then added to the reaction mixture. 

The template DNA vectors were pCMV-SPORT6 (V1E2) and pOTB7 (V1E1) (Source 

BioScience, Nottingham). These vectors had also been verified by sequencing and the 

plasmid maps are shown in Figure S 8-2. To complete the reaction mixture, 1.5 µL of 

DMSO (3%) and 0.5 µL of Phusion DNA polymerase (NEB) was added. The first PCR 

step was then carried out as follows:  

1. Initial denaturation at 98°C for 30 seconds 

2. 30 cycles of heating (98°C for 5 seconds, 55-72°C * for 30 seconds and 72°C for 

15 seconds) 

3. Final extension at 72°C for 5 minutes 

4. Hold at 4°C 

*The temperature of the second heating step at step 2 varied depending on the Tm of the primer 
(Table 2-9, Table 2-10 and Table 2-11). 

This first step PCR was then repeated for a separate reaction except with 2.5 µL of 10 µM 

reverse XhoI primer and 2.5 µL of one of the 10 µM forward mutational clone primers. The 

purpose of this step was to form two individual PCR fragments, one which contained the 

EcoRI restriction enzyme site and one which contained XhoI. Following this, the two PCR 

fragments had to be joined to form one complete DNA product. To do this, the PCR 

fragments were diluted to a 1:1 ratio by combining 1 µL of each fragment and 998 µL of 

ddH2O in a microcentrifuge tube.  The same PCR protocol was followed as in step 1, 

however instead of the template vector DNA, 1 µL of the diluted PCR product solution was 

used, which was to act as the new DNA template. After this second step of the PCR, the 

final PCR products were confirmed using agarose gel electrophoresis. 
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Table 2-9. V1E2 PCR programme  
List of steps used for the V1E2 two-step PCR, with specific temperatures and times. 

 
Table 2-10. V1E1 PCR programme 
List of steps used for the V1E1 two-step PCR, with specific temperatures and times. 

 

Table 2-11. Vma4 PCR programme 
List of steps used for the Vma4 two-step PCR, with specific temperatures and times. 

V1E2 PCR STEP TEMP TIME 
Denaturation Initial Denaturation 98°C 30 seconds 

 All 98°C 5 seconds 
30 Cycles E61K 61°C 30 seconds 

E61V 64°C 30 seconds 
E61Q 64°C 30 seconds 

Second cycle (Both 
fragments combined) 

72°C 30 seconds 

Extension All 72°C 15 seconds 
Second cycle 72°C 25 seconds 

Final Extension 72°C 5 minutes 
 Hold 4°C 

 

V1E1 PCR STEP TEMP TIME 
Denaturation Initial Denaturation 98°C 30 seconds 

 All 98°C 5 seconds 
30 Cycles E61K 55°C 30 seconds 

E61V  56°C 30 seconds 
E61Q 56°C 30 seconds 

Second cycle (Both 
fragments combined) 

72°C 30 seconds 

Extension All 72°C 15 seconds 
Second cycle 72°C 25 seconds 

Final Extension 72°C 5 minutes 
 Hold 4°C 

 

Vma4 PCR STEP TEMP TIME 
Denaturation Initial Denaturation 98°C 30 seconds 

 All 98°C 5 seconds 
30 Cycles L66K 59°C 30 seconds 

L66E 61°C 30 seconds 
L66Q 62°C 30 seconds 

Second cycle (Both 
fragments combined) 

72°C 30 seconds 

Extension All 72°C 15 seconds 
Second cycle 72°C 25 seconds 

Final Extension 72°C 5 minutes 
 Hold 4°C 
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2.9.3 Agarose gel electrophoresis 

To visualise the PCR product DNA, 10 µL of each product was combined with 2 µL of 5x 

loading dye in a microcentrifuge tube. Following this, 10 µL of the product was loaded 

onto a 1% agarose gel (1 g agarose, 100 mL 1x TAE, 4 µL Gel Red nucleic acid stain 

(Bio-Rad)). The gel was then placed in a tank containing 1x TAE buffer and an electrical 

current was passed through the buffer. The negatively charged DNA then moves towards 

the positively charged electrode, separating the DNA based on its molecular size. 

Agarose gels were run at 100 V for approximately 1 hour. After it had finished running, the 

DNA was visualised using UV light, which was possible due to the Gel Red stain 

intercalating with the DNA and then producing a detectable luminescent signal under UV 

light. 

2.9.4 Agarose gel DNA extraction 

To select for the correct clone sequences the DNA was extracted and purified using 

agarose gel electrophoresis. However, this process normally causes a large loss of 

product. To counteract this, I duplicated step two of the two step PCR procedure to double 

the amount of final PCR product. The PCR products were run next to each other and once 

the gel had finished running the PCR fragments were extracted from the gel. To do this 

the gel had to be transported to a UV imager so that the DNA bands could be visualised. 

Using a scalpel, the PCR product DNA was cut out of the gel and transferred to a 

microcentrifuge tube. To digest the agarose and release the PCR product, the Qiagen Gel 

Extraction Kit was used as per the manufacturer’s instructions.  

2.9.5 Bacterial transformation 

The recipient vector of interest (pKT10-N-myc) needed to be isolated and purified. This 

was achieved by first quantifying the concentration of pKT10-N-myc vector DNA using a 

NanoDrop. Based on the concentration, around 5 ng of the expression vector was 

combined with 20 µL of Sub-cloning Efficiency DH5α cells (Invitrogen) in a microcentrifuge 

tube. This was then gently mixed and incubated on ice for 30 minutes. Following 

incubation, the cells underwent heat shock at 42°C for 45 seconds on a heat block. The 

cells were then placed immediately on ice for exactly 3 minutes. Using a flame to sterilise 

the bottle neck of LB media, 200 µL of LB was added to the microcentrifuge tube. This 

transformation mixture was then incubated for 30 minutes at 37°C. To select for the vector 

of interest, 100 µL of transformed cells were spread on ampicillin plates (50 µg/mL), which 

were then placed in an incubator overnight at 37°C. Once bacterial colonies were present 

on the plates, one colony was extracted and inoculated in 5 mL of liquid LB media 
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containing ampicillin. The LB culture was then incubated overnight at 37°C with gentle 

shaking (120 rpm). The following day, 1.5 mL of LB culture was used for DNA extraction. 

The Qiagen Spin MiniPrep Kit was used as per the manufacturer’s instructions. Purified 

vector DNA was stored at -20°C for future use. 

2.9.6 DNA restriction digest 

The pKT10-N-Myc vector and the PCR products were digested using two restriction 

enzymes (EcoRI and XhoI). EcoRI recognises the sequence GAATTC and digests double 

stranded DNA creating ‘sticky ends’ with a 5’-AATT overhang. On the other hand XhoI 

recognises CTCGAG creating a 5’-TCGA overhang. To digest the DNA the following 

reaction mixture was assembled in a microcentrifuge tube: approximately 1 µg/µL DNA 

(either vector or PCR product), 2 µL XhoI (NEB), 2 µL EcoRI (NEB), 3 µL CutSmartBuffer 

(NEB) and 0.2 µL BSA (NEB). The reaction mixture was made up to 50 µL with ddH2O. 

The double digest mixture was incubated overnight at 37°C to ensure complete digestion.  

The following day, agarose gel electrophoresis was used to verify that the digestion had 

been successful. The digested products were run alongside their undigested counterparts 

at 100 V for 1 hour. Once the double digest had been confirmed, the PCR product digests 

were heated to 65°C for 15 minutes to inactivate the restriction enzymes. To prevent 

recircularization and re-ligation of the vector DNA, 3 µL of Thermosensitive Alkaline 

Phosphatase (Promega), 6 µL of Multicore 10x buffer (Promega) and 1 µL of ddH2O was 

added to the vector only digest mixture. To activate the phosphatase, the mixture was 

heated at 37°C for 15 minutes. Following this, the vector digest mixture was then heated 

at 72°C for 15 minutes to deactivate the phosphatase. As an additional DNA purification 

step, agarose gel DNA extraction was repeated for both the digested vector and PCR 

products.  

2.9.7 DNA ligation 

The DNA concentration of the vector and PCR products was quantified using the 

NanoDrop. Based on their respective concentrations, a ratio of 3:1 (Insert:vector) of the 

PCR product and vector were combined in a microcentrifuge tube.  To concentrate the 

PCR products and vector DNA, 2x volume of 100% ethanol and 0.1x volume sodium 

acetate was added to the reaction mixture. This was then stored at -80°C for at least 2 

hours. The reaction mixture was centrifuged at 13,000 rpm (16,060 g) for 15 minutes and 

the supernatant was discarded. To wash the pellet, 250 µL of 70% ethanol was added to 

the mixture and centrifuged at 16,060 g for 5 minutes. The supernatant was again 

removed and the pellet was air dried for approximately 1 hour. Once completely dry, 17 µL 
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of 1x TE was used to re-suspend the pellet, which was then transferred to a PCR 

microfuge tube. For the ligation reaction to occur 10% (2 µL) of T4 DNA Ligase Buffer 

(NEB) and 0.5 µL of T4 DNA ligase (NEB) was added to the microfuge tube and gently 

mixed. The reaction mixture was then incubated in a PCR thermal cycler at 16°C 

overnight. 

2.9.8 Alkaline lysis DNA extraction 

To verify the DNA ligations had been successful, Library Efficiency DH5α cells (Invitrogen) 

were transformed with the ligated DNA. After incubation in liquid LB media, the alkaline 

lysis method was used for DNA extraction. In a microcentrifuge tube, 1.5 mL of overnight 

inoculant was centrifuged at 8000 rpm (6800 g) for 2 minutes. The supernatant was then 

discarded and 100 µL of Tris-EDTA solution was added to the pellet, which was then 

vortexed until the pellet had completely dissolved. To this, 200 µL of solution AL1 was 

added and mixed gently until the solution became transparent. This was followed by the 

addition of 150 µL of solution AL2, which was again mixed gently for several minutes. 

After 5 minutes of incubation at room temperature the solution was centrifuged at 13,000 

rpm (16,060 g) for 15 minutes. To a new microcentrifuge tube, 450 µL of the supernatant 

was combined with 450 µL of isopropanol and was thoroughly mixed. This was again 

centrifuged at 13,000 rpm (16,060 g) for 15 minutes and the supernatant was discarded. 

The resulting pellet was washed with 250 µL of 70% ethanol and centrifuged at 13000 rpm 

(16,060 g) for 5 minutes. Following this, the supernatant was discarded and the pellet was 

air dried. Finally 1x TE with RNase A was added and the pellet was dissolved by 

incubating on ice for at least 30 minutes. The extracted DNA was then run on an agarose 

gel to verify that the ligated product was at approximately the right band size. Once this 

was confirmed, the DNA was extracted from the bacterial cultures using the Qiagen Mini 

Prep Kit as per the manufacturer’s instructions. 

The purpose of using two different DNA extraction methods was because the alkaline lysis 

method was quick and relatively inexpensive when using a large volume of samples. 

However, the resulting DNA was not as ‘clean’ as the DNA extracted using the Qiagen 

Mini Prep Kit. Therefore, the Qiagen Mini Prep Kit DNA was sent for Sanger sequencing. 

2.9.9 DNA sequencing 

Plasmid DNA (~100 ng/µL) with the appropriate forward and reverse primers (10 pmol/uL) 

were sequenced. Sanger DNA sequencing was completed by Eurofins Genomics EU 

using the TubeSeq service. The chromatogram sequencing traces are shown for V1E1 

mutants (Figure S 8-3), V1E2 mutants (Figure S 8-4), and Vma4 mutants (Figure S 8-5). 
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2.10 Gene editing 

2.10.1 SiRNA mediated gene knockdown 

Short interfering RNA (siRNA) are short double-stranded RNAs, which are able to 

degrade mRNA encoding a protein of interest. They are an example of RNA interference 

(RNAi) technology designed to target specific mammalian mRNA and induce a 

knockdown of a protein of interest. The siRNA becomes part of a RNA-induced silencing 

complex (RISC), which then identifies the complementary mRNA of the target and cleaves 

it. Once cleaved, the target is degraded and protein expression is therefore reduced. A 

summary of the biological mechanism in which siRNA silences gene expression is shown 

in Figure 2-4. To ensure that the transcript was efficiently cleaved, multiple siRNAs were 

pooled together, each targeting different regions of the desired transcript.  

Experimental siRNA and non-specific siRNA were purchased from Dharmacon and were 

diluted with 1x siRNA buffer to give a final concentration of 25 nmol (Table 2-12). To 

achieve better gene knockdown efficiency, the cell lines were reverse transfected with the 

appropriate siRNA. Firstly, both the siRNA and Dharmafect 1 reagent were diluted in 

serum free CSS and in separate microcentrifuge tubes. After a 5 minute incubation at 

room temperature, the siRNA and Dharmafect solutions were mixed at a 1:1 ratio and 

were incubated for a further 20 minutes. Whilst incubating, cells were washed in CSS 

media, trpysinized, counted and diluted in CSS media. After 20 minutes, the 

siRNA/Dharmafect solution was added to the wells of a 96- or 6-well plate and the cells 

were added on top. Depending on the downstream application, the cells were incubated in 

the siRNA containing media for 24, 48 or 72 hours prior to harvesting. 

 

 Table 2-12. siRNA used in genetic knockdown experiments 
List of commercial siRNA and the final concentrations that were used.  

 

siRNA Catalogue 
number 

Final 
concentration 

ON-TARGETplus Non-targeting Pool D-001810-10-05 25 nmol 
ON-TARGETplus Human ATP6V1C1 (528) siRNA 
- SMARTpool L-013139-01-0005 25 nmol 

ON-TARGETplus Human ATP6V1C2 (245973) 
siRNA - SMARTpool L-016263-01-0005 25 nmol 

ON-TARGETplus Human ATP6V1A (523) siRNA - 
SMARTpool L-017590-01-0005 25 nmol 
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Figure 2-4. siRNA mechanism of action 
Double-stranded or small-hairpin RNA is cleaved by an endonuclease called Dicer, 

forming the siRNA. The siRNA enters the cell and forms the RISC complex, which results 

in unwinding of the siRNA to form single-stranded RNA. Single-stranded RNA finds 

complementary mRNA, binds to it, and induces mRNA cleavage. The cleaved mRNA is 

now recognised as abnormal and is degraded by the cell, resulting in gene silencing. 

Illustration prepared in ChemDraw Professional 16.0. RISC, RNA-induced silencing 

complex; dsRNA, double-strand RNA. 
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2.10.2 CRISPR-Cas9 

2.10.2.1 Introduction 

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) systems are well 

characterised immune systems found in bacteria and archaea. The systems were first 

observed by Moijica et al. in Haloferax mediterranei in 1993 (315), and over the past 30 

years have been developed into efficient gene editing tools. The Zhang group were the 

first to successfully utilize CRISPR-Cas9 for genome editing in eukaryotic cells. They 

produced two Cas9 orthologs and demonstrated specific cleavage of genomic targets in 

mammalian cells (316).  

Modern CRISPR-Cas9 systems are comprised of two key components: a CRISPR-

associated endonuclease (Cas protein) and a guide RNA (sgRNA). The sgRNA is a short 

RNA sequence, which incorporates a scaffold sequence required for Cas9-binding and 

nucleotide spacer (~20 nt) that defines the genomic target. Genomic knockout cells can 

be produced in mammalian cells by co-expressing this sgRNA and an endonuclease such 

as Cas9. Theoretically, any ~20 nucleotide sequence can be targeted providing that, 

compared to the rest of the genome, the nucleotide sequence is unique and the desired 

target is adjacent to a Protospacer Adjacent Motif (PAM) (317). 

The PAM sequence is a binding signal for the Cas9 endonuclease, but the sequence is 

dependent on which Cas protein is used. Expression of SpCas9 and the introduction of a 

sgRNA results in the formation of a ribonucleoprotein complex via interactions with the 

scaffold portion of the guide and the positively-charged grooves on Cas9. The binding of 

the sgRNA leads to a Cas9 conformational change, consequently shifting Cas9 to an 

active DNA-binding conformation, and the sgRNA spacer region is free to interact with 

target DNA. Cleavage will only occur at a specific locus if the sgRNA spacer region is 

homologous with the DNA of the target. The seed sequence (8-10 bases at the 3′ end of 

the sgRNA) will then begin to anneal the DNA once the Cas9-sgRNA complex is bound to 

the target. If the DNA target matches the seed sequence, the sgRNA will continue to 

anneal in a 3′ to 5′ direction. Therefore, mismatches between the 3’ seed sequence and 

the target will result in a termination of cleavage, whereas mismatches in the 5’ end are 

often tolerated and the target is still cleaved. Upon target binding, Cas9 undergoes 

another conformational change and positions the nuclease domains, RuvC and HNH, to 

cleave opposite strands of DNA. This DNA cleavage results in a double-strand break 

within the target sequence, which is illustrated in Figure 2-5, and usually occurs ~3-4 

nucleotides upstream of the PAM sequence (317). 
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The resulting DSB is then repaired by the non-homologous end joining (NHEJ) or 

homology directed repair (HDR) pathways. NHEJ tends to be more efficient but more 

prone to error and the HDR is less error prone but high-fidelity. Both repair pathways have 

their advantages and disadvantages but I opted to utilize the NHEJ repair mechanism. 
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Figure 2-5. CRISPR-Cas9 mediated DNA cleavage 
Cas9 is an endonuclease that is directed to its target by a guide RNA sequence (sgRNA), 

where it cuts both strands of DNA. This cut occurs adjacent to a PAM site, which is a 

specific sequence of DNA at the 3’ end of the sgRNA. The PAM sequence acts as a 

binding signal for the Cas9 endonuclease, but each Cas endonuclease protein recognises 

a specific PAM sequence. After cleavage of the target, either the DNA is repaired by the 

non-homologous end-joining pathway (NHEJ) or homology directed repair pathway 

(HDR).  
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2.10.2.2 Non-homologous end joining (NHEJ) 

NHEJ does not require a repair template and is active throughout the cell cycle, and 

therefore has a higher capacity for repair than HDR. The key proteins involved in the 

NHEJ process are Ku protein, DNA-dependent protein kinase (DNA-PKc), XRCC4 and 

DNA ligase IV (318). If any of these important proteins are defective or reduced, there is 

an increase in the sensitivity to DSB-inducing agents, such as radiation. The three main 

steps that are involved in the NHEJ process are DNA binding, terminal end processing 

and ligation. It begins with the recognition and binding of the Ku heterodimer (Ku70 and 

Ku80) to the broken ends of the DNA, forming a bridge between the ends, which protects 

them from degradation and aligns the DNA to promote end joining (318). The Ku 

heterodimer than recruits DNA-PKCs, which phosphorylate nuclear proteins such as DNA 

ligase IV and XRCC4. Terminal end processing is required in some cases to generate the 

two blunt ends required for the NHEJ process. For example, single stranded overhangs 

can be trimmed by nuclease activity or new elements can be synthesised by a DNA 

polymerase. Once the Ku complex has the blunt ends in place, the two subunit DNA 

ligase complex, formed of XRCC4 and DNA ligase IV, is recruited to ligate the ends 

together. Although the DNA ligase IV conducts the ligation, the XRCC4 is required to 

stabilise and direct the complex to the appropriate DNA site. After ligation the resulting 

DNA strands are thus repaired and the process is complete (317, 318). 

The repair process is also much quicker than HDR and takes approximately 10 minutes 

for most DNA breaks (319). NHEJ is particularly useful if the aim is to make a gene 

knockout as the process is prone to producing heterogeneous indel errors, consequently 

creating the chance of a frameshift mutation in around two-thirds of NHEJ-mediated Cas9-

generateed breaks (320). Given that the Cas9 double strand breaks are usually blunt 

ended, indel events are actually quite rare, predicted to be less than 5% of all potential 

repair events (320). However, products that are repaired accurately are more easily re-

cleaved than the indel products, and therefore later cell cycles will result in the 

accumulation of indel events. A summary of the Cas-9 mediated NHEJ outcomes are 

shown in Figure 2-6. 
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Figure 2-6. Cas-9 mediated non-homologous end joining  
The guide RNA (gRNA) is composed of a RNA scaffold and 20 nucleotide spacer 

sequence. When expressed with the Cas9 protein, the Cas9:gRNA complex is directed to 

a specific target adjacent to a PAM site. The Cas9 endonuclease then cleaves the target 

resulting in a DNA double strand break. This break is then repaired by either the non-

homologous end-joining (NHEJ) or homology directed repair (HDR) pathway. The NHEJ 

pathway can have several outcomes including; repairing the wild-type sequence, an 

insertion of nucleotides, a deletion of nucleotides or a base-pair induced frameshift.  
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2.10.2.3 Methodology 

2.10.2.3.1 Design 

To produce stable gene knockouts, a CRISPR plasmid with puromycin resistance was 

selected as the sgRNA vector. The plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 was a 

gift from Feng Zhang (Addgene plasmid # 62988 ; http://n2t.net/addgene:62988 ; 

RRID:Addgene_62988) (317) and is depicted in Figure S 8-6. This plasmid contained the 

Cas9 gene for Cas9 protein expression as well as the sgRNA scaffold sequence under 

the control of a U6 promoter. Therefore, the single plasmid contained everything that was 

required for expression of a complete sgRNA:Cas9 complex, except the 20 nt spacer that 

was specific for the target DNA. 

The sgRNA was designed by first selecting the human protein coding transcript for the full 

length target gene of interest, ATP6V1C1 (ATP6V1C1-202; ENST00000518738.2). All of 

the known transcripts (coding and non-coding) and their chromosomal locations were then 

viewed in the NCBI nucleotide database (GRCh3, Ensembl release 97). Using this tool, 

the earliest exon that was present in all ATP6V1C1 transcripts was selected as the 

CRISPR target (exon 5). By selecting an exon present in all available transcripts it meant 

that there was the highest possible chance of successfully targeting the ATP6V1C1 gene. 

After selecting exon 5 as the target, the exon sequence was downloaded from Ensembl 

(ENSE00001019174) and pasted into two different online CRISPR algorithms for 

predicting sgRNA specificity; CRISPOR and Wellcome Sanger Institute Genome Editing 

(WGE). The online tools then ranked potential 20 nt guide sequences based on how 

specific they are for the target and the number of potential mismatches. Both of the two 

algorithms selected the following sequence as the optimal sgRNA sequence for targeting 

exon 5 of ATP6V1C1, which was adjacent to a TGG PAM site: 

GGACTGCTTGATTGGATATT. The guide RNA summary produced by WGE is shown in 

Table 2-13. 

 

Table 2-13. WGE sgRNA summary 
The sgRNA sequence used for cas9-mediated ATP6V1C1 knockout was designed using 

the Wellcome Sanger Institute Genome Editing (WGE) online tool. 

 WGE sgRNA summary 
WGE ID 1045537945 

Sequence GGACTGCTTGATTGGATATT TGG 
Location 8:103051092-103051114 

Mismatches 0 
Strand Negative 
Type Exonic 
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Following sgRNA sequence selection, forward and reverse primers were designed with 

BbsI 5’CACC and 5’AAAC overhangs to generate sticky-ends upon restriction digest, 

allowing effective ligation into the CRISPR-Cas9 plasmid. The respective forward and 

reverse primer sequences purchased (Sigma) were as follows: ATP6V1C1-F 

CACCGGGACTGCTTGATTGGATATT, and ATP6V1C1-R 

AAACAATATCCAATCAAGCAGTCCC. Upon arrival, the primers were diluted to 10 µM in 

ddH2O as in 2.9.1.   

2.10.2.3.2 Plasmid preparation  

The next stage was to clone the sgRNA sequence into the CRISPR vector. To do this, 1 

µg of plasmid, 2 µl 10x buffer G (Thermo Fisher), 1 µL BbsI (Thermo Fisher) and ddH2O 

were combined in a microcentrifuge tube to make a 20 µL restriction digest mixture, which 

was incubated at 37°C for an hour before cooling on ice. Whilst plasmid digestion was 

occurring, the forward and reverse sgRNA primer sequences were annealed. In a PCR 

tube, 1 µL of forward and 1 µL of reverse sgRNA primers were combined with 8 µL of 

ddH2O. The reaction mixture was heated in a PCR machine at 37°C for 30 minutes, 95°C 

for 5 minutes before a slow ramp to 25°C at 0.1°C per second. Once both primer PCR 

fragment and plasmid digest were complete the resulting products were ligated by adding 

18 µL of digested plasmid, 20 µL of 2x Quick ligase buffer (NEB), 1 µL of annealed 

sgRNA oligos and 1 µL of Quick ligase (NEB) to a microcentrifuge tube and incubating for 

10 minutes at room temperature. Following ligation, 20 µL of DH5α cells were transformed 

with 2 µL of ligation mixture as described in 2.9.5. The transformed cells were plated onto 

ampicillin LB plates and incubated at 37°C overnight. Five bacterial colonies were then 

picked, inoculated in 5 mL of LB broth each and incubated overnight at 37°C with shaking 

(200 rpm). The following day, 1.5 mL of LB culture was used for DNA extraction using the 

Qiagen Spin MiniPrep Kit. The five bacterial colonies were then screened to assess which 

colony had the sgRNA insert. This was completed by combining 2 µL Buffer G, 1 µg DNA, 

0.5 µg BbsI, 1 µL AgeI and ddH2O in a microcentrifuge tube to make a 30 µL double 

digest reaction mixture. The reaction mixture was then incubated at 37°C for 90 minutes 

before the digested DNA products were run on an agarose gel as described in 2.9.3. If the 

sgRNA had been successfully inserted then only 1 band would be present on the gel as 

successful insertion destroys the BbsI site. The DNA with the sgRNA inserts were then 

sent for confirmation using Sanger sequencing as described in 2.9.9. 

2.10.2.3.3 Clonal selection  

Following confirmation that the Cas9 plasmid contained the sgRNA insert, the next step 

was to transfect the desired cell lines with the sgRNA:Cas9 plasmid and select for the 

positive cells. The cell lines used were the LNCaP and 22Rv1 cell lines, which were 
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selected to model hormone sensitive and insensitive prostate cancer respectively. The 

LNCaP and 22Rv1 cells were seeded in RPMI complete media at a density of 5x105 cells 

per well in a 6-well plate. They were then transfected with the sgRNA:Cas9 plasmid 

containing the ATP6V1C1 INDEL guide and an empty control Cas9 plasmid using 

FugeneHD (Promega). The FugeneHD transfection reagent (6 µL) was added to 100 µL 

of phenol-red free CSS RPMI in one microcentrifuge tube, and 2 µg of sgRNA:Cas9 

plasmid DNA was added to 100 µL of the same media in another tube. After 5 minutes of 

individual incubation at room temperature, both microcentrifuge tubes were combined and 

were incubated for a further 30 minutes at room temperature. This was repeated for the 

empty Cas9 plasmid controls and another well in which just FugeneHD reagent was 

added to act as a non-transfected control in both cell lines. Following 24 hours post-

transfection, cells were treated with 1.5 µg/mL puromycin for a further 48 hours.  

Once cell death was observed in the non-transfected control wells, the surviving 

transfected cells were washed with fresh RPMI media to remove any remaining toxic 

transfection reagent. To isolate a single cell to develop a clonal population, the cells 

underwent a selection process that is summarised in Figure 2-7. The sgRNA:cas9 and 

Cas9 plasmid control cells were grown at 37°C until they reached 80% confluence and 

then they were split into four 10 cm plates per cell line. One 10 cm plate per cell line was 

seeded at a density of 5x105 cells for freezing the mixed population at -80°C, the other 

three plates were seeded a density of 50 cells only. The plates were incubated for 5-8 

days to allow individual colony formation. Once colonies were large enough they were 

picked and re-plated into numbered 24 well plates. To do this, the plates were first 

washed with 5 mL 1x PBS, trypsinized and incubated for 5 minutes to allow detachment. 

As both LNCaP and 22Rv1 cell lines are adherent, the best way to select individual 

colonies was to use a pipette tip with 5 µL of trypsin on the end and to scrape the colony 

off the plate and transfer it to a well with 500 µL of RPMI media. This was repeated for 

each well of the 24-well plate for the sgRNA:Cas9 cells and Cas9 control cells for both cell 

lines. The colonies were then incubated until they reached 80% confluency, where 

sgRNA:Cas9 cells were then split and re-seeded into 2x 12-well plates, whereas the Cas9 

control cells were split into a single 12-well plate. After they again reached 80% 

confluence, they were split and re-seeded into 4x 6-well plates (or 1x 6-well plate for Cas9 

controls). Once confluent, the 4x 6-well plates were split and seeded into 8x 6-well plates, 

and the Cas9 control cells into 2x 6-well plates. At 80% confluency, 4x 6-well plates (or 1x 

Cas9 control) were split and seeded for maintenance whereas the other 4x 6-well plates 

(1x Cas9 control) were harvested for western blot validation (2.4.1). At this point I had 24 

samples from sgRNA:Cas9 LNCaP cells, 6 from Cas9 control LNCaP cells, 24 from 

sgRNA:Cas9 22Rv1 cells and 6x Cas9 control 22Rv1 cells.  
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Figure 2-7. CRISPR-Cas9 clonal selection process 
Cells were transfected with either a Cas9 plasmid with sgRNA or an empty Cas9 control plasmid, 

and a non-transfected control was also included. Puromycin was added and the surviving cells 

were grown to confluency in a 6-well plate. From each well, cells were seeded at a density of 50 

cells per 10 cm plates, except for one sgRNA:CRISPR mixed population plate that was seeded at 

5x105, ready to be frozen and stored at -80°C. After colony formation, 24 colonies were picked and 

re-plated into numbered wells of a 24-well plate. Once the cells were confluent, they were split and 

seeded into 12-well plates before re-seeding into 6-well plates. At the final 6-well stage, one plate 

was used for maintenance, whilst cells in the other plates were harvested for validation by either 

western blotting or Sanger sequencing. NT, non-transfected; Puro; puromycin.  
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2.10.2.3.4 Validation 

To validate that the CRISPR-Cas9 system had successfully deleted the ATP6V1C1 gene 

in both LNCaP and 22Rv1 cells, the samples were run on a western blot, which was 

probed for V1C1 protein expression. The Cas9 control samples were run first next to a 

non-transfected control sample to ensure the Cas9 empty plasmid had not affected V1C1 

protein expression. Following this the experimental sgRNA:Cas9 cells were run with a 

control sample to compare V1C1 expression. The samples which had no V1C1 expression 

visible on the western blot were identified as potential knockouts. Going back to the 

sgRNA:Cas9 cells that were still in culture, only the positive knockout cells were kept and 

the remaining cells were discarded. At this stage, there was one LNCaP sample with a 

potential knockout and two 22Rv1 samples. Once the cells were confluent enough, they 

were split into 3x 10 cm plates; one for maintenance, one for further validation and one for 

storage at -80°C. It is important to note that it was particularly difficult to achieve complete 

clonality in LNCaP cells as they grow poorly as individual cells, which is why it is likely that 

only one colony appeared to have a V1C1 knockout. 

The cells destined for further validation were harvested in PBS and the DNA was 

extracted using the Qiagen DNA MiniPrep kit. Following extraction, the DNA products 

were amplified using PCR as described in the first step of 2.9.2 at an annealing 

temperature of 55°C, with the following forward and reverse primers: V1C1-Seq-F 

ATGTGGACTCCTGGAAACAATCA, and V1C1-Seq-R TAGTCCGAAGGGGTCAGAGA. 

The resulting PCR products were run on an agarose gel (2.9.3) next to a control sample, 

and an example gel image is shown in Figure S 8-7. A small proportion of the remaining 

DNA, including the Cas9 control DNA, was sent for Sanger sequencing validation (2.9.9) 

using the above primers.  

The sequencing revealed interesting information about each of the CRISPR-Cas9 

engineered cells, which I will describe in more detail. Firstly, the sequencing data showed 

at least three traces on the chromatogram for the LNCaP mutant, indicating 

heterozygosity and the presence of three separate alleles (Figure S 8-8). At least on the 

agarose gel a large bp deletion was visible (Figure S 8-7), but the chromatogram traces 

were too difficult to separate. Therefore, I cannot be certain that all of the alleles have 

been mutated, and that a wild-type allele is not present, which is why the LNCaP CRSIPR 

cells are referred to as knockdown (k/d) rather than knockout (k/o). Additionally, the two 

22Rv1 cell lines (named V1C1-14 and -18) had different chromatogram sequencing 

traces. V1C1-14 had two traces visible on the chromatogram, indicating heterozygosity 

and that the population was not clonal. However, on the agarose gel three DNA products 

were visible (Figure S 8-7) indicating that there were two insertions and one other 
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alteration. The alterations could not be identified from the sequencing data but it looked as 

if all the CRISPR induced mutations occurred at the same point and the sequences were 

mutated enough to prevent protein expression (Figure S 8-9). Furthermore, V1C1-18 had 

two chromatogram traces, suggesting two different alleles were present. Both of the 

alleles were edited at the same position but one had a two base deletion leading to a 

premature stop-codon and the other allele had a large base pair insertion (Figure S 8-10).   
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Yeast Manipulation Techniques 

2.11 Materials for yeast manipulation techniques 

Table 2-14. Materials for yeast manipulation techniques 
List of materials used for all yeast manipulation techniques. All materials were purchased 

from Sigma or Fisher Scientific unless otherwise stated. 

Reagents Components 
Solution 1 45 mL 1 M Tris/Cl pH9.4, 405 mL ddH2O, 78 µL β-Me 

Solution 2 8 g Yeast Extract, 16 g Bacto Peptone, 16 g Glucose, 360 
mL ddH2O, 280 mL 2 M Sorbitol,160 mL 0.5 M MES/Tris 
pH7.5, 156 µL β-Me     

Solution 3 4.5 g Yeast Extract, 9 g Bacto Peptone, 9 g Glucose, 250 
mL ddH2O, 180 mL 2 M Sorbitol 

Buffer A (12%) 1 mL 0.5 M MES/Tris pH6.9, 25 mL 24 % Ficoll 400, 24 mL 
ddH2O, 5 µL 1M MgCl2  

Buffer B (8%) 1 mL 0.5 M MES/Tris pH6.9, 16.6 mL 24 % Ficoll 400, 33 mL 
ddH2O, 25 µL 1 M MgCl2 

Buffer B (4%) 1 mL 0.5 M MES/Tris pH6.9, 8.3 mL 24 % Ficoll 400, 41 mL 
ddH2O, 25 µL 1 M MgCl2 

Buffer B (0%) 1 mL 0.5 M MES/Tris pH6.9, 49 mL ddH2O, 25 µL 1 M MgCl2 

Buffer C (0%) 1 mL 0.5 M MES/Tris pH6.9, 47.5 mL ddH2O, 1.25 mL 1 M 
KCl, 250 µL 1 M MgCl2 

Buffer Cg 20 µL 0.5 M MES/Tris pH6.9, 620 µL ddH2O, 25 µL 1 M KCl, 
5 µL 1 M MgCl2, 330 µL 60 % Glycerol 

Pi colouring solution  2.3 g FeSO4, 20.16 mL ddH2O, 2.5 mL 10 % Ammonium 
Molybdate 

2x ATPase Buffer 4 mL 200 mM Mes/Tris pH 7.0, 6 mL 1 M KCl, 10 mL ddH2O 

50 mM ATP  100 µL 100 mM ATP, 100 µL 100 mM MgCl2 
1 mM ATP 20 µL 50 mM ATP/MgCl2, 980 µL ddH2O 

YPD media (1.5 L) 15 g Yeast Extract, 30 g Bacto Peptone, 1.425 L ddH2O, 75 
mL 40 % Glucose 

YPD agar pH 5.0 5 g Yeast Extract, 10 g Bacto Peptone, 10 g Bacto agar, 425 
mL ddH2O, 25 mL 40 % Glucose, buffered with 50 mL 0.5M 
KH2PO4 

YPD agar pH 7.5 5 g Yeast Extract, 10 g Bacto Peptone, 10 g Bacto agar, 425 
mL ddH2O, 25 mL 40 % Glucose, buffered with 50 mL 0.5M 
K2HPO4 

SD-ura media (1 L) 6.7 g Yeast Nitrogen Base, 0.7 g Complete Supplement 
Mixture (CSM) –ura, 950 mL ddH2O, 24 g Agar (if making 
solid plates), 50 mL 40 % glucose (filtrated) 
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2.12 Yeast transformation 

A single Vma4 positive yeast colony was inoculated in 5 mL of liquid YPD media and 

incubated for 24 hours so that the colony could grow and multiply. After incubation, 1 mL 

of yeast overnight culture was transferred to a microcentrifuge tube and centrifuged at 

1,000 rpm (95 g) for 2 minutes at room temperature. The supernatant was discarded and 

1 mL of ddH2O was added to dissolve the pellet. To make sure the pellet was completely 

dissolved it was vortexed for 30 seconds. The microcentrifuge tube was centrifuged again 

at 1,000 rpm (95 g) for 2 minutes and the supernatant was discarded. This process was 

repeated twice more to wash the pellet. After the last centrifugation step, 100 µL of PEG 

mixture (100 µL of 10x TE, 100 µL of 1 M LiAc and 800 µL of 50% PEG) was added to the 

microcentrifuge tube and was thoroughly mixed using the vortex. Salmon sperm DNA 

(Thermo Fisher) was denatured at 95°C and 2 µL was added to the microcentrifuge tube 

prior to being vortexed. Following this, 2 µL of the desired plasmid DNA was added and 

mixed using the vortex for 30 seconds. The mixture was then heated at 45°C for 10 

minutes and mixed for 30 seconds. This process was repeated twice more to ensure the 

plasmid would be incorporated into the yeast cell DNA. The cells were spread on SD-ura 

plates, which were then incubated at 30°C for 2-3 days.  

2.13 Yeast vacuolar membrane purification 

2.13.1 Inoculation 

Up to 10 of the transformed yeast colonies were inoculated in 15 mL of liquid SD-ura 

media. The inoculant was incubated for 24 hours at 30°C with shaking at 220 rpm. After 

the incubation period, 1 mL of the inoculated solution was added to 25 mL of YPD media 

so that the OD-600 could be measured using a spectrophotometer. Based on the OD-600 

result, between 2-10 mL of the overnight culture was used to inoculate 1.5 L of fresh YPD 

media. The culture was incubated for approximately 18 hours at 30°C with shaking at 125 

rpm. 

2.13.2 Cell collection 

The overnight inoculant was centrifuged in large polycarbonate centrifuge vessels at 

5,000 rpm (6220 g) for 10 minutes (Beckman Coulter J-Lite JLA-8.1000) and the 

supernatant was discarded. Solution 1 was added to the pellet and was mixed until the 

pellet had completely dissolved. This solution was then incubated at room temperature for 

30 minutes, followed by centrifugation at 5,000 rpm (6220 g) for 10 minutes. Once again, 
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the supernatant was discarded before half of Solution 2 (400 mL) was added to the pellet, 

which was mixed until it had completely dissolved. The solution was centrifuged for a third 

time at 5,000 rpm (6220 g) for 10 minutes, the supernatant was discarded and the 

remainder of Solution 2 (400 mL) was used to dissolve the pellet. After the pellet had 

completely dissolved, the solution was transferred to a fresh 1.5 L flask and 18 mg 

zymolyase was added to aid in the destruction of the yeast cell wall. The zymolyase 

culture was incubated at 30°C for at least 4 hours to ensure complete yeast cell wall lysis. 

Following this incubation, the culture was centrifuged at 5,000 rpm (6220 g) for 10 

minutes, the supernatant was discarded and all of Solution 3 was used to completely 

dissolve the pellet. The final centrifugation step was carried out as described above and 

the pellet was weighed and stored on ice at 4°C overnight. 

2.13.3 Vacuolar membrane isolation 

A series of buffers and centrifugation steps were necessary to isolate the vacuolar 

membrane. Firstly, based on the weight of the pellet collected in 2.13.2, 10x volume of 

Buffer A was added to the pellet and was mixed until the pellet had completely dissolved. 

This solution was then divided into several 33 mL centrifuge tubes so that the tubes were 

half filled. Buffer B (8%) was carefully layered on top of the solution so that there was a 

clear separation between the two layers. The tubes were centrifuged at 20,000 rpm 

(50,000 g) in the ultracentrifuge (Beckman Coulter Optima XE) for 30 minutes at 4°C (JA 

25.50 Fixed Angle Rotor). After centrifugation, a white coloured layer was visible at the top 

of the centrifuge tubes. This white layer was collected and transferred to 12 mL centrifuge 

tubes until a third of each individual tube was filled. Buffer B (4%) was very carefully 

layered on top until two thirds of the tube was full. Finally Buffer B (0%) was layered on 

top until it reached the top of the centrifuge tube. At this point, 3 different layers were 

clearly visible. The tubes were centrifuged at 16,500 rpm (48,000 g) for 30 minutes at 4°C 

(SW 40 Ti Swinging-Bucket Rotor). After this centrifugation step, a thick white layer was 

visible between the top 2 layers (between B (0%) and B (4%)). This layer was collected, 

transferred to fresh 12 mL centrifuge tubes and was completely dissolved in Buffer C 

(0%). Once dissolved, the tubes were centrifuged at 22,800 rpm (90,000 g) for 30 minutes 

at 4°C. The supernatant was then removed, leaving vacuolar membrane pellets. All of the 

membrane pellets were completely dissolved in Buffer Cg using the vortex. After they had 

dissolved, the Cg vacuolar solutions were combined in 1 12 mL centrifuge tube, which 

was vortexed again before being aliquoted. The purified vacuolar membrane aliquots (130 

µL) were snap frozen and stored at -80°C.  
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2.14 Yeast cell complementation 

Yeast cells lacking the V1E subunit (ΔE null) were generated by Dr Okamoto. They were 

then transformed as in section 2.12 with V1E1/E2 mutant DNA. The colonies were picked 

and inoculated in SD-ura liquid media. After 15-18 hours of growth the culture was diluted 

and plated in series on either pH 5.0 or pH 7.5 buffered SD-ura agar plates. The agar 

plates were then incubated at 37°C for 4 days and images of the plates were taken using 

the GelDoc imager. 

2.15 Measuring V-ATPase activity and function 

2.15.1 Measuring vacuolar membrane ATPase activity using inorganic 
phosphate detection 

To measure the activity of the V-ATPase enzyme in the vacuolar membrane, increasing 

concentrations of ATP (µM) were added to the purified vacuolar membrane. Furthermore 

bafilomycin-A1, a specific V-ATPase inhibitor, was used to specifically measure the 

activity of V-ATPases. This was achieved by creating 2 sets of ATP reactions, one with 

bafilomycin-A1 and one with DMSO/ddH2O. The absorbance values for the bafilomycin-A1 

reaction could then be subtracted from that of the DMSO/ddH2O reaction, resulting in a 

non-linear curve of V-ATPase activity. 

A Pi standard curve was first created by adding 300 µL of 2x ATPase buffer, 300 µL of 1 

M TCA and increasing volumes of 10 mM KH2PO4 to a plastic test tube. Double distilled 

water was also included to make the total volume up to 900 µL per tube, making a Pi 

standard curve ranging from 0 – 100 µM. Once the standard curve had been made, 300 

µL of 2x ATPase buffer and 5 µL of purified vacuolar membrane were combined in 

separate test tubes. Different volumes of ddH2O were then added so that upon ATP 

addition there would be a final volume of 600 µL. Finally, 6 µL of 10 µM bafilomycin-A1 

was added to the tubes to give a final bafilomycin-A1 concentration of 100 nM. The tubes 

were then incubated on ice for 60 minutes. After incubation, increasing volumes of either 

50 mM or 1 mM ATP were pipetted into the tubes creating final ATP concentrations of 0, 

2, 4, 10, 20, 40, 100, 200, 400, 1000, 2000 and 4000 µM. The reaction mixtures were 

heated at 30°C for 10 minutes before 300 µL of 1 M TCA was added to quench the 

reaction. This process was then repeated with 6 µL of 1% DMSO diluted in ddH2O instead 

of bafilomycin-A1 to establish a control set of reactions. To measure the absorbance of 

reactions, 500 µL of Pi colouring solution was added to each tube in both control and 

bafilomycin-A1 samples. All tubes were then incubated at 30°C for 5 minutes with gentle 

shaking. The absorbance was calculated by adding 200 µL of each reaction mixture to a 
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96-well plate and measuring the absorbance at 690 nm. This assay was repeated at a 

37°C.  

After the assay had been completed the Pi standard curve was plotted on GraphPad 

Prism 7 creating a non-linear curve with an acceptable R2 value ≥ 0.9985. Each ATP 

concentration used in the assay represented a different data point, giving a total of 12 

data points per assay. The Pi standard curve was used to determine the relative Pi 

concentration (µmol) for each of the 12 data points in both the bafilomycin-A1 and DMSO 

datasets. The bafilomycin-A1 dataset was then subtracted from the corresponding data 

point in the DMSO control dataset. For example, in one assay at 30°C, the V1 E2 wild-type 

membrane in the bafilomycin-A1 dataset produced a relative Pi concentration of 24.53 

µmol at 200 µM ATP, whereas in the DMSO dataset the value was 68.67 µmol. Therefore, 

subtracting the bafilomycin-A1 value from the DMSO gave a positive result of 44.14 µmol. 

This was repeated for each concentration of ATP per dataset and the values were 

normalised to 1 minute by dividing each subtracted value by 10 (number of minutes in 

assay). These values were then normalised to the protein concentration of the membrane 

used for the individual assay (determined using the Bradford assay as in section 2.4.2), 

giving the µmol/min/mg. Finally, the µmol/min/mg values were plotted in GraphPad 7 to 

produce a non-linear curve of V-ATPase activity. Only assays that produced a non-linear 

curve with an R2 value ≥ 0.985 were deemed acceptable to be used for further analysis 

and comparisons.  

2.15.2 Measuring proton transport using acridine orange  

Acridine orange is a pH dependent dye, which accumulates in acidic compartments. The 

H+ gradient of cells is relative to the efficiency of proton pumping and can therefore be 

determined by measuring the quenching of acridine orange (321).  

Vacuolar membranes were isolated from yeast cells as described in section 2.13 and the 

proton transport rate (∆F/min/mg protein) was measured using acridine orange as 

described previously (322). Membranes (5 uL) were mixed with 2x ATPase buffer, 1 uL of 

1 mM acridine orange (AO) solution and 10 nM baf-A1 in a cuvette containing a magnetic 

stirrer. A time scan recording was started on the spectrofluorimeter and the stirrer was 

initiated to enable efficient mixing of the membrane with AO. During the time of recording, 

a water bath was used to maintain the temperature of the samples at 20°C. Once the 

recording had stabilized, 30 uL of 50 mM ATP/Mg solution was added to the cuvette for 5 

minutes. After 5 minutes, 15 uL of ammonium chloride was added to reverse the proton 

gradient and quench the reaction, and the fluorescence was recorded for a further 2 

minutes. The rate of proton transport was determined by the quenching of acridine orange 
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fluorescence when excited at 495 nm and recorded at 530 nm. The fluorescence 

produced at the ATP max was subtracted from the maximum value post ammonium 

chloride addition. Data was then normalized to time (min) and protein concentration (mg). 
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Functional impact of V-ATPase subunit mutations on V-
ATPase activity 

3.1 Introduction 

V-ATPase has many important physiological functions including endosomal trafficking and 

receptor recycling. However, the V-ATPase is more complex and versatile than a simple 

proton pump and novel functions, such as lysosomal amino acid sensing (76), are still 

being discovered. There is now emerging data showing that V-ATPase subunits are 

overexpressed in a number of different cancer types including breast, lung and prostate 

cancer (1). This overexpression has been directly linked to an increase in the invasive and 

metastatic capabilities of these cancers (1). More recently, mutations in V-ATPase 

subunits are being identified in patient tumour samples and are being linked with specific 

tumour types (323). 

To date, most of the research into V-ATPase subunit mutations in cancer has been 

focussed on follicular lymphoma. For example, mutations in the ATP6V1B2 and ATP6AP1 

genes have been detected in approximately 20% of follicular lymphoma patients. These 

mutations were found to commonly occur with RRAGC mutations, which promote 

inappropriate mTORC1 activation, and therefore may contribute to increased 

tumorigenesis in follicular lymphoma (323).  Additionally, in a separate study nine patients 

were found to have ATP6V1B2 mutations, with six of them harbouring the previously 

reported R400Q mutation. Two of the mutations identified were aligned to the yeast 

Vma2p homolog and were predicted to result in a complete loss of enzyme activity. 

Furthermore, the study also reported novel mutations in ATP6V0A1, ATP6V1F and 

ATP6AP2 genes in follicular lymphoma patients (324). Recently, ATP6V1B2 mutations 

were shown to activate autophagic flux and enable lymphoma cells to survive in low 

leucine conditions (325). Taken together, these findings indicate that V-ATPase mutations 

have a role in cancer development, at least with regards to follicular lymphoma.   

Despite the emergence of V-ATPase subunit mutations in other cancer types, the role of 

such mutations has not been extensively studied and functional data is lacking. Therefore, 

the aim was to use publicly available data to identify V-ATPase subunit mutations in a 

variety of different tumour types. Once identified, these mutations would be re-created in a 

chimeric yeast model system and the effect of the mutations on V-ATPase function would 

be assessed. Firstly, yeast cells would be transformed with the human V-ATPase subunit 

isoforms containing the specific mutations to create the human/yeast chimeric V-ATPase 

system. Confocal microscopy would then be used to observe whether the mutations effect 
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V-ATPase complex localisation. V-ATPase catalytic activity would be measured using an 

ADP+Pi detection system, whilst V-ATPase function would assessed using the fluorescent 

dye, acridine orange. This would give an insight into whether V-ATPase mutations 

identified in tumour samples actually have a direct functional impact on V-ATPase activity. 
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3.2 Hypothesis and Aims 

3.2.1 Hypothesis 

Somatic point mutations in the V1E2 subunit alter the biochemical properties of the V-

ATPase complex, which consequently affects V-ATPase activity and function. 

3.2.2 Aims 

The aim of this chapter was to evaluate the effect of V-ATPase V1E subunit somatic 

mutations on V-ATPase activity using a chimeric yeast model system. This aim was 

investigated by: 

• Identifying mutations in the V1E2 subunit using the COSMIC database 

• Cloning the mutations into the mammalian V1E1/E2 and yeast Vma4 subunits 

• Transforming ΔE null yeast cells with the mammalian subunits containing the 

mutations 

• Observing the effect of V1E1/E2 subunit mutations on V-ATPase complex 

localisation using confocal microscopy 

• Measuring the effect of the mutations on the kinetics of the V-ATPase complex 

using an ATP-based detection assay 

• Measuring the effect of the mutations on the V-ATPase proton coupling efficiency 
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3.3 Results 

3.3.1 Identifying V-ATPase subunit alterations across multiple cancer types 

To determine the mutational landscape of the V-ATPase subunits across different cancer 

types, mutation and copy number data from multiple cancer cohorts was analysed. The 

purpose of this was to gain an understanding of how mutations within individual subunits 

contributed to the V-ATPase complex as a whole. The cancer genome atlas (TCGA) is 

one of the largest publicly available collections of cancer cohorts with data from over 

11,000 patients across 33 studies. Each provisional data set includes information from a 

different cancer type ranging from adrenalcortical carcinoma to uterine carcinosarcoma. 

Therefore, the TCGA database was an ideal source of data to gain an insight into V-

ATPase subunit expression and mutations across multiple cancer types. To analyse the 

large amount of TCGA data, the cBioPortal for Cancer Genomics was used, which is an 

open access tool developed by Memorial Sloan-Kettering Cancer Centre (MSKCC). All of 

the 23 V-ATPase subunit encoding genes, and the two accessory V-ATPase subunit 

genes ATP6AP1 and ATP6AP2, were queried across the TCGA provisional studies. Out 

of the 11,317 samples that were analysed, the V-ATPase genes were found to be altered 

in 3509 samples (31%).  

Figure 3-1 shows that the ATP6V1C1 gene encoding the V1C1 subunit was altered (by 

copy number change or mutation) the most out of any of the V-ATPase subunits (7% of 

samples). Despite this high number of alterations, it is important to note that most of the 

recorded alterations were an increase in copy number rather than somatic mutations, 

which were generated using the GISTIC 2.0 algorithm. In addition, ATP6V1C1 is on 

chromosome 8 and copy number segment analysis revealed that the long arm of 

chromosome 8 was amplified across the dataset, indicating the increase in copy number 

was not specific to ATP6V1C1. Further research also indicated that this chromosomal arm 

was commonly amplified in a number of different cancer types (326, 327). Thus it is not 

clear whether ATP6V1C1 is the driver for amplification of this region, or whether it is a 

passenger event. 

The next subunit gene that was altered in the highest number of patients was ATP6V0D2. 

ATP6V0D2 is a regulatory subunit which forms part of the membrane bound VO complex. 

It is a tissue enriched subunit isoform found to be expressed in kidney cells and therefore 

may have a specialised role in the function of these cells. The fact that it was the second 

most altered subunit gene was surprising due to its tissue specific localisation.  
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Overall, it appeared as if most of the subunits had copy number amplifications and a 

relatively low somatic mutation rate. The ATP6V1B2 gene encoding the V1B2 subunit was 

the exception to this with a high number of copy number deletions. It is interesting to note 

that some of the known regulatory subunits (V1C1, V1H and V1d2) were more highly 

altered than the key catalytic subunits (V1A, V1B1 and V1B2).  
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Figure 3-1. Oncoplot of V-ATPase subunit alterations across all provisional TCGA cohorts 
V-ATPase genes were plotted as on Oncoplot displaying genetic alterations per patient sample using data from all provisional TCGA cohorts. Percentage 

altered (%) represents the number of samples that had a genetic alteration in the indicated gene as a percentage of all of the samples queried (11,317). 

The mutational burden (Mutation count) was also plotted along the top of the Oncoplot.  
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3.3.2 V1E2 subunit mutations in cancer 

3.3.2.1 Evolutionary conservation of the V1E subunits 

The TCGA data was useful to gain an insight into the mutational landscape of V-ATPase 

subunit genes across multiple cancers, but to investigate individual somatic subunit 

mutations it was more suitable to use the Catalogue Of Somatic Mutations In Cancer 

(COSMIC) database (version 89) (328). The reason for this is that the COSMIC database 

is the world’s largest and most comprehensive collection of somatic mutations in human 

cancer. The COSMIC database is manually curated and combines data from multiple 

sources including genome wide screens, gene focussed screens, cell line data and 

information from other databases such as TCGA. As the percentage of V-ATPase genes 

altered varied drastically across different cancer types, the most appropriate way to select 

mutations for further investigation was to consider subunit functionality.  

One of the most researched and well-characterised regulatory V-ATPase subunits is the 

V1E subunit. The V1E subunit forms the peripheral stalk with the V1G subunit (Figure 1-1), 

which functions to tether the V1 catalytic hexamer to the VO domain (14). In yeast, single 

genes Vma4 and Vma10 encode the V1E and V1G subunits respectively. Alternatively, in 

mammals the V1E subunit had two isoforms (V1E1 and V1E2) and the V1G subunit has 

three isoforms (V1G1, V1G2 and V1G3). The V1E1 isoform is ubiquitously expressed 

whereas the V1E2 isoform is enriched in the testis and acrosome of the spermatozoa (44). 

The mammalian V1E subunits are well conserved and share ~30% similarity to the yeast 

Vma4 subunit (12). Figure 3-2 shows the similarity of the mammalian V1E1 and V1E2 

isoforms across species indicating that the isoforms have been evolutionarily conserved. 

As the V1E2 isoform shows tissue enriched expression, it was interesting to consider how 

mutations in this isoform would affect V-ATPase activity, and whether alterations in activity 

could be related to a specialised function.  
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Figure 3-2. The mammalian V1E subunit N-Terminal alpha helix is conserved across species 
The first 83 amino acids of the N-terminal alpha helix of the mammalian V1E1 and V1E2 isoforms were aligned using ClustalW. Sequences show similarity 

across species and the glutamic acid residue at position 61 of the V1E1 and V1E2 isoforms is highly conserved. aa, amino acid. 
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3.3.2.2 V1E2 somatic mutations identified in the COSMIC database 

Using the COSMIC database, several mutations were identified in the N-terminal alpha helix of the 

V1E2 isoform (Table S 8-1), with multiple mutations at the glutamic acid residue at position 61 

(Figure 3-3 A). The N-terminal alpha helix was of particular interest because it was previously shown 

to be important for regulating V-ATPase assembly (12). Therefore, it was hypothesised that 

mutations in the N-terminal alpha helix might affect V-ATPase activity through changes in catalysis. 

Furthermore, as shown in Figure 3-3 (A) there seems to be an enrichment for mutations in the N-

terminal alpha helix of the V1E2 isoform relative to the remainder of the protein. The potential 

hotspot at position 61 corresponds to a glutamic acid residue (E), which was found to be substituted 

in different patient tumour samples to four amino acids. These amino acids were glycine (G), lysine 

(K), valine (V) and glutamine (Q). Since the COSMIC database was originally queried (version 81) 

several updated versions have been released, and the data presented is relative to the most recent 

release (version 89). In the version originally used to identify the mutations (version 81) only three 

substitutions had been found (K, V and Q) at position 61, so these three substitutions were the focus 

of the investigation.  

E61 is conserved across both V1E1 and V1E2 subunit isoforms (Figure 3-3 B). Additionally, the 

mammalian V1E1 and V1E2 amino acid sequences were aligned with the yeast V1E subunit 

sequence, and at position 61 the mammalian glutamic acid residue corresponds to a leucine residue 

at position 66. To understand the potential functional relevance of these substitutions, it was 

important to consider the key features of the amino acids (Figure 3-3 C). For example, in yeast the 

leucine residue is hydrophilic and is uncharged whereas in mammals the glutamic acid residue has 

a negative charge. Therefore, changes in the functional characteristics of the individual amino acids 

may alter the overall structure and function of the subunit.  

Another point to consider is the clinical characteristics of the samples in which the mutations were 

identified. Further research into the three substitutions showed that the V1E2 E61K mutation was 

identified in a melanoma sample whereas both V1E2 E61V and V1E2 E61Q were identified in lung 

adenocarcinoma samples (Table 3-1). Another interesting sample feature is that the mutation count 

of the sample with the V1E2 E61V mutation was very low (71) compared to the V1E2 E61K and V1E2 

E61Q mutations (1323 and 1765 respectively).  

 

 



Chapter 3 

122 

 
Figure 3-3. Characteristics of the potential mutational hotspot at position 61 of the V1E2 subunit 
isoform 
(A) The mutational hotspot at position 61 of the N-terminal alpha helix of the V1E2 subunit isoform was 

plotted on a Lollipop plot using the cBioPortal Lollipop plot tool. (B) V1E1 and V1E2 amino acid 

sequences were aligned to the yeast Vma4 sequences using ClustalW and the potential mutational 

hotspot at position 61 is highlighted. (C) The structure and key characteristics of the amino acids that 

were found to be substituted at position 61 in the V1E2 subunit. An asterisk represents essential amino 

acids*.  E, glutamic acid; K, lysine; V, valine; Q, glutamine; L, leucine; N, no-charge; aa, amino acid.  
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Table 3-1. Sample information for V1E2 E61 mutations 
Clinical data relating to the tumour samples from patients with V1E2 E61 mutations was acquired 

from COSMIC and cBioPortal. NS, not specified; N/A, not applicable; LOH, loss of heterozygosity.  

Mutation E61K E61V E61Q 
Sample Name TCGA-EE-A2GR-06 LUAD-D02326 LUAD-S01315 

Transcript ENST00000306448 ENST00000306448 ENST00000306448 
Primary Tissue Skin Lung Lung 

Tissue Subtype 1 NS NS NS 
Primary Histology Malignant melanoma Carcinoma Carcinoma 

Histology 
Subtype 1 NS Adenocarcinoma Adenocarcinoma 

Zygosity Unknown Unknown Unknown 
Somatic Status Confirmed Somatic Unknown Unknown 
Sample Type NS Tumour Sample Tumour Sample 

LOH Unknown Unknown Unknown 
Gender Male Female Male 

Age 78 49 77 
Overall Survival 

(Months) 42 NS NS 

Tumour stage on 
diagnosis 4 2A 1B 

Total Mutation 
count in Sample 1323 71 1765 

Environmental 
variables N/A Non-smoker Current smoker 

Ethnicity NS European European 
Clinical remark N/A Chemotherapy-naïve Chemotherapy-naïve 
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3.3.3 Complementation of mammalian V1E subunits with saccharomyces 
cerevisiae  

To study the effect of the E61 V1E2 subunit mutations on V-ATPase activity, a hybrid 

mammalian/yeast system was used. Firstly, it was important to investigate whether the 

mammalian V1E1/2 isoforms would complement the yeast model system. As previously 

discussed, a single gene encodes the yeast V1E subunit (Vma4), which is genetically 

highly similar to the mammalian V1E subunit isoforms. Structural studies have also shown 

that the yeast V-ATPase complex is structurally very similar to that of the mammalian 

complex (Figure 3-4) (329). Therefore, removing the yeast V1E subunit and replacing it 

with the mammalian V1E1 or V1E2 isoform enables us to study how individual mutations 

affect the overall activity of the V-ATPase complex.  

The three mutations of interest (E61K, V, Q) were first cloned into plasmids and were 

validated using Sanger sequencing (Figure S 8-3 and Figure S 8-4). Additionally, to 

account for species specific differences, the three mutations were also cloned into 

plasmids containing the yeast V1E subunit (L66 WT, K, E, Q), and were again validated 

using Sanger sequencing (Figure S 8-5). Valine was changed for glutamic acid because in 

mammals glutamic acid is the conserved residue so I wanted to investigate whether 

substituting the conserved yeast leucine residue for glutamic acid would alter V-ATPase 

activity.  

Yeast cells lacking the V1E subunit (ΔE null mutant) were transformed with the 

mammalian wild-type V1E2 subunit DNA and V1E2 DNA containing the three mutations 

(E61 WT, K, V, Q). Furthermore, ΔE null mutant yeast cells were also transformed with 

the same three mutations and wild-type subunit DNA in the mammalian V1E1 isoform 

(E61 WT, K, V, Q). This was because the mutations were identified in the V1E2 isoform, it 

was therefore interesting to investigate whether the same mutations exhibited a subunit or 

cancer-specific effect on V-ATPase activity. Similarly, ΔE null mutant yeast cells were 

transformed with the yeast V1E subunit expressing the WT or the three mutations (L66 K, 

E, Q).  

Once transformed, the same amount of yeast cells (5x104 ) were diluted 10-fold 5 times 

and a single droplet (4 μL) was spotted onto yeast extract/peptone/dextrose (YPD) plates, 

which were buffered to a pH of either 5.0 or 7.5, as described in 2.14. Yeast cells lacking 

the V1E subunit are able to grow at pH 5.0 but not at 7.5, whereas cells that possess the 

V1E subunit are able to grow at both (44). This is due to the V-ATPase proton pumping 

capacity, and if the cells cannot grow at the higher pH then this suggests that the V-

ATPase is not actively transporting protons, resulting in an inhibition of cell growth. At pH 
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5.0 the yeast cell colonies were able to form for all of the mutant V1E1 (Figure 3-5 A), 

V1E2 (Figure 3-5 B), Vma4 (Figure 3-5 C) and the ΔE null mutant control cells. All of the 

transformed V1E1 yeast cells were able to form colonies on the pH 7.5 YPD plates after a 

1x103 dilution (Figure 3-5 A). In addition to this, there appeared to be no observable 

difference between the sizes of the colonies of the V1E1 WT cells compared to the mutant 

V1E1 cells. Similarly, the V1E2 mutants were also able to grow after 1x103 dilution at pH 

7.5 (Figure 3-5 B) but the rate of colony formation was slower than that of the V1E1 

mutants. Again, the WT V1E2 cells did not show a different growth phenotype compared to 

the mutant cells. Finally, the Vma4 mutant cells were able to form colonies after a 1x104 

dilution on pH 7.5 plates, with the mutant colonies forming quicker than the WT cells 

(Figure 3-5 C). 
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Figure 3-4. Cryo-EM structure of the yeast V-ATPase 
Yeast Cryo-EM crystal structure was modified using the 3J9T structure (329) deposited in the Protein Data Bank online database. The leucine 66 residue 

and surrounding amino acids were highlighted on the V1E and V1G subunit ribbon structures. Leu, leucine; Cryo-EM, cryogenic electron microscopy. 
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Figure 3-5. The human V1E1 and V1E2 E61 mutations complement the yeast model 
system 
ΔE null mutant yeast cells were transformed with expression plasmids encoding WT or 

mutant human (A) V1E1 or (B) V1E2, or (C) WT or mutant yeast V1E. The cells were 

diluted and plated on to YPD agar plates with a pH of either 5.0 or 7.5. Images were 

acquired after 3-4 days incubation at 37 °C. YPD, yeast extract/peptone/dextrose; WT, 

wild-type; E, glutamic acid; K, lysine; V, valine; Q, glutamine; L, leucine.   

 



Chapter 3 

128 

3.3.4 Investigating the effect of mammalian V1E subunit mutations on V-ATPase 
localisation 

Yeast V-ATPase activity is regulated by glucose availability, as the V1C subunit is 

released from the enzyme complex within 5 minutes of glucose depletion. This removal of 

the V1C subunit results in dissociation of V1 from the VO complex, which consequently 

leads to V-ATPase disassembly and termination of V-ATPase mediated proton-pumping 

activity (330, 331). Upon the addition of glucose, the V1C subunit reincorporates into the 

V-ATPase complex and the V1 and VO domains assemble in a reversible manner. 

To study the effect of the human V1E1 and V1E2 mutations on V-ATPase localisation, we 

generated a genetic yeast V-ATPase cross with a GFP-tagged V1C subunit (C-GFP), 

which enabled me to observe the disassembly of V-ATPase. The yeast Δvma4::C-GFP 

cells, lacking the V1E subunit (VMA4) gene, were then transformed with either the V1E1 or 

V1E2 WT, E61K, E61V or E61Q DNA plasmids. Once transformed the yeast cells were 

grown in SD-ura medium and then examined using a confocal microscope.  

As can be seen in Figure 3-6, compared to the respective wild-types, all of the V1E1 and 

V1E2 mutant yeast cells have V-ATPase localised in the vacuole, as indicated by the white 

arrow. This suggests that the E61K, V and Q mutations do not alter the rate of V-ATPase 

disassembly in the presence of glucose, and therefore V-ATPase localisation is 

unaffected.  
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Figure 3-6. Localization of C-GFP in yeast cells expressing human V1E1 or V1E2 
mutant yeast hybrid V-ATPase 
Δvma4::C-GFP cells were transformed with recombinant plasmids expressing human 

V1E1 or V1E2 WT, E61K, E61V or E61Q, and were grown in SD-ura medium for 36 hours. 

WT, wild-type; E, glutamic acid; K, lysine; V, valine; Q, glutamine. 
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3.3.5 Effect of mammalian V1E1 subunit mutations on V-ATPase hydrolytic 
activity and proton coupling efficiency   

3.3.5.1 Effect of mammalian V1E1 subunit mutations on V-ATPase mediated 
hydrolysis of ATP 

To measure V-ATPase hydrolytic activity, the vacuolar membranes of the 

mammalian/yeast hybrid transformants were isolated and purified (Section 2.13). V-

ATPase activity was then measured using an ADP+Pi based colorimetric assay in which 

generation of Pi was used as a measure of V-ATPase catalytic activity. The assay was 

completed at a range of ATP concentrations at both 30 and 37°C. This was because the 

optimal rate of yeast cell growth is 30°C whereas the homeostatic temperature of the 

human body is 37°C. Bafilomycin-A1 was used at a concentration of 100 nM, which is 

above the average IC50 reported in the low nanomolar range (20, 332, 333). This ensured 

that V-ATPase activity was fully inhibited in baf-A1 treated cells, so that V-ATPase 

independent Pi generation could be measured. The absorbance values at 690 nm were 

referenced to a Pi standard curve and then normalised to the protein concentration of the 

sample. It is important to note that this assay was also completed for the yeast Vma4 

mutant complexes but the experiments failed to generate a Michaelis-Menten curve, 

suggesting low or non-existent V-ATPase activity. 

Firstly, at 30°C the activity of the hybrid V-ATPase complex expressing the mammalian 

wild-type (WT) V1E1 isoform had a direct non-linear relationship with ATP, as the rate of 

catalysis increased with ATP concentration (Figure 3-7 A). The V1E1 E61K substitution 

had an increased V-ATPase catalytic activity compared to the WT, which peaked after the 

addition of 200 μM ATP and started to fall at 400 μM ATP. The complex expressing the 

V1E1 E61V substitution had a higher rate of V-ATPase catalysis than the WT, but it was 

slightly lower than that of the complex with the E61K substitution. The E61Q substitution 

resulted in the greatest increase in V-ATPase catalysis compared to the WT V1E1 isoform 

and activity started to plateau at 500 μM ATP. 

At 37°C, the rate of V-ATPase catalysis of the V1E1 WT complex (Figure 3-7 B) was 

similar to that of the WT complex at 30°C. However, after the addition of 500 μM ATP the 

rate of catalysis had substantially dropped. The V1E1 E61K substitution again showed a 

large increase in catalytic activity compared to the WT, which peaked after 200 μM ATP 

and was higher at 37°C than at 30°C. Interestingly, at 37°C the E61V substitution resulted 

in a higher V-ATPase catalytic activity than both the WT and E61K expressing complexes. 

Furthermore, the E61Q substitution resulted in a significant increase in catalytic activity 

compared to the WT at 37°C, which again started to plateau after 500 μM ATP. 
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 The differences in catalytic activity of the V-ATPase V1E1 mutant complexes (Figure 3-7 

A and B) was very interesting and the kinetic Vmax (µmol/min/mg protein) and Km (μM) 

values for the enzyme were calculated (Figure 3-7 C). At 30°C, the V1E1 E61K complex 

had a higher Vmax (3.88) than the WT (1.88), which was increased ~2 fold. The Vmax of the 

V1E1 E61V complex (3.14) was slightly lower than E61K (3.88), but higher than the WT 

(1.88). Interestingly, the Km of the E61V complex (45.55) was increased almost ~1.6 fold 

compared to E61K (28.56) and ~1.8 fold higher than the WT complex (24.63). The V1E1 

E61Q complex had a Vmax (5.54) and Km (60.96), which was ~3 fold higher than the WT.  

The Vmax of the V1E1 WT complex at 37°C (1.97) was similar to the WT complex at 30°C 

(1.88) but the Km was decreased ~2 fold (Figure 3-7 C). Again, the Vmax of the V1E1 E61K 

complex at 37°C (4.76) was ~2 fold higher than that of the WT complex (1.97). However, 

the Km of the E61K complex (43.93) was similar to that of the WT at 37°C (42.61). The 

Vmax of the V1E1 E61V complex (5.18) was higher than both the WT (1.97) and E61K 

complexes (4.76); although the Km of E61V was similar at 37°C (49.29) to 30°C (46.55). 

Furthermore, the V1E1 E61Q complex had a Vmax (8.78) 37°C, which was ~5 fold higher 

than that of the WT (1.97). The Km of the E61Q complex (66.86) was higher than the 

V1E1 WT and mutant complexes at 37°C. 

3.3.5.2 Effect of mammalian V1E1 subunit mutations on V-ATPase proton 
coupling efficiency  

The Vmax and Km values gave an insight into the rate of catalysis of the mutant V-ATPase 

complexes but not into the rate of proton transport. ATP hydrolysis occurs in the V1 

domain of the V-ATPase and is an enzyme reaction that may be independent of V-

ATPase mediated acidification and proton pumping function. Therefore, the rate of 

hydrogen ion transport (∆Fluorescence/min/mg protein) was measured using the acridine 

orange-based proton transport assay in order to assess whether there was a correlation 

between the V-ATPase catalytic rate and proton coupling efficiency.  

Quenching of acridine orange was to measure the proton coupling efficiency, which 

involved the addition of ATP/Mg2+ in the presence of potassium chloride (KCl) leading to a 

decline in fluorescence at 525 nm over a period of 5 minutes. This indicated that the pH 

was acidified in the purified vacuolar membranes, and the reaction was then quenched 

with ammonium chloride (NH4Cl). The V-ATPase specific inhibitor bafilomycin-A1 (baf-A1) 

was included in the reaction mixture to ensure the proton transport rate measured was the 

product of V-ATPase only. The resulting proton flux is proportional to the initial rate of 

fluorescent quenching and the proton coupling efficiency was calculated.  
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The efficiency of proton transport was highest in the V1E1 WT complex (869.9) compared 

to the E61K (403.50), E61V (399.26) or E61Q (525.11) complexes (Figure 3-7 C). Proton 

transport was similar in both the E61K (403.50) and E61V (399.26), but was increased in 

E61Q complexes (525.11).  

Taken together, these results suggest the rate of catalysis was highest in the V1E1 E61Q 

mutant complex compared to the WT, but the rate of proton transport was highest in the 

V1E1 WT V-ATPase compared to all of the mutant complexes.    
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Figure 3-7. V1E1 V-ATPase activity at 30°C and 37°C 
V-ATPase activity was assessed by incubating isolated vacuolar membranes from either the (A) V1E1 or (B) V1E2 clones with increasing concentrations of 

ATP in the presence and absence of the specific V-ATPase inhibitor bafilomycin-A1. Inorganic phosphate production was then measured at 30°C or 37°C. 

The values were normalised to µmol/min/mg protein. Data points represent three biological replicates with SEM and were plotted using GraphPad Prism 7 

software. Statistically significant differences are indicated: * = p≤ 0.05, one-way ANOVA. WT, wild-type; E, glutamic acid; K, lysine; V, valine; Q, glutamine; 

∆F, ∆Fluorescence.
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3.3.6 Effect of mammalian V1E2 subunit mutations on V-ATPase hydrolytic 
activity and proton coupling efficiency 

3.3.6.1 Effect of mammalian V1E2 subunit mutations on V-ATPase mediated 
hydrolysis of ATP 

The V1E1 results indicated that the amino acid substitutions altered both V-ATPase 

catalytic activity and proton transport rate (3.3.4). Considering the mutations were 

originally identified in the COSMIC database in the V1E2 subunit, it was necessary to 

investigate the effect of the substitutions in complexes containing the V1E2 isoform. 

Similarly to 3.3.4, the catalytic activity of V1E2 expressing WT and mutant V-ATPase 

complexes was measured using ADP+Pi detection.  

V-ATPase catalysis was increased with an increase in ATP concentration in complexes 

expressing the V1E2 WT isoform at 30°C, which plateaued with 500 μM ATP (Figure 3-8 

A). Complexes expressing the V1E2 E61K mutant subunit had an increased rate of 

catalysis compared to the V1E2 WT complex. The complex expressing the E61V 

substitution had a significantly increased rate of catalysis compared to both the WT and 

E61K complexes. This rate of catalysis peaked after the addition of 200 μM ATP and 

began to plateau after 500 μM ATP. Furthermore, the E61Q expressing complexes had 

the highest rate of catalysis out of all of the investigated mutants, which was significantly 

higher than both the WT and E61K complexes. Similarly to the E61V mutant, the rate of 

catalysis peaked after the addition of 200 μM ATP but then dropped after 500 μM ATP. 

At 37°C, the catalytic rate of WT V1E2 expressing complexes (Figure 3-8 B) was ~2 fold 

higher than at 30°C. V-ATPase activity was higher in the V1E2 E61K, E61V and E61Q 

mutants than the WT at both 30 and 37°C. Interestingly, the rate of catalysis for E61V 

mutant dropped slightly after 400 μM ATP and decreased sharply at 500 μM ATP, 

suggesting the increase in temperature resulted in an increase in catalytic sensitivity to 

ATP. The E61Q mutant again had the highest catalytic activity compared to the other 

V1E2 mutants at 37°C. Similarly to the E61V mutant, the addition of 500 μM ATP resulted 

in a sharp drop in catalytic activity. 

As with the V1E1 isoform expressing complexes, the Vmax (µmol/min/mg protein) and Km 

(μM) values for the V1E2 complexes were calculated (Figure 3-8 C). At 30°C, The Vmax of 

the V1E2 E61K mutant (5.01) was ~1.6 fold higher than that of the WT (3.13), and the Km 

was also decreased. Furthermore, the E61V mutant complex had a substantially higher 

Vmax (25.51) and Km (71.94), than both the V1E2 WT and E61K complexes. The V1E2 
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E61Q mutant complex had the highest Vmax (26.38) compared to any of the other V1E2 

complexes, and had the lowest Km value (27.23). 

The Vmax of the V1E2 WT V-ATPase complex was ~1.5 fold more at 37°C (4.97) than at 

30°C  (3.13) and the Km was increased (36.97) (Figure 3-8 C). The V1E2 E61K mutant 

complex had a Vmax (7.68) and Km (50.23) that was almost double that of the WT complex 

at 37°C. Furthermore, V1E2 E61V had a substantially higher Vmax (40.16) and Km (77.01) 

than the V1E2 WT or E61K mutant complexes. Again, the E61Q mutant complex had the 

highest Vmax (40.63) and the lowest Km (22.10) compared to any of the other V1E2 

expressing complexes 

3.3.6.2 Effect of mammalian V1E2 subunit mutations on V-ATPase proton 
coupling efficiency  

The rate of hydrogen ion transport (∆F/min/mg protein) was measured using the proton 

transport assay (Figure 3-8 C) to investigate whether the V1E2 mutations altered V-

ATPase proton transport. Interestingly, the efficiency of proton transport was highest in 

the E61Q mutant complex (3816.88) compared to the WT (1319.35), E61K (589.91) or 

E61V (640.35) complexes. This suggests that not only did the V1E2 E61Q substitution 

result in a higher rate of enzyme catalysis but also that it almost tripled the rate of proton 

transport compared to the WT. Furthermore, despite the E61V mutant complex having a 

significantly higher rate of catalysis, the proton pumping capacity was approximately half 

of that of the V1E2 WT complex.   

Taken together, this data suggests that the V1E2 E61V and E61Q mutations increase the 

rotational catalysis of V-ATPase compared to WT complexes. Additionally, the V1E2 E61Q 

substitution greatly enhances the rate of proton transport.  
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Figure 3-8. V1E2 V-ATPase activity at 30°C and 37°C 
V-ATPase activity was assessed by incubating isolated vacuolar membranes from either the (A) V1E1 or (B) V1E2 clones with increasing concentrations of 

ATP in the presence and absence of the specific V-ATPase inhibitor bafilomycin-A1. Inorganic phosphate production was then measured at 30°C or 37°C. 

The values were normalised to µmol/min/mg protein. Data points represent three biological replicates with SEM and were plotted using GraphPad Prism 7 

software. Statistically significant differences are indicated: * = p≤ 0.05, ** = p≤ 0.01, one-way ANOVA. WT, wild-type; E, glutamic acid; K, lysine; V, valine; 

Q, glutamine; ∆F, ∆Fluorescence. 
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3.4 Summary of findings 

The primary aim of this section of the project was to investigate whether selected somatic 

missense mutations in the V1E2 subunit isoform altered V-ATPase catalytic activity and 

function. The key findings were as follows: 

• There is a potential mutational hotspot at position 61 corresponding to a glutamic 

acid residue in the N-Terminal alpha helix of the mammalian V1E2 subunit isoform, 

which is mutated to a lysine, valine or glutamine residue. 

• The mammalian WT and mutant V1E1 and V1E2 subunit isoforms complement ΔE 

null mutant yeast cells and form an active V-ATPase complex, and the selected 

mutations do not affect V-ATPase localisation. 

• In the V1E1 isoform, the E61Q mutant complex had a significantly higher catalytic 

rate compared to the WT, but the rate of proton transport was highest in the V1E1 

WT complex compared to all of the mutant V1E1 complexes.   

• In the V1E2 isoform, both the E61V and E61Q mutant complexes had significantly 

higher catalytic rates compared to the WT, and E61Q also had the highest rate of 

proton transport compared to all of the mutant and WT V1E2 complexes.  

Overall, these results support the hypothesis that somatic point mutations in the V1E2 

subunit alter the biochemical properties of the V-ATPase complex, which consequently 

affects V-ATPase activity and function. 

3.5 Discussion  

3.5.1 Identification of V1E2 somatic mutations in cancer 

The TCGA database provided initial insight into the mutational landscape of V-ATPase 

subunits in cancer (Figure 3-1). V-ATPase subunits were collectively altered in ~30% of all 

patient samples and so, despite a low mutation rate for individual subunits, the overall 

complex was found to be altered in almost a third of all patients across a spread of cancer 

types, which suggests that perhaps these mutations have a functional effect specific to 

cancer cells. Furthermore, although the TCGA cohorts are useful for understanding 

mutations across a large number of patients, one of the key limitations is that the cohorts 

are mainly representative of early stage cancer development. The percentage of V-

ATPase alteration may in fact be higher in metastatic cohorts or even in specific cancer-

types. For that reason, we must combine functional knowledge and alteration data to 

interpret the potential effects of any individual subunit mutation. Therefore, although the 
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ATP6V1E2 gene was only altered in 1.2% of patient samples in the TCGA cohorts (Figure 

3-1), the decision to investigate mutations in the N-terminal alpha helix of the V1E2 subunit 

was based on functional information. 

The V1E subunits form the peripheral stalk with the V1G subunits and function to tether the 

V1 complex to the VO complex, providing stability during rotational catalysis. As the V1E1 

subunit is ubiquitously expressed it was interesting to investigate the tissue specific V1E2 

subunit. Considering that the N-terminal alpha helix is well conserved in both the V1E1 

and V1E2 subunits (Figure 3-3), it was essential to measure V-ATPase activity in both 

isoforms. Previous research has shown that the V1E N-terminal alpha helix is a key 

regulator of V-ATPase assembly, and the fact that this domain has been evolutionarily 

conserved across species indicates that it must be important for subunit function (Figure 

3-2). Additionally, I established that somatic mutations were clustered in this region 

(Figure 3-3 A), providing more evidence to further investigate mutations in this domain. 

3.5.2 V1E somatic mutations alter V-ATPase activity and function 

3.5.2.1 Mammalian V1E subunits can complement yeast cells to form a 
functional V-ATPase complex 

After identifying a recurrently mutated site at position 61 in the N-terminal alpha helix, the 

three mutations were selected (E61K, V, Q) and were cloned into the mammalian V1E1 

and V1E2 subunit isoforms, plus the yeast V1E (Vma4) subunit equivalent (L66K, E, Q). 

Given that the yeast V-ATPase structure (Figure 3-4) is similar to that of mammals, I could 

use yeast as a model system to investigate the effect of these mutations. Yeast cells 

lacking the V1E subunit (Δ E null) were transformed with the mutant and wild-type (WT) 

V1E1, V1E2 and Vma4 DNA. All of the mutant and WT V1E1, V1E2 and Vma4 expressing 

yeast cells were able to form colonies at pH 7.5 suggesting that the V-ATPase was 

functional (Figure 3-5).  

3.5.2.2 V-ATPase catalytic activity could not be detected in the yeast V1E 
subunit mutant cells 

The activity of the mammalian V1E1/E2 hybrid V-ATPase complexes was assessed by 

measuring the rate of rotational catalysis and the rate of proton transport. Again, it is 

interesting to note that the activity of the yeast cells expressing the Vma4 mutants (L66K, 

E, Q) could not be measured accurately using our inorganic phosphate (Pi) detection 

system. The fact that the yeast cells containing the Vma4 mutations were able to grow at 

pH 7.5 suggests that the enzyme is still able to function (Figure 3-5 C). However, as Pi 

production could not be accurately detected for any of the three mutations, the rate of 
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catalysis must be severely reduced to very low levels. Conversely, the mutations in the 

V1E1/E2 subunits had an increased catalytic rate compared to their respective WT 

subunits.  

3.5.2.3 V-ATPase activity was increased in the V1E1 mutants 

V1E1 E61K cells had an increased Vmax and Km compared to the WT cells at 30°C. At 

37°C, the Vmax and the Km of E61K cells was further increased. In comparison, the Vmax of 

the WT cells at 37°C was very similar to that at 30°C. The E61K mutant had a similar Km 

to the WT at both 30 and 37°C but the Vmax was ~2 fold higher. This suggests that despite 

an increase in the maximal velocity of the enzyme, the energy required remained very 

similar. Adding to this, the V1E1 E61V mutant had a similar Vmax to E61K at 30°C but the 

Km was almost 2x as high. Furthermore, at 37°C the Vmax of E61V was higher than E61K 

but the Km was still similar, indicating the E61V substitution results in a higher maximal 

velocity than the E61K but requires more energy to function. The V1E1 E61Q mutant had 

the highest Vmax out of all V1E1 complexes investigated, which was significantly higher 

than the WT at 37°C. However, at 37°C, the Km of E61Q was higher than the WT and 

mutant cells, suggesting the enzyme has a higher catalytic rate but requires more energy 

than the other two mutations. 

Taken together, there appears to be a temperature specific increase in the catalytic 

activity of mutant V-ATPase complexes expressing V1E1 mutations at position 61 of the 

N-terminal alpha helix, but not in the WT V1E1 complexes. This increase in catalytic 

activity was not always accompanied with an increase in the efficiency of the enzyme and 

more energy was often required for enzyme function, with E61K being the exception. 

Moreover, despite the mutations not being identified in the V1E1 subunit, all three mutants 

had higher Vmax than the V1E1 WT cells at 37°C, indicating an increase in V-ATPase 

catalysis. Interestingly, this increase in catalytic rate was not consistent with the rate of 

proton pumping. It was expected that an increase in V-ATPase activity would result in an 

increase in the rate of proton transport, but this was not the case. The WT V1E1 cells had 

the highest rate of proton transport, followed by the E61Q mutant and then E61K and 

E61V. The proton transport rate for the E61K and E61V mutants was half of that of the 

WT V1E1 complex, suggesting catalytic rate was not necessarily indicative of the ability of 

V-ATPase to acidify vacuolar compartments.   

 

3.5.2.4 V-ATPase activity was higher in the V1E2 subunit complexes than V1E1 

The mutational hotspot at position 61 was originally identified in the N-terminal alpha helix 

of the V1E2 subunit, but the mutations were expected to have a similar effect on V-
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ATPase activity as in the V1E1 subunit due to their structural similarity. Firstly, the Vmax of 

the WT V1E2 complex was higher than that of the V1E1 at 30°C, and was almost twice as 

high at 37°C compared to 30°C. This was an interesting finding as it shows that the V1E2 

subunit had a higher catalytic rate than V1E1 and there was a temperature dependent 

increase in activity, which was not observed in the V1E1 isoform. This is supportive of 

previous data that showed that mouse V1E1 chimeric yeast complexes did not exhibit 

temperature sensitivity but mouse V1E2 chimeric yeast complexes did (44). Additionally, 

the Km was lower in the V1E2 complex at 37°C than at 30°C, but at 30°C the Km was ~3 

fold lower than that of the V1E1 WT complex. This indicates that although the V1E2 

isoform had a higher catalytic rate, it also required more energy to function than the V1E1 

isoform at 30°C. Furthermore, the rate of proton transport was almost twice as high in the 

V1E2 WT complex than the V1E1. This agrees with the hypothesis that the V1E2 isoform is 

expressed in specific tissues to support their specialised functions. For example, the 

acrosome of the spermatozoa expresses the V1E2 subunit and requires a more acidic 

environment to function (44).  

Compared to the V1E1 E61K mutant, V1E2 E61K had a higher Vmax and Km at both 30°C 

and 37°C, indicating a higher rate of catalysis. The V1E2 E61K mutants also had a higher 

rate of proton transport than the V1E1 E61K mutants, which shows that the increase in 

catalytic activity was coupled with an increase in the proton transport function of the V-

ATPase complex. Although, the V1E2 E61K proton transport rate was still approximately 

half of that of the V1E2 WT complex. The V1E2 E61V results were the most surprising, as 

the Vmax was significantly higher than the V1E2 WT at both 30 and 37°C, but the Km was 

lower at 30°C, and higher at 37°C. This was surprising because in the V1E1 complexes, 

the E61V mutant had only a slightly higher catalytic rate than that of the V1E1 WT. In 

addition to this, the V1E2 E61V mutant had a Vmax that was ~5 fold higher than the V1E2 

E61K mutant at 30°C, which increased further at 37°C, and a Km that was only ~1.5 fold 

higher at both temperatures. This indicates that the large increase in the Vmax observed 

between the E61V and E61K mutants was not relative to smaller increase in the Km, 

suggesting V1E2 E61V complexes were more energy efficient than the V1E2 E61K 

complexes. The rate of proton transport was higher in the V1E2 E61V mutant compared to 

V1E2 E61K, which was again surprising as the V1E1 E61K mutant had a higher proton 

transport rate than V1E1 E61V. It is also interesting that the proton transport rate was still 

approximately half of that of the V1E2 WT, displaying a similar pattern to its V1E1 E61V 

mutant counterpart.    

Finally, the V1E2 E61Q mutant proved to have the greatest effect on V-ATPase activity out 

of the three mutants investigated. It had a significantly higher Vmax than the V1E2 WT 

complex at both 30 and 37°C, and a lower Km at both temperatures. In fact, the V1E2 
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E61Q had a higher Vmax and lower Km than both V1E2 E61K and E61V mutants. The 

E61Q mutant also had a proton transport rate that was ~3 fold higher than the V1E2 WT, 

and was substantially higher than in the E61K and E61V mutants. This was interesting 

because the V1E1 E61Q mutant had the highest Vmax values compared to the other V1E1 

mutants but not the lowest Km, and the proton transport rate was lower than that of the 

WT. The proton transport rate in the V1E2 E61Q mutant was also still over six fold higher 

than in the V1E1 E61Q mutant. This data showed that the V1E2 E61Q mutant had the 

highest Vmax, lowest Km and highest proton transport rate, which may indicate that it is a 

gain of function mutation. Furthermore, the V1E1 E61Q mutant had the highest catalytic 

rate compared to the V1E1 WT and mutants, supporting the idea that this mutation can 

alter V-ATPase activity. However, the E61Q activity observed in the V1E1 isoform was 

significantly less than in the V1E2 isoform, and as the mutation was identified in the V1E2 

subunit but not the V1E1 subunit, this suggests that this mutation may have a cancer 

specific functional effect on V-ATPase activity. The E61V may also exhibit a subunit or 

cancer specific effect as the catalytic rate was only slightly increased in the V1E1 isoform 

compared to the WT, but substantially increased in the V1E2 isoform.    

3.5.2.5  Thoughts on why the amino acid substitutions affect V-ATPase activity  

Firstly, as the mammalian V-ATPase crystal structure has not yet been solved it is difficult 

to draw direct conclusions about how changes in the amino acid structures may alter the 

V-ATPase complex. Therefore, by analysing the characteristics of the amino acid 

substitutions I can produce only hypothetical explanations as to why these mutations are 

changing V-ATPase activity and function.  

The glutamic acid residue conserved in mammals has a negative charge and is 

hydrophilic (Figure 3-3 C). As both glutamic acid and lysine are similar in size and are 

hydrophilic, the key change in characteristics would be the negative charge changing to a 

positive charge. Furthermore, glutamine and valine are both uncharged amino acids but 

glutamine is hydrophilic whereas valine is smaller and hydrophobic. Considering that the 

significant increases in V-ATPase catalytic activity were a result of the valine and 

glutamine substitutions, and not the lysine substitution, we can speculate that the increase 

in activity might be due to the loss of the negative charge. This replacement of the 

negatively charged residue with an uncharged amino acid may result in a shift in the 

electrostatic forces. The potential loss of ionic or covalent bonds with surrounding amino 

acids could result in a weakening of the subunit structure. Alternatively, the change in 

amino acid structure may alter protein folding, consequently affecting interactions within 

the V-ATPase complex. As the V1E subunit forms the peripheral subunit with the V1G 

subunit, this potential loss of bonding or change in protein structure may provide 
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increased flexibility for the rotation of the catalytic subunit, which would then in turn 

increase the V-ATPase catalytic rate.      

It is also interesting to speculate as to why these mutations have arisen in this particular 

subunit. There are some similarities between the samples in which the V1E2 E61V and 

E61Q mutations were identified (Table 3-1). For example, they were both identified in lung 

adenocarcinoma patients as opposed to E61K, which was identified in a melanoma 

sample. The patients from which the lung adenocarcinoma samples were collected both 

had early stage cancer (1 and 2a) and had not been exposed to chemotherapy. The 

mutation count in the E61V patient was also very low (71 mutations), and therefore 

perhaps this substitution was not simply the result of a random mutation but that it had a 

functional purpose. Again, these mutations were only identified in three patients so I 

stress the clinical relevance is just speculative.  

To summarize, I have shown for the first time that cancer associated V-ATPase subunit 

mutations directly affect the enzymatic activity of the complex, in terms of both V-ATPase 

catalytic activity and its function as a proton pump. Additionally, the precise biochemical 

effects on the complex depend on several key variables including: the amino acid that is 

replaced, the environmental temperature, and the subunit isoform in which the mutation 

occurs. Overall, the selected V-ATPase mutations contribute to an increase in V-ATPase 

activity. An increase in V-ATPase activity as a result of these mutations may have 

biological effects that are consistent with the effects of PM V-ATPase overexpression 

reported in different cancer types i.e. an increase in V-ATPase expression results in a 

decrease of extracellular pH and a subsequent increase in the metastatic and invasive 

potential of the cancer cells. It is also possible that these mutations might affect auxiliary 

functions of the V-ATPase such as inappropriate mTORC1 activation (323).  
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Investigating the effect of chemical V-ATPase inhibition 
on wild-type and mutant AR activity 

4.1 Introduction 

To further explore the role of V-ATPase in cancer at a greater depth, it was appropriate to 

focus on a single cancer type. There is already a lot of evidence in different tumour types 

that  V-ATPase plays a role in tumour growth, invasion and metastasis (75) and has been 

linked to many signalling pathways including Notch and Wnt (84, 86). However, very little 

is known about the impact of V-ATPase dysregulation in prostate cancer.  

The androgen receptor (AR) signalling pathway is the key signalling pathway associated 

with prostate cancer development and progression. Therefore, it was logical to focus on 

investigating interactions between AR signalling and V-ATPase in prostate cancer. 

Previous research has shown that V-ATPase inhibition reduces invasion of PCa cells by 

up to 80% and has been directly linked to an increase in metastatic capability (2). In cell 

lines with low metastatic potential, V-ATPase inhibition decreased AR protein and reduced 

expression of PSA at the mRNA level. Surprisingly, reduced PSA mRNA was associated 

with increased PSA protein expression in V-ATPase inhibitor treated cells (2). 

Furthermore, V-ATPase has been linked with AR signalling via a mechanism involving 

HIF-1α and defective iron endocytosis (313). Taken together this early research suggests 

that V-ATPase may have a direct or indirect role in prostate cancer, but there is still a lack 

of understanding concerning key aspects of the interaction of AR and V-ATPase in PCa 

cells. In particular, the critical question of whether V-ATPase inhibition also alters the 

function of AR mutants or splice variants has not been addressed.  

A fundamental aim of the project was to investigate whether V-ATPase inhibition would 

disrupt AR signalling in cells which expressed mutant forms of the AR. To do this I 

modelled different AR mutants, which reflect various stages of disease progression. The 

first of these models represented hormone sensitive prostate cancer in which the AR was 

sensitive to androgenic stimulation. Secondly, I studied the effect of AR splice variants on 

AR activity by focussing on the AR-V7 and AR-Q641X variants, which are constitutively 

active and have been found in CRPC patients (289, 334-336). Finally, I went on to 

investigate the AR point mutations AR-F877L and AR-T878A which confer an antagonist 

to agonist switch of the antiandrogens enzalutamide and hydroxyflutamide respectively 

(337, 338). 
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To study the effect of V-ATPase inhibition on AR activity in these models I used a number 

of different systems and techniques. One of the keys systems used was the dual-

luciferase reporter assay, which enabled me to study the direct effect of V-ATPase 

inhibition on AR transactivation. Using this system, I transfected AR-negative HeK-293 

cells with wild-type (WT) AR, AR splice variants or mutant AR expression plasmids 

alongside androgen response element (ARE)-containing and Renilla control luciferase 

reporter plasmids. The AR activity was measured by quantifying the luminescent signal 

produced due to the binding of the AR to the ARE. Other well established techniques that 

were utilized include RT-qPCR and western blotting, which were used to measure RNA or 

protein levels of endogenous AR or AR specific downstream targets. These experiments 

were conducted in cell lines that were either androgen sensitive (LNCaP and DuCaP), 

contained the AR-V7 splice variant (22Rv1), or expressed AR point mutations (LNCaP 

F877L/T878A). Figure 4-1 illustrates the approximate stage of disease progression the 

cell line models represent. 
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Figure 4-1. Simplified prostate cancer cell line models that are partly representative 
of disease progression 
DuCaP, LNCaP and LNCaP F877L/T878A are all hormone sensitive prostate cancer cell 

lines. Mutations such as AR-F877L and AR-T878A are thought to emerge as a result of 

directed treatment. The 22Rv1 cell line expresses the AR-V7 splice variant, which is 

insensitive to hormone and is accepted to be representative of later stage disease. 

However, prostate cancer is a highly heterogeneous disease and progression is not 

necessarily linear, which is why none of the available cell lines perfectly model each 

individual stage. PCa, prostate cancer; CRPC, castration-resistant prostate cancer; HS, 

hormone-sensitive; PSA, prostate specific antigen; ADT, androgen deprivation therapy; 

M1, metastatic; M0, non-metastatic. 
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4.2 Hypothesis and Aims 

4.2.1 Hypothesis 

Chemical V-ATPase inhibition dysregulates AR activity regardless of AR mutational 

status. 

4.2.2 Aims 

The aim of this chapter was to investigate the impact of chemical inhibition of V-ATPase 

on AR activity in prostate cancer cell lines. This aim was investigated by: 

• Using the MTS assay to assess cell line toxicity after treatment with V-ATPase 

inhibitors, bafiloymycin-A1 and concanamycin-A 

• Using the luciferase reporter assay system to assess the impact of V-ATPase 

inhibition on AR transactivation in wild-type AR expressing cells 

• Measuring AR and PSA protein levels after treatment with bafiloymycin-A1 or 

concanamycin-A in hormone sensitive prostate cancer cell lines (LNCaP and 

DuCaP) 

• Measuring the RNA levels of downstream AR targets after V-ATPase inhibition 

in LNCaP and DuCaP cells 

• Measuring AR and PSA protein levels in LNCaP cells after treatment with both 

bafiloymcin-A1 and the AR antagonist enzalutamide 

• Using the luciferase reporter assay system to assess the impact of V-ATPase 

inhibition on AR transactivation in cells with AR splice variants and point 

mutations  

• To support reporter data by measuring the RNA levels of downstream AR 

targets after V-ATPase inhibition in in prostate cancer cell lines containing 

clinically relevant AR aberrations 

• Measuring AR and PSA protein levels after treatment with bafiloymycin-A1 or 

concanamycin-A in prostate cancer cell lines containing clinically relevant AR 

aberrations 
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4.3 Results 

4.3.1 Effect of V-ATPase inhibition on AR signalling in hormone sensitive 
prostate cancer cell lines 

4.3.1.1 Measuring cell line viability in response to baf-A1 and con-A inhibitor 
treatment 

Firstly, the MTS assay (Promega) was used to asses potential toxicity of the V-ATPase 

chemical inhibitors bafilomycin-A1 (baf-A1) or concanamycin-A (con-A1) in the cell lines of 

interest (LNCaP, DuCaP, HeK-293 and 22Rv1). Both inhibitors are established, highly 

specific and have little known off-target effects (19). Furthermore, concentrations as low 

as 1 nM have been shown to be sufficient to inhibit lysosomal acidification, indicating 

effective V-ATPase inhibition (332).  However, it was important to first determine potential 

cytotoxic effects in the cell lines of interest after 24 hours of treatment. The 24 hour time 

point was selected to test cell toxicity as previously published data shows inhibition for 24 

hours substantially reduced AR signalling in prostate cancer cell lines (2).  

The MTS assay is based on the reduction of the MTS compound to create a coloured 

formazan dye, which was directly proportional to cellular metabolic activity. The formazan 

product is directly quantified by measuring absorbance at 490 nm. The assay was used to 

assess cell toxicity in response to 100, 10 or 1 nM baf-A1 or con-A. As can be seen in 

Table 4-1, compared to the DMSO control, both 10 and 1 nM concentrations had no 

statistically significant effect on the MTS signal in any of the four cell lines investigated. 

This confirms that the inhibitors were safe to use at these concentrations without inducing 

substantial cell death. At 100 nM, baf-A1 caused a significant reduction in the MTS signal 

produced in the LNCaP cell line, indicating cell toxicity. In addition to this, 100 nM con-A 

treatment caused a significant reduction in the MTS signal in LNCaP, HeK-293 and 22Rv1 

cells. Overall, con-A treatment led to a greater reduction in MTS signal compared to baf-

A1 in all four cell lines, suggesting it is more toxic. Based on these results, a maximum 

concentration of 10 nM was selected for either drug in the majority of experiments. 
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Table 4-1. Using the MTS assay to determine cell line toxicity in response to bafilomycin-A1 and concanamycin-A    
The indicated cell lines were treated with either 100 nM, 10 nM or 1 nM bafilomycin-A1 or concanamycin-A for 24 hours, and MTS assay data is presented 

relative to the DMSO treated cells set to 100% viability. Values were then plotted using GraphPad Prism 7 and are displayed as mean values ± standard 

deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was used to generate P values and detect the statistical significance of the 

indicated differences: * = p≤ 0.05, ** = p≤ 0.01, *** = p≤ 0.001. Data shown represents three independent replicates completed in triplicate. SD, standard 

deviation; baf-A1, bafilomycin-A1; con-A, concanamycin-A. 

 

 

Cell 
line 

Baf-A1 Con-A 

 100 nM 10 nM 1 nM 100 nM 10 nM 1 nM 

Mean(%) ± 
SD 

P value 
(Adjusted) 

Mean(%) ± 
SD 

P value 
(Adjusted) 

Mean(%) ± 
SD 

P value 
(Adjusted) 

Mean(%) ± 
SD 

P value 
(Adjusted) 

Mean(%) ± 
SD 

P value 
(Adjusted) 

Mean(%) ± 
SD 

P value 
(Adjusted) 

LNCaP 88.71 
(±7.36) 

0.001 ** 101.36 
(±6.78) 

0.681 116.98 
(±15.23) 

0.338 86.85 
(±5.34) 

0.0002 *** 96.39 
(±2.91) 

0.585 102.20 
(±5.82) 

0.847 

DuCaP 91.44 
(±4.63) 

0.205 99.34 
(±9.03) 

0.997 108.45 
(±16.54) 

0.167 89.85 
(±5.91) 

0.0609 94.65 
(±4.03) 

0.683 95.64 
(±8.57) 

0.843 

HeK-
293 

97.34 
(±7.34) 

0.999 94.83 
(±8.50) 

0.896 102.36 
(±8.67) 

0.810 84.49 
(±7.61) 

0.0073 ** 90.23 
(±10.02) 

0.209 97.89 
(±12.77) 

0.851 

22Rv1 98.54 
(±4.92) 

0.490 108.69 
(±5.38) 

0.151 110.02 
(±6.72) 

0.064 94.89 
(±1.97) 

0.011 * 99.62 
(±2.03) 

0.572 99.20 
(±11.80) 

0.478 
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4.3.1.2 Determining the effect of V-ATPase inhibition on wild-type AR activity 
using the reporter assay system 

To first determine the effect of V-ATPase inhibition on wild-type AR transactivation, the 

Dual-Glo Luciferase reporter assay (Promega) was used. The HeK-293 cell line does not 

express the AR and therefore acts as a good model for which to study the direct effect of 

V-ATPase inhibition on AR gene activity. 

HeK-293 cells were washed 3x in CSS media before being cultured in CSS media for 24 

hours prior to transfection. The purpose of this was to minimize the effect of endogenous 

androgens or androgenic compounds present in the complete RPMI media. Additionally, 

incubation for 24 hours in CSS media was selected as it was sufficient to substantially 

reduce endogenous androgen levels. 

The cells were then transfected with the androgen response element (ARE3) reporter 

vector, an AR expression vector and the Renilla control vector. After the cells had been 

transfected, they were cultured for 24 hours to allow vector uptake and AR expression. 

They were then treated with 1 nM DHT and concentrations of baf-A1 or con-A at a range 

of concentrations for 24 hours. 

The purpose of transfecting all 3 vectors was so that stimulation of the AR by androgen 

would allow the AR to bind to the ARE, resulting in the downstream expression of the 

firefly luciferase. Levels of AR gene activation could therefore be detected via 

quantification of the luminescent signal produced by firefly luciferase. The Renilla reporter 

vector was co-transfected as an internal control, which served as a baseline transfection 

response to minimize experimental variability. Once normalised to the Renilla signal, the 

values were presented relative to the DMSO treated control cells set to 1. 

It was found that treatment with either 20, 10 or 5 nM baf-A1 was sufficient to significantly 

reduce AR-WT transactivation (Figure 4-2 A). Additionally, con-A treatment resulted in a 

significant reduction in AR activity at the lower concentrations of 5, 2.5 and 1.25 nM 

(Figure 4-2 B). Con-A is a more potent V-ATPase inhibitor than baf-A1 (19) and therefore 

it was not unexpected that lower concentrations would be more effective at reducing AR 

activity than baf-A1.
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Figure 4-2. Effect of bafilomycin-A1 and concanamycin-A on ARE activity using 
firefly luciferase 
HeK-293 cells were transfected with the androgen response element (ARE) reporter 

plasmid and wild-type AR expression vector along with a Renilla luciferase vector. The 

cells were cultured in CSS media and treated with 1 nM DHT and indicated concentrations 

of (A) baf-A1 or (B) con-A for 24 hours. Luciferase activity was determined and firefly 

luciferase values were normalised to negative DMSO control cells set to 1. Values were 

then plotted using GraphPad Prism 7 and are displayed as mean values ± standard 

deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was used to 

generate P values and detect the statistical significance of the indicated differences: **** = 

p≤ 0.0001. Data shown represents three independent replicates completed in triplicate. 

DHT, dihydrotestosterone; baf-A1, bafilomycin-A1; con-A, concanamycin-A; AR, androgen 

receptor. 

. 

A B
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4.3.1.3 Investigating the expression of AR downstream target genes after 
chemical V-ATPase inhibition in LNCaP cells 

The reporter data indicated that V-ATPase inhibition would sufficiently reduce AR activity 

in the nanomolar range. However, the dual-luciferase assay is a heterologous system and 

therefore further investigation was required to show V-ATPase inhibition could reduce 

endogenous AR signalling. Therefore, the next step was to assess direct AR downstream 

signalling targets PSA and TMPRSS2 at transcript level in LNCaP cells, which are 

hormone sensitive and express the AR-T878A mutant. PSA and TMPRSS2 Taqman 

probes (Applied Biosystems - ThermoFisher) were used to measure mRNA levels as they 

are two of the most accepted and commonly published targets for measuring downstream 

AR signalling (2, 339, 340).  

LNCaP cells were cultured in CSS media and treated with either 10 nM baf-A1 or 10 nM 

con-A, with or without 1 nM DHT for 24 hours. A subset of experimental cells were 

cultured only in phenol-red RPMI to act as a positive control for the CSS cultured cells. 

These concentrations were chosen for future investigations based on the results of the 

reporter assay (Figure 4-2) and to coincide with previously published data (2). The lower 

concentration of 1 nM DHT, compared to the commonly used 10 nM, was selected as it 

has been shown to significantly activate AR signalling (341) and therefore 10 nM was 

deemed unnecessarily high.  

As can be seen in Figure 4-3, 1 nM DHT significantly increased PSA (A) and TMPRSS2 

(B) mRNA levels compared to DMSO only treated cells. This induction of PSA and 

TMPRSS2 by DHT was then significantly reduced with baf-A1 treatment, indicating a 

reduction of downstream AR signalling at the transcript level. Interestingly there was no 

statistically significant reduction in either PSA or TMPRSS2 expression when baf-A1 was 

used without DHT. This may suggest an androgenic dependence of V-ATPase mediated 

AR reduction. 

Furthermore, GAPDH RNA levels did not significantly change between treatments and 

therefore fold changes in mRNA expression resulted from the treatments and were not 

masked by changes in GAPDH RNA expression (Figure S 8-11). This allows for the 

conclusion that baf-A1 was decreasing the expression of downstream AR targets and 

therefore V-ATPase is directly or indirectly linked to AR signalling in hormone sensitive 

PCa cells.  

To validate that the results were not baf-A1 specific but rather due to V-ATPase inhibition, 

con-A was also used to inhibit the V-ATPase. The results obtained with con-A inhibition 

were similar to that with baf-A1 treatment as PSA transcript expression was increased 
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with DHT stimulation and was significantly reduced with con-A in the presence of DHT 

(Figure 4-4 A). Similarly, there was no significant effect on PSA expression when con-A 

was used without DHT. TMPRSS2 showed a similar pattern to PSA as con-A treatment 

reduced expression in the presence of DHT, although it was not statistically significant 

(Figure 4-4 B).  

These results support the reporter system data and suggest the AR signalling is reduced 

with chemical V-ATPase inhibition. 

 



Chapter 4  

155 

 
Figure 4-3. Expression of downstream AR target genes in LNCaP cells following 
treatment with 1 nM DHT and/or 10 nM bafilomycin-A1  
LNCaP cells were treated for 24 hours with either 1 nM DHT, 10 nM con-A or both. RT-

qPCR analysis was undertaken to assess mRNA levels of (A) PSA and (B) TMPRSS2 

and were normalised to GAPDH, relative to DMSO treated control CSS cells set to 1. 

Values were then plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated 

differences: ns = non-significant, **= p≤ 0.01, **** = p≤ 0.0001. Data shown represents 

three independent biological replicates completed in triplicate. CSS, charcoal stripped 

serum; DHT, dihydrotestosterone; con-A, concanamycin-A; PSA, prostate specific 

antigen. 

 

A B
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Figure 4-4. Expression of downstream AR target genes in LNCaP cells following 
treatment with 1 nM DHT and/or 10 nM concanamycin-A  
LNCaP cells were treated for 24 hours with either 1 nM DHT, 10 nM con-A or both. RT-

qPCR analysis was undertaken to assess mRNA levels of (A) PSA and (B) TMPRSS2 

and were normalised to GAPDH, relative to DMSO treated control CSS cells set to 1. 

Values were then plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated 

differences: ns = non-significant, **** = p≤ 0.0001. Data shown represents three 

independent biological replicates completed in triplicate. CSS, charcoal stripped serum; 

DHT, dihydrotestosterone; con-A, concanamycin-A; PSA, prostate specific antigen. 

 

A B
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4.3.1.4 Investigating the expression of AR signalling associated proteins after 
chemical V-ATPase inhibition in LNCaP cells 

After investigating the response of downstream AR targets at the transcript level, the next 

stage was to measure the effect of V-ATPase inhibition on AR and PSA protein levels. 

LNCaP cells were cultured in CSS media for 24 hours and cells were then treated with 

either 10 nM baf-A1 or 10 nM con-A with or without 1 nM DHT. Cells were harvested after 

24 hours of treatment and protein levels were measured using western blotting with 

antibodies specific for AR, PSA and β-Actin. TMPRSS2 protein levels were not assessed 

due to a lack of suitable antibodies.  

The AR was stimulated with 1 nM DHT, which led to an increase in AR and PSA 

expression compared to the hormone depleted cells (Figure 4-5 A). When the cells were 

treated with 10 nM baf-A1 without DHT, there was a small decrease in AR protein 

expression but a large increase in PSA expression (lane 4 vs lane 2). Furthermore, when 

baf-A1 treatment was combined with hormonal stimulation there was a greater decrease 

in AR expression. Interestingly, despite the relative reduction in PSA mRNA, expression of 

PSA protein was not clearly downregulated in baf-A1+DHT treated cells compared to DHT 

only treated cells. Moreover, the PSA band on the western blot was slightly blurred after 

baf-A1+DHT treatment.  

To validate the results observed with baf-A1 treatment, LNCaP cells were treated with 10 

nM con-A (Figure 4-5 B). Con-A is a more potent inhibitor than baf-A1 (19) but results 

were expected to be similar. Again, cells treated with con-A without DHT had a decrease 

in AR expression (lane 4 vs lane 2), which was greater upon stimulation with the hormone 

(lane 5 vs 3). This reduction in AR expression was larger than seen with baf-A1 treatment, 

supporting the increase in expected compound potency with con-A. Similarly to Figure 4-5 

A, the reduction in AR expression was not clearly associated with a reduction in PSA 

protein levels.  

Despite the differences in potency between the inhibitors on PSA expression, both clearly 

had an impact on AR expression, which agrees with what has been previously published 

(2). This meant that LNCaP cells could be the primary model for studying V-ATPase 

inhibition in hormone sensitive PCa cells. 
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Figure 4-5. PSA and AR expression in LNCaP cells following treatment with 10 nM bafilomycin-A1 or concanamycin-A 
LNCaP cells were treated for 24 hours with either (A) 1 nM DHT, 10 nM baf-A1, both or (B) 1 nM DHT, 10 nM con-A, both. A control LNCaP sample was 

included and was maintained in RPMI. Protein expression was measured using western blotting and cells were probed against AR, PSA and β-Actin. Blot is 

representative of three individual experiments. Densitometry data of AR (Ai and Bi) and PSA (Aii and Bii) normalised to β-Actin, relative to DMSO treated 

control CSS cells set to 1. Values were plotted using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests were 

used to generate P values and detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01. C, control; CSS, 

charcoal stripped serum; DHT, dihydrotestosterone; baf-A1, bafilomycin-A1; con-A, concanamycin-A; PSA, prostate specific antigen; AR, androgen 

receptor. 
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4.3.1.5 Investigating the expression of AR downstream target genes after 
chemical V-ATPase inhibition in DuCaP cells 

As the LNCaP cell line contains the AR-T878A mutation, which increases AR ligand 

promiscuity (337), it was necessary to extend results in a cell line expressing the wild-type 

AR. DuCaP cells were treated with 10 nM baf-A1 (Figure 4-6) or 10 nM con-A (Figure 4-7) 

with or without 1 nM DHT for 24 hours. The RNA levels of AR downstream targets, PSA 

and TMPRSS2, were measured using RT-qPCR and were normalised to the 

housekeeping gene GAPDH. Values were then presented relative to the DMSO treated 

CSS cells and fold changes were calculated using the ΔΔCt method. 

Similarly to the LNCaP results, 1 nM DHT treatment significantly increased both PSA and 

TMPRSS2 transcript expression (Figure 4-6). In the presence of DHT, baf-A1 treatment 

significantly reduced PSA mRNA expression levels compared to the DHT alone treated 

cells (Figure 4-6 A). Furthermore, TMPRSS2 was also significantly reduced with baf-A1 

treatment in the presence of DHT (Figure 4-6 B). Again, treatment with baf-A1 only did not 

significantly reduce PSA or TMPRSS2 expression without DHT, supporting the 

requirement of androgenic stimulation for a V-ATPase mediated reduction in AR 

signalling. 

As with baf-A1, con-A treatment significantly reduced PSA expression in the presence of 

DHT, but not in the absence of DHT (Figure 4-7 A). Con-A and DHT treatment also led to 

a statistically significant reduction in TMPRSS2 levels compared to DHT alone treated cell 

(Figure 4-7 B). This result shows that AR signalling in DuCaP cells may be more sensitive 

to con-A mediated inhibition than LNCaP cells, in which TMPRSS2 expression was not 

significantly reduced with con-A treatment (Figure 4-4 B). 
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Figure 4-6. Expression of downstream AR target genes in DuCaP cells following 
treatment with 1 nM DHT and/or 10 nM bafilomycin-A1 
DuCaP cells were treated for 24 hours with either 1 nM DHT, 10 nM baf-A1 or both. RT-

qPCR analysis was undertaken to assess mRNA levels of (A) PSA and (B) TMPRSS2 

and were normalised to GAPDH, relative to DMSO treated control CSS cells set to 1. 

Values were then plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated 

differences: * = p≤ 0.05, **** = p≤ 0.0001. Data shown represents three independent 

biological replicates completed in triplicate. CSS, charcoal stripped serum; DHT, 

dihydrotestosterone; baf-A1, bafilomycin-A1; PSA, prostate specific antigen. 

 

A B
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Figure 4-7. Expression of downstream AR target genes in DuCaP cells following 
treatment with 1 nM DHT and/or 10 nM concanamycin-A 
DuCaP cells were treated for 24 hours with either 1 nM DHT, 10 nM con-A or both. RT-

qPCR analysis was undertaken to assess mRNA levels of (A) PSA and (B) TMPRSS2 

and were normalised to GAPDH, relative to DMSO treated control CSS cells set to 1. 

Values were then plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated 

differences: ns = non-significant, **** = p≤ 0.0001. Data shown represents three 

independent biological replicates completed in triplicate. CSS, charcoal stripped serum; 

DHT, dihydrotestosterone; con-A, concanamycin-A; PSA, prostate specific antigen. 

 

A B
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4.3.1.6 Investigating the expression of AR signalling associated proteins after 
chemical V-ATPase inhibition in DuCaP cells 

The results from 4.3.1.5 showed that chemical V-ATPase inhibition reduced the 

expression of downstream AR signalling targets in the AR-WT DuCaP cells. As with the 

LNCaP cells (4.3.1.4), it was important to investigate the protein levels of the AR and 

downstream targets in response to baf-A1 and con-A treatment. Therefore, DuCaP cells 

were cultured in CSS media for 24 hours, prior to treatment with either 10 nM baf-A1 or 10 

nM con-A with or without 1 nM DHT.  

Figure 4-8 (A) shows that there was an increase in AR and PSA expression in DHT 

treated cells compared to CSS DMSO treated cells, indicating that the AR was sensitive to 

androgenic stimulation. Again, despite the relative reduction in PSA mRNA, expression of 

PSA protein was not downregulated in baf-A1+DHT treated cells compared to DHT only 

treated cells. Conversely, Con-A treatment showed a reduction of AR protein levels, 

compared to baf-A1, without 1 nM DHT stimulation (Figure 4-8 B). In the presence of 

DHT, con-A treatment resulted in a reduction of AR expression (lane 5 vs lane 3).Similarly 

to what was seen with baf-A1 treatment, PSA expression was increased upon con-A 

treatment compared to the CSS control (lane 4 vs lane 2).  
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Figure 4-8. PSA and AR expression in DuCaP cells following treatment with 10 nM bafilomycin-A1 or concanamycin-A 
DuCaP cells were treated for 24 hours with either (A) 1 nM DHT, 10 nM baf-A1, both or (B) 1 nM DHT, 10 nM con-A, both. A control DuCaP sample was 

included and was maintained in RPMI. Protein expression was measured using western blotting and cells were probed against AR, PSA and β-Actin. Blot is 

representative of three individual experiments. Densitometry data of AR (Ai and Bi) and PSA (Aii and Bii) normalised to β-Actin, relative to DMSO treated 

control CSS cells set to 1. Values were plotted using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests were 

used to generate P values and detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05. C, control; CSS, charcoal 

stripped serum; DHT, dihydrotestosterone; baf-A1, bafilomycin-A1; con-A, concanamycin-A; PSA, prostate specific antigen; AR, androgen receptor. 
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4.3.1.7 Measuring the transcript expression of AR downstream targets after 
combining V-ATPase inhibition with AR antagonism in LNCaP cells 

Having confirmed V-ATPase inhibition led to a reduction in AR signalling in hormone 

sensitive prostate cancer cell lines LNCaP and DuCaP, the next step was to investigate 

what effect combining V-ATPase inhibition with an existing antiandrogen treatment would 

have on AR signalling. Enzalutamide is an AR antagonist which blocks the binding of 

androgens such as DHT to the ligand binding domain and therefore prevents androgen-

dependent stimulation of the AR (342).   

LNCaP cells were treated with 1 nM DHT, 10 µM enzalutamide, 10 nM baf-A1 or a 

combination of each for 24 hours. The mRNA levels of AR downstream targets, PSA and 

TMPRSS2, were then measured using RT-qPCR and were normalised to the 

housekeeping gene, GAPDH.  

Firstly, CSS only DMSO treated cells were used as a negative control whilst DHT treated 

cells were used as a positive control for activation of the AR pathway. Figure 4-9 (A) 

shows that 1 nM DHT significantly increased PSA mRNA expression, indicating induction 

of the AR signalling pathway. In the presence of DHT, enzalutamide significantly reduced 

PSA expression compared to DHT only treated cells, which shows that enzalutamide was 

successfully antagonising AR activity. Furthermore, in agreement with previous results 

(Figure 4-3), baf-A1 with DHT significantly reduced PSA expression levels compared to 

the DHT alone treated cells. Most importantly, the combination of enz and baf-A1 with 

DHT had the greatest reduction in PSA expression, resulting in a fold change lower than 

cells cultured in CSS media. Without androgenic stimulation, enzalutamide, baf-A1 and 

the combination of both did not reduce PSA expression compared to the CSS only cells.  

As with PSA, DHT significantly increased TMPRSS2 mRNA levels, which was reduced 

with enzalutamide treatment (Figure 4-9 B). Treatment with baf-A1 and DHT led to a 

reduction in TMPRSS2 expression compared to DHT only treated cells, supporting what 

was observed with PSA. Finally, the combination of enzalutamide with baf-A1 and DHT 

significantly reduced TMPRSS2 expression compared to the DHT only treated cells. 
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Figure 4-9. Expression of downstream AR target genes in LNCaP cells following 
treatment with 1 nM DHT, 10 nM bafilomycin-A1, 10 μM enzalutamide or a 
combination of each 
LNCaP cells were treated for 24 hours with either 1 nM DHT, 10 nM baf-A1, 10 μM enz or 

a combination of each. RT-qPCR analysis was undertaken to assess mRNA levels of (A) 

PSA and (B) TMPRSS2 and were normalised to GAPDH, relative to DMSO treated control 

CSS cells set to 1. Values were then plotted using GraphPad Prism 7 and are displayed 

as mean values ± standard deviation. Two-way ANOVA with Tukey’s multiple comparison 

post-hoc test was used to generate P values and detect the statistical significance of the 

indicated differences: **** = p≤ 0.0001. Data shown represents three independent 

biological replicates completed in triplicate. CSS, charcoal stripped serum; DHT, 

dihydrotestosterone; enz, enzalutamide; baf-A1, bafilomycin-A1; PSA, prostate specific 

antigen. 
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4.3.1.8 Combining V-ATPase inhibition with AR antagonism in LNCaP cells 

After measuring AR downstream target transcript expression in response to the 

combination of enzalutamide and V-ATPase inhibition, the next step was to investigate AR 

protein expression.   

LNCaP cells were treated with either 1 nM DHT, 10 µM enzalutamide, 10 nM bafilomycin-

A1 or a combination of each for 24 hours. Figure 4-10 shows cells treated with 

enzalutamide and DHT had a large reduction in AR protein expression compared to DHT 

only treated cells (lane 6 vs lane 3). This reduction in AR expression was also mirrored in 

the reduction of PSA expression, confirming that enzalutamide was effectively 

antagonising AR activity at the protein level. In addition, baf-A1 with DHT treatment (Lane 

7) substantially reduced AR expression compared to DHT only treated cells (lane 3). 

Again, PSA expression was increased and the western blot band appeared to be blurred, 

which is supportive of previous results (Figure 4-5 and Figure 4-8). The combination of 

baf-A1 and enzalutamide with DHT (Lane 9) showed the greatest reduction in AR 

expression compared to the DHT only treated cells (Lane 3). PSA expression was also 

reduced with combinatorial treatment compared to DHT only cells, suggesting that 

enzalutamide could overcome the V-ATPase inhibition induced increase in PSA 

expression. 

Without DHT stimulation, both enzalutamide (lane 4) and baf-A1 (lane 5) did not reduce 

AR expression compared to CSS only cells (lane 2). Furthermore, enzalutamide alone did 

not reduce PSA expression and baf-A1 led to a small increase. Interestingly, without the 

addition of DHT, the combination of enzalutamide and baf-A1 (lane 8) had an additive 

effect on AR expression, resulting in a greater reduction than CSS only cells (lane 2). This 

suggests that in hormone depleted patients, combining V-ATPase inhibitors with 

antiandrogens may reduce AR signalling, and therefore potentially reduce AR driven 

cancer growth.  

These results are supportive of the reductions in AR activity observed with combination 

treatment at the transcript level (Figure 4-9). Taken together, they suggest that V-ATPase 

inhibition may be more effective at reducing AR activity when combined with existing 

antiandrogens, providing further evidence for an androgenic link between the AR and V-

ATPase. 
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Figure 4-10. AR and PSA expression in LNCaP cells following treatment with 1 nM 
DHT, 10 nM bafilomycin-A1, 10 μM enzalutamide or a combination of each 
LNCaP cells were treated for 24 hours with either 1 nM DHT, 10 nM baf-A1, 10 μM enz or 

a combination of each. A control LNCaP sample was included and was maintained in 

RPMI. Protein expression was measured using western blotting and cells were probed 

against AR, PSA and β-Actin. Blot is representative of three individual experiments. 

Densitometry data of AR (Ai) and PSA (Aii) normalised to β-Actin, relative to DMSO 

treated control CSS cells set to 1. Values were plotted using GraphPad Prism 7 and are 

displayed as mean values ± standard deviation. Student’s T-Tests were used to generate 

P values and detect the statistical significance of the indicated differences: ns = non-

significant, * = p≤ 0.05, ** = p≤ 0.01. C, control; CSS, charcoal stripped serum; DHT, 

dihydrotestosterone; enz, enzalutamide; baf-A1, bafilomycin-A1; PSA, prostate specific 

antigen; AR, androgen receptor. 
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4.3.2 Role of V-ATPase dysregulation in AR splice variants 

4.3.2.1 Effect of V-ATPase inhibition on AR splice variant activity  

Having demonstrated a link between AR signalling and V-ATPase in hormone sensitive 

prostate cancer cells (i.e. AR wild-type or AR-T878A in LNCaP cells), the next stage was 

to investigate whether V-ATPase inhibition would disrupt AR signalling in cells with AR 

alterations such as splice variants and point mutations. AR-V7 (Figure 1-13) is the most 

clinically relevant known splice variant that has constitutive activation of AR signalling, 

despite the loss of the ligand binding site (288, 336). The AR-Q641X variant (Figure 1-13) 

has similar ligand independent AR transactivational activity to that of AR-V7 and also acts 

to bypass the requirement of endogenous hormonal stimulation (335). Splice variants are 

found in CRPC patients and can be used as models to study advanced staged cancer 

(288). The AR-V7 and AR-Q641X expression plasmids were a kind gift from Jocelyn 

Ceraline, University of Strasbourg. 

The reporter assay system (as described in 4.3.1.2) was used to measure AR-V7 and AR-

Q641X activity in response to baf-A1 and con-A treatment. Firstly, the AR-V7 splice 

variant independently induced AR activity, without the requirement of DHT, to a much 

larger extent than the AR-WT (Figure 4-11). There was a 20-fold induction of ARE activity 

compared to the AR-WT using only DMSO, and there was no statistically significant effect 

of DHT on the AR-V7 activity. Similar to the AR-WT, 5 nM baf-A1 treatment significantly 

reduced AR transactivation (Figure 4-11 A). Furthermore, 10 nM baf-A1 was sufficient to 

reduce the AR-V7 activity to below DHT stimulated AR-WT levels. In agreement with this, 

con-A treatment also significantly reduced AR-V7 activity with 1.25 nM treatment (Figure 

4-11 B). Therefore, both inhibitors were effective at reducing AR-V7 splice variant 

transactivation. 

To extend the AR-V7 splice variant results the AR-Q641X variant was also investigated. 

Again, ARE activity was over 20-fold higher compared to the AR-WT, without the 

requirement of DHT stimulation (Figure 4-12). As with AR-V7, baf-A1 (Figure 4-12 A) and 

con-A (Figure 4-12 B) both significantly reduced ARE activation at nanomolar 

concentrations.  
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Figure 4-11. Measuring the effect of bafilomycin-A1 and concanamycin-A on AR-V7 activity using firefly luciferase 
HeK-293 cells were transfected with the androgen response element (ARE) reporter plasmid and wild-type AR or AR-V7 expression vectors along with a 

Renilla luciferase vector. The cells were cultured in CSS media and treated with 1 nM DHT and indicated concentrations of (A) baf-A1 or (B) con-A for 24 

hours. Luciferase activity was determined and firefly luciferase values were normalised to negative DMSO control cells set to 1. Values were then plotted 

using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated differences: ns = non-significant, **** = p≤ 0.0001. Data shown represents 

three independent replicates completed in triplicate. AR, androgen receptor; WT, wild-type; V7, variant 7; DMSO, solvent control; DHT, 

dihydrotestosterone; baf-A1, bafilomycin-A1; con-A, concanamycin-A. 

A B
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Figure 4-12. Measuring the effect of bafilomycin-A1 and concanamycin-A on AR-Q641X activity using firefly luciferase 
HeK-293 cells were transfected with the androgen response element (ARE) reporter plasmid and wild-type AR or AR-Q641X expression vectors along with 

a Renilla luciferase vector. The cells were cultured in CSS media and treated with 1 nM DHT and indicated concentrations of (A) baf-A1 or (B) con-A for 24 

hours. Luciferase activity was determined and firefly luciferase values were normalised to negative DMSO control cells set to 1. Values were then plotted 

using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated differences: ns = non-significant, **** = p≤ 0.0001. Data shown represents 

three independent replicates completed in triplicate. AR, androgen receptor; WT, wild-type; DMSO, solvent control; DHT, dihydrotestosterone; baf-A1, 

bafilomycin-A1; con-A, concanamycin-A. 

A B
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4.3.2.2 Role of V-ATPase and AR splice variant signalling in PCa cell lines 

The results from the reporter assays revealed that V-ATPase inhibition could reduce AR 

transactivation in cells with AR splice variants. However, the results were generated using a 

heterologous expression system so further investigation was required. 

The 22Rv1 cell line expresses both AR-WT and the AR-V7 splice variant making it an excellent 

model to study endogenous mutant AR expression (343). 22Rv1 cells were cultured in RPMI for 24 

hours before a further 24 hours in CSS media (Figure 4-13). As 22Rv1 cells contain the splice 

variant they are only weakly stimulated by DHT but they were cultured in hormone depleted media 

(CSS) to reduce any interference of endogenous androgens. The cells were treated for 24 hours 

with 10 nM baf-A1 and/or 1 nM DHT (Figure 4-13).  

RNA expression was measured using RT-qPCR and it was found that there was no statistically 

significant PSA induction with DHT stimulation compared to CSS control cells (Figure 4-13 A). Baf-

A1 treatment led to significant reduction in PSA expression both with and without the addition of 

DHT. This same pattern was observed with TMPRSS2 expression (Figure 4-13 B), showing that 

downstream AR signalling was altered at the RNA level in 22Rv1 cells. 

Figure 4-14 shows that the protein expression of AR-WT (full length) and AR-V7 was largely 

unchanged with different hormonal environments (lanes 1-3), which is supportive of the reporter and 

RT-qPCR data. There was a slight reduction in both AR-WT and AR-V7 expression with baf-A1 

treatment (lane 4 vs lane 2), which was mirrored with DHT co-treatment (lane 5 vs lane 3).  

.
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Figure 4-13. Expression of AR downstream target genes in 22Rv1 cells following treatment 
with 1 nM DHT and/or 10 nM bafilomycin-A1 
22Rv1 cells were treated for 24 hours with either 1 nM DHT, 10 nM baf-A1 or both. RT-qPCR 

analysis was undertaken to assess mRNA levels of (A) PSA and (B) TMPRSS2 and were 

normalised to GAPDH, relative to DMSO treated control CSS cells set to 1. Values were then plotted 

using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Two-way ANOVA 

with Tukey’s multiple comparison post-hoc test was used to generate P values and detect the 

statistical significance of the indicated differences: *** = p≤ 0.001, **** = p≤ 0.0001. Data shown 

represents three independent biological replicates completed in triplicate. C, control; CSS, charcoal 

stripped serum; DHT, dihydrotestosterone; baf-A1, bafilomycin-A1; PSA, prostate specific antigen. 

 

A B
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Figure 4-14. PSA and AR expression in 22Rv1 cells following treatment with 10 nM 
bafilomycin-A1  
22Rv1 cells were treated for 24 hours with 1 nM DHT, 10 nM baf-A1 or both. A control 22Rv1 

sample was included and was maintained in RPMI. Protein expression was measured using western 

blotting and cells were probed against AR, PSA and β-Actin. Blot is representative of three individual 

experiments. Densitometry data of AR (Ai), AR-V7 (Aii) and PSA (Aiii) normalised to β-Actin, relative 

to DMSO treated control CSS cells set to 1. Values were plotted using GraphPad Prism 7 and are 

displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values 

and detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05. 

C, control; CSS, charcoal stripped serum; DHT, dihydrotestosterone; baf-A1, bafilomycin-A1; PSA, 

prostate specific antigen; AR, androgen receptor; AR-V7, variant 7. 
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4.3.3 Determining the effect of V-ATPase inhibition on AR signalling in cells 
with AR point mutations 

4.3.3.1 Using the reporter assay system to investigate the impact of V-ATPase 
inhibition on AR-F877L activity 

Androgen receptor splice variants are not the only clinically relevant AR aberrations found 

in prostate cancer. Point mutations have been found to alter the characteristics of the AR 

leading to a range of different clinical consequences including acquired drug resistance. 

One such point mutation is the AR-F877L mutation in which phenylalanine is substituted 

for leucine at position 877 in the ligand binding domain of the AR. This is a mutational 

hotspot found in a number of different primary tumours and confers an antagonist to 

agonist switch of enzalutamide (344, 345).  

Using the reporter system previously described in 4.3.1.2, HeK-293 cells were transfected 

with an AR DNA expression vector containing the AR-F877L mutation or the AR-WT as a 

control (Figure S 8-12). To test that the mutation did confer an enzalutamide antagonist to 

agonist switch, the transfected cells were treated with DMSO (solvent control), 1 nM DHT, 

10 μM enzalutamide or both DHT and enzalutamide for 24 hours (Figure S 8-13). As 

expected, the AR-WT cells did not have an increase in ARE activation with the 

enzalutamide only treatment.  However, the cells containing the AR-F877L mutant 

expression vector did have a statistically significant increase with enzalutamide treatment 

compared to the DMSO negative control.  

Having demonstrated that the mutation did confer the enzalutamide antagonist to agonist 

switch, the reporter system was used with baf-A1 and con-A. HeK-293 cells were again 

transfected with the AR-F877L expression vector or the AR-WT vector along with ARE 

and Renilla vectors. After 24 hours post-transfection the cells were treated with DMSO, 1 

nM DHT and a range of concentrations of either baf-A1 (Figure 4-15 A) or con-A (Figure 

4-15 B) for 24 hours.  

DHT treatment significantly increased ARE activity in both the AR-WT transfected cells 

and the AR-F877L cells to a similar level compared to the negative control (DMSO) 

(Figure 4-15). Baf-A1 treatment led to a significant reduction in ARE activity at 20 and 10 

nM in the F877L cells (Figure 4-15 A). In agreement with the AR-WT results (Figure 4-2) 

5, 2.5 and 1.25 nM con-A was sufficient to significantly reduce F877L transactivation 

(Figure 4-15 B). 
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Figure 4-15. Measuring the effect of bafilomycin-A1 and concanamycin-A on AR-F877L activity using firefly luciferase 
HeK-293 cells were transfected with the androgen response element (ARE) reporter plasmid and wild-type AR or AR-F877L expression vectors along with 

a Renilla luciferase vector. The cells were cultured in CSS media and treated with 1 nM DHT and indicated concentrations of (A) baf-A1 or (B) con-A for 24 

hours. Luciferase activity was determined and firefly luciferase values were normalised to negative DMSO control cells set to 1. Values were then plotted 

using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated differences: **** = p≤ 0.0001. Data shown represents three independent 

replicates completed in triplicate. AR, androgen receptor; WT, wild-type; DMSO, solvent control; DHT, dihydrotestosterone; baf-A1, bafilomycin-A1; con-A, 

concanamycin-A. 
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4.3.3.2 Effect of V-ATPase inhibition on expression of downstream AR target 
genes in in LNCaP cells with inducible F877L/T878A mutations 

The data collected from the reporter assays indicated that V-ATPase inhibition effectively 

reduced AR activity in the mutant AR-F877L HeK-293 cells. As with the splice variants in 

4.3.2, the reporter system needed further validation in cell lines. To model the AR-F877L 

mutation, LNCaP cells containing the AR-F877L/T878A double mutant and vector only 

control LNCaP cells were kindly donated from Jocelyn Ceraline, University of Strasbourg 

(277). The AR-F877L/T878A mutation could be induced in the cells using doxycycline as 

part of the Tet-On gene expression system (277, 346). Vector only control cells were 

included in experiments as a comparison for the AR-F877L/T878A double mutant cells. 

The AR-F877L/T878A inducible double mutant LNCaP cell line was selected to model the 

AR-F877L mutation as the results could be directly compared to LNCaP vector only 

control cells, which only expressed the AR-T878A mutant.  

Both the AR-F877L/T878A and LNCaP vector control cells were cultured in tetracycline-

free RPMI for 24 hours before a further 96 hours in CSS media. This was to ensure that 

induction of the mutation could be controlled without endogenous interference. 

Furthermore, to effectively induce the AR mutation, cells were treated with 2 μM 

doxycycline for 72 hours. After 72 hours, 1 nM DHT, 10 μM enzalutamide, 10 nM baf-A1 

or a combination of each was added to cells for 24 hours. RNA expression levels were 

then measured using RT-qPCR. 

In  the LNCaP vector only control cells, PSA expression was not significantly increased at 

the transcript level after enzalutamide only treatment compared to CSS control cells 

(Figure 4-16 A). As with non-mutant LNCaP cells (Figure 4-3), enzalutamide with DHT 

effectively reduced PSA and TMPRSS2 expression compared to DHT only cells, 

indicating that enzalutamide was antagonising AR activity. Furthermore, baf-A1 and DHT 

treatment significantly reduced PSA and TMPRSS2 mRNA levels compared to DHT only 

treated cells, which was further reduced with the addition of enzalutamide (Figure 4-16).  

LNCaP cells with induced AR-F877L/T878A mutations had a significant increase in PSA 

(Figure 4-17 A) and TMPRSS2 (Figure 4-17 B) expression following treatment with 

enzalutamide compared to CSS only control cells This showed that enzalutamide was 

acting as an agonist at the transcript level and that the AR-F877L mutation had been 

sufficiently induced by the doxycycline treatment. Baf-A1 treatment resulted in a 

statistically significant reduction of PSA and TMPRSS2 expression compared to DHT only 

cells. The reduction of PSA mRNA with baf-A1 treatment again provides evidence for AR 

signalling disruption due to V-ATPase inhibition. Interestingly, when baf-A1 was combined 
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with enzalutamide in the presence of DHT, PSA levels were significantly reduced to a 

similar level of DHT only treated cells. Thus indicating baf-A1 could negate the increase in 

PSA expression due to enzalutamide-induced AR-F877L AR activity.  

Compared to CSS only treated cells, baf-A1 treatment alone led to a decrease in both 

PSA and TMPRSS2 expression in the AR-F877L mutant cells (Figure 4-17). Additionally, 

without androgenic stimulation, the combination of enzalutamide and baf-A1 substantially 

reduced PSA and TMPRSS2 expression compared to enzalutamide only cells, again 

providing evidence that baf-A1 could potentially re-sensitize patients with enzalutamide 

resistance. 
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Figure 4-16. Expression of downstream AR target genes in LNCaP vector only 
control cells following treatment with 1 nM DHT, 10 nM bafilomycin-A1, 10 μM 
enzalutamide or a combination of each 
LNCaP vector control cells were treated with 2 μM doxycycline for 72 hours to allow 

sufficient AR gene expression. A control sample was also included, which was maintained 

in RPMI and treated with an equivalent concentration of DMSO for 24 hours prior to cell 

harvest. The cells were treated for 24 hours with either 1 nM DHT, 10 nM baf-A1, 10 μM 

enz or a combination of each. RT-qPCR analysis was undertaken to assess mRNA levels 

of (A) PSA and (B) TMPRSS2 and were normalised to GAPDH, relative to DMSO treated 

control CSS cells set to 1. Values were then plotted using GraphPad Prism 7 and are 

displayed as mean values ± standard deviation. Two-way ANOVA with Tukey’s multiple 

comparison post-hoc test was used to generate P values and detect the statistical 

significance of the indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01, *** 

= p≤ 0.001, **** = p≤ 0.0001, Two-way ANOVA. Data shown represents two independent 

biological replicates completed in triplicate. C, control; CSS, charcoal stripped serum; 

DHT, dihydrotestosterone; enz, enzalutamide; baf-A1, bafilomycin-A1; PSA, prostate 

specific antigen. 
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Figure 4-17. Expression of downstream AR target genes in LNCaP F877L/T878A 
double mutant cells following treatment with 1 nM DHT, 10 nM bafilomycin-A1, 10 
μM enzalutamide or a combination of each 
LNCaP cells containing the F877L/T878A double AR mutations were treated with 2 μM 

doxycycline for 72 hours to allow sufficient mutant AR gene expression. A control sample 

was also included, which was maintained in RPMI and treated with an equivalent 

concentration of DMSO for 24 hours prior to cell harvest. The cells were treated for 24 

hours with either 1 nM DHT, 10 nM baf-A1, 10 μM enz or a combination of each. RT-

qPCR analysis was undertaken to assess mRNA levels of (A) PSA and (B) TMPRSS2 

and were normalised to GAPDH, relative to DMSO treated control CSS cells set to 1. 

Values were then plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated 

differences: **** = p≤ 0.0001, Two-way ANOVA. Data shown represents two independent 

biological replicates completed in triplicate. C, control; CSS, charcoal stripped serum; 

DHT, dihydrotestosterone; enz, enzalutamide; baf-A1, bafilomycin-A1; PSA, prostate 

specific antigen. 
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4.3.3.3 Effect of V-ATPase inhibition on AR signalling associated proteins in 
LNCaP cells with inducible F877L/T878A mutations 

Similarly to 4.3.3.2, both the AR-F877L/T878A and vector LNCaP cells were cultured in 

tetracycline-free RPMI for 24 hours before a further 96 hours in CSS media, and were 

treated with 2 μM doxycycline for 72 hours. After 72 hours, 1 nM DHT, 10 μM 

enzalutamide, 10 nM baf-A1 or a combination of each was added to cells for 24 hours 

(Figure 4-18).  

Figure 4-18 (A) shows that in the LNCaP vector only control cells, enzalutamide did not 

increase AR or PSA expression compared to CSS control cells (lane 4 vs lane 2). 

Additionally, as expected, enzalutamide did reduce AR and PSA expression in the 

presence of DHT (lane 5 vs lane 3). Baf-A1 treatment reduced AR expression with DHT 

co-treatment (lane 7 vs lane 3) and had the greatest reduction in both AR and PSA 

expression when combined with enzalutamide (lane 9 vs lane 3). This data is supportive 

of what was observed previously in LNCaP cells (4.3.1.8). 

In comparison, Figure 4-18 (B) shows that the AR-F877L/T878A mutant cells had the 

same response to androgen as the vector only control cells, as the CSS media reduced 

AR and PSA expression, whilst DHT stimulation increased AR and PSA expression 

(Figure 4-18 A vs B lanes 1 – 3). Enzalutamide only treatment led to an increase in both 

AR and PSA levels compared to the CSS control cells (lane 4 vs lane 2). This 

demonstrated that the AR-F877L mutation was effectively switching enzalutamide from an 

antagonist to an agonist, supporting what was observed in the reporter assay (Figure 

4-15).  

Baf-A1 and DHT treated cells had lower AR expression than DHT alone treated cells (lane 

7 vs lane 3) but had an increase in PSA expression, accompanied by a blurring of the 

PSA band. Furthermore, AR expression was lowest when baf-A1 and enzalutamide were 

added with DHT, resulting in lower expression levels than in cells cultured in CSS only 

(lane 9 vs lane 2). The PSA expression in cells treated with both baf-A1 and enzalutamide 

with DHT was greater than that of DHT or baf-A1 and DHT treated cells (lane 9 vs lanes 3 

and 7). This shows that enzalutamide was acting as an agonist to stimulate AR signalling, 

increasing the downstream production of PSA.  

When baf-A1 was used without DHT, there was no substantial change in AR expression 

and a slight increase in PSA expression compared to the CSS only cells (lane 6 vs lane 

2). Combining baf-A1 with enzalutamide without androgenic induction, led to a slight 

reduction in AR expression compared to enzalutamide only treated cells, but an increase 

in PSA expression (lane 8 vs lane 4).  
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Figure 4-18. AR and PSA expression in LNCaP vector only cells and LNCaP F877L/T878A cells 
following treatment with 1 nM DHT, 10 nM bafilomycin-A1, 10 μM enzalutamide or a 
combination of each 
LNCaP cells containing (A) the empty vector only or (B) the F877L/T878A double AR mutation were 

grown in tetracycline-free RPMI media for 24 hours, followed by a further 96 hours of growth in CSS 

media, and were treated with 2 μM doxycycline for 72 hours. The cells were treated for 24 hours with 

either 1 nM DHT, 10 nM baf-A1, 10 μM enz or a combination of each. A control LNCaP sample was 

included and was maintained in RPMI. Protein expression was measured using western blotting and 

cells were probed against AR, PSA and β-Actin. Blot is representative of three individual experiments. 

Densitometry data of AR (Ai and Bi) and PSA (Aii and Bii) normalised to β-Actin, relative to DMSO 

treated control CSS cells set to 1. Values were plotted using GraphPad Prism 7 and are displayed as 

mean values ± standard deviation. Student’s T-Tests were used to generate P values and detect the 

statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05. C, control; CSS, 

charcoal stripped serum; DHT, dihydrotestosterone; enz, enzalutamide; baf-A1, bafilomycin-A1; PSA, 

prostate specific antigen; AR, androgen receptor. 
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4.4 Summary of findings 

The primary aim of this section was to investigate whether chemical V-ATPase inhibition 

dysregulates AR activity regardless of AR mutational status. The key findings were as 

follows: 

• V-ATPase inhibition using baf-A1 and con-A reduced wild-type AR transactivation 

in the reporter assay model at concentrations that were not cytotoxic 

• V-ATPase inhibition reduced downstream AR target expression at the transcript 

level in hormone sensitive LNCaP and DuCaP cell lines. 

• Combining baf-A1 with enzalutamide led to a greater reduction in AR target 

expression than enzalutamide alone 

• AR-V7 and AR-Q641X splice variant activity was significantly reduced with V-

ATPase inhibition despite androgenic independence   

• Baf-A1 and con-A treatment resulted in a reduction in PSA and TMPRSS2 mRNA 

levels and PSA and AR protein levels in 22Rv1 cells 

• V-ATPase inhibition caused a reduction in AR-F877L mutant AR transactivation 

• V-ATPase inhibition also reduced AR target expression at the transcript and 

protein level in AR-F877L/T878A double mutant LNCaP cells 

Overall, the results support the hypothesis that V-ATPase is relevant to the AR in models 

of clinically relevant CRPC states as well as the prior evidence that it impacts on AR WT. 

4.5 Discussion 

4.5.1 V-ATPase inhibition in androgen sensitive PCa models 

One of the key aims of the project was to first establish the effect of chemical V-ATPase 

inhibition on AR signalling in androgen sensitive PCa cells. Androgen sensitivity is a 

characteristic of early stage PCa as the AR is dependent on androgen for stimulation to 

drive cancer growth. The reporter assay system was an extremely useful tool for studying 

the effect of V-ATPase inhibition on AR activity due to the fact that it was an isolated 

system. By transfecting the wild-type AR into the AR negative HeK-293 cells I could 

measure the direct effect of chemical inhibition on AR transactivation, which had not been 

shown before. It was found that baf-A1 concentrations as low as 5 nM (Figure 4-2 A), and 

con-A as low as 1.25 nM (Figure 4-2 B), was sufficient to significantly reduce AR-WT 

activity. Previous research groups have demonstrated that AR expression could be 
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reduced with 10 nM con-A (313) but here I have shown concentrations as low as 1.25 nM 

could reduce AR activity without having a cytotoxic effect.  

Building on the results from the reporter assay, I decided to use the V-ATPase inhibitors in 

more complex androgen dependent cell line systems with endogenous AR expression. 

The LNCaP cell line is one of the most well characterised androgen sensitive prostate 

cancer cell lines and was therefore an ideal model to investigate the effects of V-ATPase 

inhibition. I found that V-ATPase inhibition using baf-A1 and con-A at 10 nM reduced the 

expression of downstream AR targets at the transcript level (Figure 4-3 and Figure 4-4). 

At the protein level, V-ATPase inhibition also reduced AR expression (Figure 4-5). This is 

in agreement with recently published data which showed that in LNCaP cells, and another 

hormone sensitive line known as LAPC4, concanamycin-A treatment led to a significant 

reduction in AR expression at both protein and RNA level (313). One curious result that 

both I and Michel et al. found was that despite reducing AR protein expression, V-ATPase 

inhibition actually increased protein expression of the downstream target PSA, despite the 

fact that expression was reduced at the transcript level (2). To investigate whether this 

was a cell line specific phenomenon we used the AR-WT DuCaP cell line to validate the 

results. The DuCaP cells were treated with both V-ATPase inhibitors and stimulated with 

DHT to activate AR signalling (Figure 4-6 , Figure 4-7 and Figure 4-8). It was shown that 

AR protein expression was decreased, and that PSA protein expression was again 

increased. This confirmed that the increase in PSA protein expression was not cell line 

specific but that there was a disruption in AR signalling due to V-ATPase inhibition.  

One of the primary functions of V-ATPase is to acidify intracellular vesicles to enable 

functions such as receptor endocytosis and vesicular transport (14, 347). For example, in 

endosomes a V-ATPase controlled reduction in pH causes the release of a ligand and 

recycles it to the plasma membrane. Additionally, the low pH maintained by V-ATPase is 

crucial for the transportation of acid hydrolases to the lysosomes from the Golgi (69). 

Given that this effect was only occurring at the protein level and not at the transcript level, 

it is logical to assume that the increase in PSA protein may be due to the inhibition of 

these key processes. Moreover, as PSA is secreted and TMPRSS2 is not, it is probable 

that this effect may be linked to protein secretion, which occurs via the ER/Golgi pathway. 

V-ATPase inhibition likely disrupts this secretory pathway and causes alkalinisation of 

transport vesicles leading to an accumulation of intracellular PSA. This accumulation of 

PSA might then mask the downregulation of PSA mRNA resulting from V-ATPase 

inhibition. 

Furthermore, many proteins undergo glycosylation in the Golgi, which is an important 

post-translational modification, and mutations in V-ATPase subunits have been linked to 

defective glycosylation resulting in a wrinkly skin disease known as cutis laxia (71). The 
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fact that a reduction in V-ATPase activity and function results in defective protein 

glycosylation may explain why in LNCaP cells the increase in PSA protein expression was 

accompanied by a blurring of the PSA band on the western blot (Figure 4-5 and Figure 

4-10). Glycosylation is important for protein folding due to the attachment of 

polysaccharide chains, and increases protein stability through kinetic and thermodynamic 

stabilizations (348, 349). Therefore if V-ATPase inhibition impairs PSA glycosylation then 

the protein would be less stable, potentially resulting in an altered molecular weight. 

Research published by Michel et al. supports the idea that V-ATPase inhibition impairs 

PSA vesicular transport. They found that baf-A1 treatment resulted in an accumulation of 

PSA loaded vesicles which stained positive for LAMP1 and LAMP2, indicating they were 

of lysosomal nature (2). The absence of acridine orange staining, which is a fluorescent 

dye used to stain acidic vesicles, in baf-A1 treated cells, provides further evidence of 

defective lysosomal acidification (2).  

To further investigate the potential link between V-ATPase and AR signalling I used the 

antiandrogen treatment enzalutamide to antagonize the AR in LNCaP cells. Enzalutamide 

is currently the most widely used antiandrogen treatment for metastatic prostate cancer, 

acting as an AR antagonist by binding to the ligand binding domain (350). It was therefore 

interesting to consider what effect combining V-ATPase inhibition with AR antagonism 

would have on AR signalling. In fact, both AR downstream transcript expression (Figure 

4-9) and AR protein expression (Figure 4-10) were substantially reduced when the two 

treatments were given together in the presence of DHT. Although enzalutamide is 

generally used in metastatic and later-stage PCa, combining it with V-ATPase inhibition 

showed an additive effect with DHT stimulation in a hormone sensitive line. This provides 

some very early stage evidence for the use of a dual-combination therapy as a possible 

cancer treatment. Future work would need to be conducted to ascertain whether the effect 

is just additive or whether it is synergistic. 

4.5.2 Investigating the effect of chemical V-ATPase inhibition on cells 
expressing AR splice variants 

There is already a plethora of effective treatment options available for early stage and 

hormone responsive prostate cancer. However once the cancer become castrate 

resistant, and AR activity becomes independent of androgenic stimulation, treatment 

options become very limited (351), which is partly due to cross-resistance of AR directed 

drugs (352). For this reason it became important to investigate whether V-ATPase 

inhibition would be effective at reducing AR signalling in cells with mutant AR’s. The AR-

V7 splice variant has been detected in over 75% of cases post ADT and had an even 

higher expression following treatment with enzalutamide (288). It is associated with a 
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poorer prognosis and results in a significant survival disadvantage compared to AR-V7 

negative disease (74.3 vs 25.2 months) (288). Using our reporter assay system, it was 

found that V-ATPase inhibition led to a significant reduction in AR-V7 activity, reducing 

ARE activation to DHT stimulated wild-type levels (Figure 4-11). The AR activity observed 

with AR-V7 was substantially higher than that of the AR-WT, which is important to 

consider when assessing the effectiveness of V-ATPase inhibition on AR activity. For 

example, inhibition was only as effective at reducing AR activity as AR-WT cells that had 

been stimulated with DHT, showing that AR activation was still occurring. However, it is 

important to stress that this is a model system and in reality it is likely that AR-V7 is highly 

heterogeneous with differing ratios of AR-WT to AR-V7 (288). Despite this, to show that 

this was not just AR-V7 specific, the same assay was repeated with the AR-Q641X splice 

variant and similar results were obtained (Figure 4-12). The main advantage of using this 

system is that because HeK-293 cells do not express the AR the direct effect of V-ATPase 

inhibition on AR transactivation can be studied without the presence of endogenous AR. 

An obvious limitation of this model is that it may not reflect what occurs naturally in 

cancerous cells. Therefore, we were also able to demonstrate that AR signalling is 

reduced with V-ATPase inhibition in the AR-V7-expressing 22Rv1 cell line (Figure 4-13 

and Figure 4-14). This finding was significant due to the fact that AR-V7 expression is 

highly heterogeneous and even shows different expression levels in metastases from a 

single patient (288). Additionally, only knockdown of AR-V, not full-length AR, was able to 

restore the ability of enzalutamide to reduce cell proliferation in 22Rv1 cells (334), which 

highlights the importance of finding a compound that targets splice variant AR. Therefore, 

not only may V-ATPase represent a novel target that would be effective at reducing AR 

activity in patients expressing AR splice variants, but inhibition may overcome resistance 

to enzalutamide and re-sensitize patients with AR-V’s. 

4.5.3 Effect of V-ATPase inhibition on AR signalling in cells with AR point 
mutations 

As mentioned, AR splice variants are not the only AR alterations found in PCa patients. 

Many AR point mutations have now been characterised in patients with different stages of 

PCa across each of the AR functional domains. To understand the impact of these point 

mutations relevant to my results, they have been characterised on the basis of 

transactivational activity as either loss of function, gain of function or no change from AR-

WT activity with or without DHT binding. Interestingly, loss of function mutations have 

been shown to be more common than gain of function mutations (62% vs 16% 

respectively) and were found to be mainly localised in the ligand-binding domain (353). 

One of the most common and well-studied AR alterations is the AR-T878A mutation in the 

ligand binding domain. The threonine residue is primarily involved in hydrogen bonding to 
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the D-ring of a ligand and mutation results in ligand promiscuity (337). In one study, the 

mutation to an alanine residue was found to have the largest increase in AR 

transcriptional activity compared to any other AR mutation investigated (625%) (353). The 

AR-T878A mutation is also found in LNCaP cells, which is important to consider when 

thinking about how V-ATPase inhibition impacts on AR signalling, and it is why early 

experiments were validated in the AR-WT DuCaP cell line (Figure 4-6, Figure 4-7 and 

Figure 4-8).  

Focusing on CRPC, another AR point mutation of interest was the AR-F877L mutation. 

This mutation was one of the first to emerge after repeated enzalutamide treatment (277). 

As previously discussed, not only does it result in resistance to enzalutamide but also 

confers an antagonist to agonist switch, making it an extremely important mutation for 

CRPC patients (274). It is localised to the ligand binding domain and is adjacent to the 

AR-T878A mutation found in LNCaP cells. The mutation is clinically relevant and was 

found to be present in 3 out of 4 enzalutamide resistant tumours in an in vivo xenograft 

model (277). After characterising the mutation in the reporter system (Figure S 8-13), baf-

A1 and con-A were used to chemically inhibit the V-ATPase. It was found that at 

nanomolar concentrations both inhibitors could reduce AR-F877L transactivational activity 

in the same manner as the AR-WT (Figure 4-15). Furthermore, when LNCaP cells 

containing the AR-F877L/T878A double mutant were treated with both enzalutamide and 

baf-A1, AR signalling was significantly reduced compared to controls, indicating V-

ATPase inhibition could overcome enzalutamide resistance (Figure 4-15, Figure 4-16, 

Figure 4-17 and Figure 4-18). This supports what was found with the AR-V splice variants 

(4.3.2) and again demonstrates the V-ATPase inhibition can overcome, and even reverse, 

increased AR transactivation as a result of a mutated AR.  

Considering that mutations such as AR-T878A and AR-F877L have emerged and confer 

resistance to second-generation treatments, it was encouraging to find that V-ATPase 

inhibition reduced AR activity regardless of AR functionality. This provides more evidence 

that V-ATPase may represent a target for CRPC as patients may become re-sensitized to 

existing treatments. 
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Investigating the effect of genetic silencing of V-ATPase 
subunits on AR signalling  

5.1 Introduction 

The results from Chapter 4 showed that chemically inhibiting V-ATPase reduced AR 

signalling in hormone sensitive prostate cancer cell lines (LNCaP and DuCaP), AR splice 

variant expressing cell lines (22Rv1) and AR mutant cell lines (LNCaP F877L/T878A). The 

inhibitors used, bafilomycin-A1 and concanamycin-A, both inhibit V-ATPase activity by 

binding to the VOc subunit ring structure. However, despite the fact that V-ATPase 

inhibition had a profound effect on reducing AR activity in prostate cancer cells, the 

inevitable toxicity to non-cancerous cells would prevent their use as anti-cancer 

treatments, which is primarily due to the high potential for toxic off-target effects. 

As previously discussed, the V-ATPase complex is made up of different subunits, many of 

which have tissue specific isoforms (Figure 1-1). Additionally, it was found that some V-

ATPase subunits function independently of the complete complex to regulate various 

signalling pathways (354). More recently it has been shown that a variety of subunit 

isoforms are overexpressed in different cancer types compared to non-cancerous healthy 

tissue (1). Therefore, the fact that cancerous cells have an increased expression of 

specific isoforms led me to question whether targeting these overexpressed isoforms 

could lead to a non-toxic reduction in V-ATPase activity, and a reduction in the potential 

for toxic off-target effects. Furthermore, as current V-ATPase inhibitors only target the VOc 

subunit ring, there is an obvious limitation in the pharmacological approaches being used, 

and consequently genetic methods are required to directly test the role of individual V-

ATPase subunits. Thus, perhaps targeting an alternative subunit may improve the toxicity 

profile of future inhibitory compounds. 

Remaining focussed on the link between V-ATPase and AR signalling in prostate cancer, I 

first wanted to establish which subunits might be of interest to silence in prostate cancer 

cell lines. After selecting a subunit for further investigation, the plan was to transiently 

knockdown the subunit using siRNA and measure the effect on AR signalling in LNCaP 

and 22Rv1 cells. Following on from this, I planned to use the CRISPR-Cas9 system as an 

additional genetic silencing tool to study the effect of subunit knockout on AR signalling. 

 



Chapter 5 

192 

 

5.2 Hypothesis and Aims 

5.2.1 Hypothesis 

The genetic silencing of a single V-ATPase subunit isoform results in dysregulated AR 

signalling. 

5.2.2 Aims 

The aim of this component of the project was to assess the effect of genetically silencing a 

single V-ATPase subunit isoform on AR signalling in prostate cancer cell lines. This aim 

was investigated by: 

• Combining bioinformatics data with functional information to select a V-ATPase 

subunit isoform for genetic silencing experiments 

• Measuring AR and AR-V7 expression after using siRNA to transiently knockdown 

subunit isoform expression in hormone sensitive (LNCaP) and AR-V7 (22Rv1) cell 

lines 

• Assessing the effect of CRISPR mediated isoform knockdown on AR expression in 

LNCaP cells 

• Combining CRISPR mediated isoform knockdown with siRNA mediated 

knockdown of an additional isoform to investigate the impact of dual isoform 

silencing on AR signalling in LNCaP cells 

• Measuring the effect of CRISPR mediated single isoform knockout on AR 

downstream signalling target expression in 22Rv1 cells 

• Assessing the effect of CRISPR mediated single isoform knockout on AR and AR-

V7 expression in 22Rv1 cells 

• Combining CRISPR mediated isoform knockdown with siRNA mediated 

knockdown of an additional isoform to investigate the impact of dual isoform 

silencing on AR signalling in 22Rv1 cells 
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5.3 Results 

5.3.1 Selection of V-ATPase subunits for genetic silencing experiments 

Although there is a lot of emerging data surrounding V-ATPase overexpression in different 

cancer types, very little is known about individual subunit overexpression in PCa. A 

literature search indicated that there is no data for V-ATPase subunit expression in PCa 

cell lines or patient tumour tissue. Thus, to gain an insight into subunit expression in PCa, 

publicly available data was analysed using cBioPortal as a platform (355). The cBioPortal 

is an open-access online tool for investigating multidimensional cancer genomics data 

sets. Although there are currently 18 PCa cohorts publicly available on cBioPortal, many 

of these cohorts have varying levels of data. For example, most cohorts have extensive 

genetic mutation information but lack RNA-sequencing expression data. Therefore, the 

TCGA (provisional) PCa dataset of 499 samples was selected for further meta-analysis 

(356). The reason for selecting this cohort was that it contains reliable and robust multi-

level data including mutation, copy number, clinical and expression data.  

The oncoplot in Figure 5-1 shows the copy number, RNA expression and mutation data 

for all of the mammalian V-ATPase subunits including the two accessory genes ATP6AP1 

and ATP6AP2. Each of the subunits are altered to varying degrees across the cohort. The 

subunit isoforms that are altered in the highest number of patients are ATP6V1B2 and 

ATP6V1C1. ATP6V1B2 encodes the V1B2 isoform, which has enriched expression in the 

kidney and forms the catalytic hexamer with V1A. Figure 5-1 shows that ATP6V1B2 has 

low mRNA expression, many deep copy number deletions and is altered in 23% of patient 

samples. In contrast to this, ATP6V1C1, which encodes the V1C1 mammalian subunit, 

has increased mRNA expression, copy number amplifications and is altered in 22% of 

patient samples. However, similarly to Chapter 3, it is important to note that the high 

number of copy number amplifications observed was due to an amplification of the long 

arm of chromosome 8. As a result, ATP6V1C1 amplification could be the result of co-

amplification with other genes. Despite this, ATP6V1C1 also had increased mRNA 

expression, and therefore I hypothesized that as this could be related to V-ATPase 

function and silencing it would be more informative than silencing a subunit that is 

commonly downregulated in PCa. Furthermore, the V1B2 subunit forms the catalytic 

hexamer which is essential for V-ATPase function (Figure 1-1), and therefore silencing 

ATP6V1B2 gene expression may lead to a non-functional V-ATPase complex. V1C1 is 

ubiquitously expressed in mammalian cells (34) and functions to regulate the assembly of 
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the V1 and VO domains to form the V-ATPase complex (Figure 1-2). Due to the fact that 

V1C1 plays a regulatory role, rather than functioning as a catalytic subunit, it made for a 

more attractive target than V1B2.  

More recently V1C1 has been shown to be overexpressed in different cancer types, which 

has been linked to functional defects. For example, in Drosophila melanogaster, Vha44 

(the fruit fly equivalent of mammalian V1C1) overexpression increased cellular invasion, 

increased V-ATPase activity, lowered endosomal pH and altered other V-ATPase subunit 

levels. The authors suggested that this was due to decreased endolysosomal 

degradation, and that the induction of tumorigenesis was dependent on JNK signalling 

(357). Additionally, in oral squamous cell carcinoma (OSCC) patients, ATPV1C1 mRNA 

levels were found to be significantly higher compared to healthy tissue and had a direct 

correlation with tumour stage (99). Further research using immunohistochemistry (IHC) 

showed more intense staining in OSCC tissues compared to healthy tissue indicating 

V1C1 is important for epithelial functioning and is involved in cancer progression (92). In 

cervical cancer patients, IHC analysis showed V1C1 expression was significantly 

increased and was correlated with poor disease-free survival (358). 

Taken together, the data from Figure 5-1, the regulatory function of the subunit and the 

fact that there is evidence for dysregulation in other cancer types, makes V1C1 an 

attractive candidate for further investigation. 
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Figure 5-1. Oncoplot showing V-ATPase subunit copy number and mutations in prostate cancer 
Using data from Prostate Adenocarcinoma cohort (TCGA, provisional) and cBioPortal, V-ATPase genes are plotted as an Oncoplot displaying genetic 

alterations and mRNA expression per patient sample. The differences in mRNA expression levels for each gene were calculated using mRNA expression 

z-Scores (RNA Seq V2 RSEM) with a z-score threshold of ±2.0. Mutation count (%) is representative of the number of patients with a selected gene 

alteration compared to the total number of patients sampled. The mutational burden (Mutation count) of each patient is also plotted along the top of the 

Oncoplot.  
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5.3.2 Effect of siRNA mediated knockdown of V-ATPase V1C subunits on AR 
signalling in hormone sensitive LNCaP cells 

After selecting the ubiquitously expressed V1C1 subunit for further investigation, the first 

aim was to use siRNA to knockdown subunit expression and measure the effect on AR 

and PSA protein levels in LNCaP cells. To assess whether potential effects were due to 

the specific knockdown of V1C1, expression of the V1A subunit was also knocked-down 

using siRNA. The reason for this is because the V1A subunit has no other isoforms and is 

an essential catalytic component of the V-ATPase complex (359). Therefore knocking 

down V1A expression should reduce overall V-ATPase complex expression and activity. In 

addition, measuring V1A protein levels in response to V1C1 knockdown was used to 

assess how V1C1 knockdown would affect overall complex expression. Finally, as the 

V1C1 subunit has an alternative isoform known as V1C2, the expression of V1C2 was also 

measured in response to V1C1 knockdown. 

The amino acid sequence of the V1C2 subunit isoform is 62% identical and 83% similar to 

V1C1 (34). Furthermore, in comparison to the ubiquitously expressed V1C1 isoform, V1C2 

is found to have tissue enriched expression in the kidney, lung and testis (360). This 

tissue specific expression has been further characterised in mice as V1C2a and V1C2b, 

which are products of alternative mRNA splicing (42). V1C2a expression was found to be 

restricted to lamellar bodies of type 2 alveolar cells, whereas V1C2b was found to be 

expressed in the plasma membrane of renal α and β-intercalated cells (42). Interestingly, 

the V1C2 subunit isoform was found to form a unique V-ATPase complex expressed in the 

kidneys, which contained many kidney specific isoforms such as V1B2, V1G3, VOd2 and 

VOa4, whereas the ubiquitously expressed V1C1, V1G1 and V1B1 were found in a different 

V-ATPase complex (42). Using a similar yeast chimeric system to the one used in Chapter 

3, it was also shown that chimeric V-ATPase complexes containing mouse V1C2a or V1 

C2b had a lower Km and proton transport rate than complexes with V1C1 (42). These 

findings suggest selective V-ATPase subunit assembly in vivo, which might be related to 

the activity of cells with specialised functions, such as renal intercalated cells. A literature 

search indicated that there is currently no published evidence of V1C2 cancer specific 

overexpression.  

To knockdown the expression of V1C1 or V1A subunits, an siRNA pool (Dharmacon) was 

used, which contained 4 siRNAs targeting 4 separate regions of the V1C1 or V1A subunit 

transcripts. Furthermore, to ensure reliable conclusions could be made regarding the 

effect of V1C1 or V1A knockdown on AR signalling, cells were also transfected with a non-
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specific siRNA pool (Dharmacon). LNCaP cells were reverse transfected with 25 nmol 

ATP6V1C1, ATP6V1A or non-specific siRNA and grown in RPMI media for either 48 or 72 

hours. The reason for reverse transfecting the cells was to improve the relatively poor 

transfection efficiency of LNCaP cells (around 50-60%), and the siRNA concentration of 

25 nmol was selected based on the manufacturers recommendations. After 48 or 72 

hours, the cells were harvested and protein levels were measured using western blotting.   

After both 48 and 72 hours of ATP6V1C1 siRNA transfection, V1C1 protein levels were 

reduced by approximately 60% and 50% compared to the respective non-specific 

controls, which was statistically significant (Figure 5-2 Ai and Bi respectively). Additionally, 

the ATP6V1A siRNA significantly reduced levels of V1A expression after 48 hours by 

approximately 40% (Figure 5-2 Aiii), which was further reduced to 50% after 72 hours of 

siRNA treatment (Figure 5-2 Biii). This shows that the siRNA transfections were effectively 

reducing V-ATPase subunit expression in LNCaP cells. The non-specific siRNA had no 

significant effect on the protein levels of any of the proteins investigated compared to the 

non-transfected control. Therefore the changes in protein expression were not due to a 

non-specific effect of the siRNA transfection. It is interesting to note that ATP6V1C1 

siRNA transfection did not alter V1A expression at either 48 or 72 hours, but ATP6V1A 

siRNA did reduce V1C1 expression after 72 hours of treatment. This highlights the 

importance of the V1A catalytic subunit in V-ATPase complex expression and shows that 

reduced V1A expression leads to a reduction in the expression of other subunits.  

The expression of AR was relatively unaffected by V1C1 and V1A knockdown after 

transfection with siRNA for 48 (Figure 5-2 Aiv) or 72 hours (Figure 5-2 Biv) compared to 

the non-specific siRNA and non-transfected controls. Additionally, PSA protein levels were 

also unaffected by V1C1 and V1A knockdown, suggesting that AR signalling was not 

reduced as a result of subunit knockdown, at least in the absence of hormone stimulation. 
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Figure 5-2. Effect of siRNA mediated knockdown of V1C1 and V1A on AR signalling in LNCaP cells 
LNCaP cells were reverse transfected with either 25 nmol of ATP6V1C1, ATP6V1A or non-specific siRNA for either 48 or 72 hours. Control non-transfected 

cells were treated with equivalent concentrations of Dharmafect 1 reagent. Protein expression was measured using western blotting and cells were probed 

against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. Blot is representative of three individual experiments. Densitometry data of 48 hour (Ai – 

Av) and 72 hour (Bi – Bv) siRNA treated cells normalised to β-Actin, relative to either 48 or 72hr NS set to 1. Values were plotted using GraphPad Prism 7 

and are displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values and detect the statistical significance of the 

indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01. NT, non-transfected; NS, non-specific; AR, androgen receptor; PSA, prostate specific 

antigen. 
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Although there was no significant effect of V1C1 or V1A knockdown on AR and PSA expression after 

48 or 72 hours post-transfection with siRNA, it was important to investigate whether this was due to 

differences in the exposure to different androgens. Therefore, I wanted to investigate the effect of 

V1C1 and V1A subunit knockdown on AR and PSA expression in a controlled androgenic 

environment, in which cells were grown in CSS media and treated with 1 nM DHT. In this instance, 

the LNCaP cells were seeded in RPMI media 24 hours prior to transfection, which reduced 

transfection efficiency compared to a reverse transfection. This was due to the fact that the LNCaP 

cells would not grow well if they were cultured in a hormone depleted environment. After a media 

change to CSS, LNCaP cells were transfected with 25 nmol ATP6V1C1, ATP6V1A or non-specific 

siRNA for 72 hours, and were then treated for 24 hours with either DMSO or 1 nM DHT. The cells 

were then collected and western blotting was used to measure the levels of the indicated proteins. 

Similarly to Figure 5-2, ATP6V1C1 siRNA transfection for 72 hours was sufficient to significantly 

reduce V1C1 protein levels, independent of androgenic stimulation (Figure 5-3 Ai). The addition of 1 

nM DHT did not affect V1C1 expression in any of the investigated conditions compared to the DMSO 

controls. This suggests androgen is not required for V1C1 expression in prostate cancer. 

Furthermore, ATP6V1A siRNA transfected cells had a reduction of approximately 40% in V1A 

subunit levels compared to the non-specific transfected cells, but only around 30% in the DHT 

treated cells compared to DMSO (Figure 5-3 Aiii). Again, there was not a significant difference in 

V1A expression for any of the transfection conditions after androgenic stimulation. As with Figure 

5-2, the non-specific siRNA had no significant effect on the levels of any of the proteins investigated 

compared to the non-transfected controls.  

AR levels were increased overall in DHT treated cells compared to DMSO cells (Figure 5-3 Aiv), 

which was expected due to the androgenic activation of the AR signalling pathway. ATP6V1C1 

siRNA transfection did not significantly affect AR levels with or without DHT treatment. PSA 

expression follows a similar pattern to the AR as DHT treatment increased expression compared to 

the DMSO controls and V1C1 and V1A knockdown did not significantly alter PSA expression. These 

results suggest that despite the results being statistically non-significant, a siRNA mediated 

reduction in V1C1 might lead to a reduction DHT-dependent AR signalling activation. 
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Figure 5-3. Effect of siRNA mediated knockdown of V1C1 and V1A with hormonal stimulation on AR signalling in LNCaP cells 
LNCaP cells were transfected with either 25 nmol of ATP6V1C1, ATP6V1A or non-specific siRNA for 72 hours. Control non-transfected cells were treated 

with equivalent concentrations of Dharmafect 1 reagent. After 48 hours post-transfection, cells were treated with either 1 nM DHT or DMSO for a further 24 

hours. Protein expression was measured using western blotting and cells were probed against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. 

Blot is representative of three individual experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), V1A (Aiii), AR (Aiv) and PSA (Av) normalised to β-Actin, 

relative to DMSO NS set to 1. Values were plotted using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests 

were used to generate P values and detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01. NT, non-

transfected; NS, non-specific; AR, androgen receptor; PSA, prostate specific antigen; DMSO, solvent control; DHT, dihydrotesosterone. 
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5.3.3 Effect of siRNA mediated knockdown of V-ATPase V1C subunits on AR 
signalling in 22Rv1 cells  

The results from 5.3.1 indicated that V1C1 and V1A subunit knockdown did not 

significantly reduce AR signalling in prostate cancer cells. However, as only the hormone 

sensitive LNCaP cells had been investigated, it was interesting to consider what effect the 

knockdown of these subunits would have on AR-WT and AR-V7 expression in 22Rv1 

cells. Therefore, 22Rv1 cells were cultured in RPMI media and were reverse transfected 

with either 25 nmol of ATP6V1C1, ATP6V1A or non-specific siRNA for 48 or 72 hours. 

After siRNA treatment the cells were harvested and western blotting was used to measure 

the levels of the indicated proteins of interest. 

ATP6V1C1 siRNA transfection led to a significant reduction in V1C1 subunit levels by 

approximately 50% after 48 hours (Figure 5-4 Ai), which was further reduced after 72 

hours to around 60% (Figure 5-4 Bi). This reduction of V1C1 expression did not affect V1A 

levels at either time point. The fact that the ATP6V1C1 transfection led to a greater 

reduction in V1C1 expression in the 22Rv1 cells (~60%) than the LNCaP cells (~40%) is 

reflective of the increased transfection efficiency of 22Rv1 cells compared to LNCaP cells. 

Transfection with ATP6V1A siRNA significantly reduced V1A expression by 50% after 48 

hours (Figure 5-4 Aiii) and 72 (Figure 5-4 Biii) hours post transfection. The non-specific 

siRNA did not significantly alter the levels of any of the investigated proteins compared to 

the non-transfected control. After 48 hours of ATP6V1A siRNA transfection, V1C2 protein 

levels were reduced compared to the non-specific siRNA transfected cells (Figure 5-4 Aii). 

Interestingly, after 48 hours of ATP6V1C1 siRNA transfection, the expression of V1C2 was 

increased (Figure 5-4 Aii), which was further increased after 72 hours, and the difference 

was statistically significant (Figure 5-4 Bii), compared to the respective non-specific siRNA 

control cells. The fact that V1C2 levels were increased to a greater extent after a longer 

period of V1C1 knockdown suggests a surprising compensatory relationship between the 

two isoforms. 

AR-WT protein levels were slightly reduced with ATP6V1C1 siRNA after 48 hours post-

transfection but ATP6V1A siRNA had no effect (Figure 5-4 Aiv). After 72 hours, V1C1 

knockdown reduced AR-WT protein levels by ~50%, which was statistically significant, 

whereas V1A knockdown again did not alter AR-WT protein expression (Figure 5-4 Biv). 

Additionally, neither V1C1 nor V1A knockdown led to a reduction of AR-V7 expression 

after 48 hours post-transfection (Figure 5-4 Av). However, after 72 hours ATP6V1C1 

siRNA transfected cells had a reduction of ~40% in AR-V7 protein levels compared to the 
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non-specific transfected cells (Figure 5-4 Bv). The expression of PSA was not altered with 

V1C1 or V1A knockdown after either 48 (Figure 5-4 Avi) or 72 hours (Figure 5-4 Bvi). 
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Figure 5-4. Effect of siRNA mediated knockdown of V1C1 and V1A on AR signalling in 22Rv1 cells 
22Rv1 cells were reverse transfected with either 25 nmol of ATP6V1C1, ATP6V1A or non-specific siRNA for either 48 or 72 hours. Control non-transfected 

cells were treated with equivalent concentrations of Dharmafect 1 reagent. Protein expression was measured using western blotting and cells were probed 

against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. Blot is representative of three individual experiments. Densitometry data of 48 hour (Ai – 

Avi) and 72 hour (Bi – Bvi) siRNA treated cells normalised to β-Actin, relative to either 48 or 72hr NS set to 1. Values were plotted using GraphPad Prism 7 

and are displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values and detect the statistical significance of the 

indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01. NT, non-transfected; NS, non-specific; AR, androgen receptor; PSA, prostate specific 

antigen. 
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The results from Figure 5-4 indicated that V1C1 subunit knockdown may have a direct 

effect on AR-WT and AR-V7 expression in 22Rv1 cells. Although 22Rv1 cells only have a 

minor sensitivity to androgen, it was important to replicate the results in hormone 

controlled conditions, similar to the results obtained with LNCaP cells (Figure 5-3). To 

keep the experimental conditions consistent across cell lines, 22Rv1 cells were cultured in 

RPMI for 24 hours prior to a media change to CSS media. The cells were then transfected 

with 25 nmol of either ATP6V1C1, ATP6V1A or non-specific siRNA for 72 hours. After 72 

hours post-transfection, cells were treated with either 1 nM DHT or equivalent 

concentrations of DMSO to investigate whether V1C1 and V1A expression was androgen 

dependent in 22Rv1 cells. 

ATP6V1C1 siRNA transfected cells had a reduction of ~75% in V1C1 expression, which 

was independent of DHT, and was statistically significant (Figure 5-5 Ai). In agreement 

with previous results, 72 hours post-transfection with ATP6V1A siRNA led to a substantial 

decrease in V1C1 expression (Figure 5-5 Ai). Furthermore, ATP6V1A siRNA transfection 

successfully reduced V1A protein levels by around 70% independently of androgen 

(Figure 5-5 Aiii). Again, V1A protein levels were not affected by ATP6V1C1 transfection 

(Figure 5-5 Aiii). Knockdown of the V1A subunit also led to a reduction in V1C2 protein 

levels, which was consistent with previous results (Figure 5-4). 

The levels of AR-WT protein were reduced by ~60% after transfection with ATP6V1C1 

siRNA without the addition of DHT, which was statistically significant (Figure 5-5 Aiv). 

Transfection with ATP6V1A siRNA did not alter AR-WT protein levels with or without DHT 

(Figure 5-5 Aiv). AR-WT levels did not have a statistically significant difference with DHT 

treatment compared to DMSO, which is supportive of the fact that 22Rv1 cells are only 

weakly sensitive to androgen. AR-V7 expression was lower in ATP6V1C1 transfected 

cells than the non-specific transfected cells (Figure 5-5 Av). Similarly to the AR-WT, AR-

V7 levels were not altered after transfection with ATP6V1A siRNA (Figure 5-5 Av). In this 

instance PSA protein levels were reduced by 40% after V1C1 knockdown, which was 

statistically significant, but PSA levels were not reduced after V1A knockdown, in both 

DMSO and DHT treated cells (Figure 5-5 Avi).   
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Figure 5-5. Effect of siRNA mediated knockdown of V1C1 and V1A with hormonal stimulation on AR signalling in 22Rv1 cells 
22Rv1 cells were transfected with either 25 nmol of ATP6V1C1, ATP6V1A or non-specific siRNA for 72 hours. Control non-transfected cells were treated 

with equivalent concentrations of Dharmafect 1 reagent. After 48 hours post-transfection, cells were treated with either 1 nM DHT or DMSO for a further 24 

hours. Protein expression was measured using western blotting and cells were probed against ATP6V1C1, ATP6V1C2, AR, ATP6V1A, PSA and β-Actin. 

Blot is representative of three individual experiments (except for ATP6V1C2 in which n=1). Densitometry data of V1C1 (Ai), V1C2 (Aii), V1A (Aiii), AR (Aiv), 

AR-V7 (Av) and PSA (Avi) normalised to β-Actin, relative to DMSO NS set to 1. Values were plotted using GraphPad Prism 7 and are displayed as mean 

values ± standard deviation. Student’s T-Tests were used to generate P values and detect the statistical significance of the indicated differences: ns = non-

significant, * = p≤ 0.05, ** = p≤ 0.01, *** = p≤ 0.001. NT, non-transfected; NS, non-specific; AR, androgen receptor; PSA, prostate specific antigen; DMSO, 

solvent control; DHT, dihydrotesosterone. 
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5.3.4 Investigating the effect of CRISPR mediated knockdown of V1C1 on AR 
signalling in LNCaP cells  

The genetic silencing results in LNCaP cells indicated that transient V1C1 subunit 

knockdown using siRNA did not reduce AR protein levels or impact upon AR signalling. 

Conversely, in 22Rv1 cells V1C1 knockdown reduced AR expression but the knockdown 

of V1A did not, suggesting a subunit specific effect. The key question then became 

whether the lack of a reduction in AR expression in LNCaP cells was due to a lower V1C1 

knockdown efficiency. To answer this it was decided that the CRISPR-Cas9 system would 

be used to achieve a complete gene knockout, or at least achieve a better subunit 

knockdown efficiency. Using the CRISPR-Cas9 system LNCaP cells were engineered 

with a V1C1 knockdown and the experimental procedures are detailed in 2.10.2. To echo 

the methodology, one potential clone was confirmed as lacking V1C1 protein expression 

by western blotting, which was referred to as a knockdown due to the appearance of three 

alleles in the sequence analysis (Figure S 8-8). 

5.3.4.1 Measuring AR protein expression in V1C1 knockdown LNCaP cells in 
response to enzalutamide treatment 

To investigate the effect of V1C1 knockdown on AR signalling, the LNCaP V1C1 

knockdown cells and LNCaP vector only control cells were cultured in CSS media and 

treated with 1 nM DHT, 10 μM enzalutamide or both for 24 hours. LNCaP vector only 

control cells were transfected with an empty Cas9 vector without the sgRNA. This was to 

control for any Cas9 mediated non-specific secondary effects. Additionally, the reason for 

including enzalutamide is because it was important to assess whether there would be a 

combinatorial effect of AR antagonism with V1C1 knockdown on AR signalling.  

As shown in Figure 5-6 (Ai), the expression of V1C1 was not visible in the V1C1 

knockdown cells, indicating a successful CRISPR knockdown. Interestingly, V1C1 

expression was decreased by ~70% in cells cultured in CSS media compared to those 

cultured in RPMI (lane 2), and was increased in cells treated with DHT by ~40% 

compared to the CSS only cells (lane 3). Additionally, enzalutamide treatment led to a 

small reduction in AR expression (lane 4 vs lane 2), which was further reduced in the 

presence of DHT (lane 5 vs lane 3). This indicates that V1C1 expression was dependent 

on AR signalling. The overall expression of the V1C2 subunit isoform was increased in the 

knockdown cells compared to the vector only control cells (Figure 5-6 Aii). Also, in the 

V1C1 knockdown cells, V1C2 expression was increased in CSS cultured cells by ~50% 
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and suggesting an inverse relationship with AR signalling. However, enzalutamide 

treatment in the presence of DHT led to the greatest reduction in V1C2 expression in both 

the vector only and V1C1 knockdown cells.  

AR protein levels in the vector only cells (Figure 5-6 Aiii) increased as expected with DHT 

treatment (lane 3) and were reduced with enzalutamide and DHT treatment (lane 5). This 

shows that transfecting the empty CRISPR vector only into the cells did not dysregulate 

AR signalling. In the V1C1 knockdown cells, AR expression followed a similar pattern and 

there were no substantial differences in expression between the vector only and V1C1 

knockdown cells for any of the treatments. This supports what was observed with the 

ATP6V1C1 siRNA and suggests that the silencing of V1C1 has no statistically significant 

effect on AR signalling in hormone sensitive LNCaP cells.   
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Figure 5-6. AR expression in LNCaP cells with CRISPR mediated V1C1 knockdown 
LNCaP vector only cells and V1C1 CRISPR knockdown cells were treated for 24 hours 

with either 1 nM DHT, 10 μM enz or both. Control LNCaP samples were also included, 

which were maintained in RPMI only. Protein expression was measured using western 

blotting and cells were probed against ATP6V1C1, ATP6V1C2, AR and β-Actin. Blot is 

representative of two individual experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), 

and AR (Aiii) normalised to β-Actin, relative to Vector CSS set to 1. Values were plotted 

using GraphPad Prism 7 and are displayed as mean values ± standard deviation. k/o, 

knockout; CSS, charcoal stripped serum; DHT, dihydrotestosterone; enz, enzalutamide; 

PSA, prostate specific antigen; AR, androgen receptor. 
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5.3.4.2 Using the MTS assay to measure cell toxicity in response to siRNA 
treatment in LNCaP V1C1 k/d cells 

One of the most surprising findings was that V1C2 expression was increased when there 

was a reduction of V1C1 levels, which was apparent with both siRNA (Figure 5-2) and 

CRISPR mediated knockdown (Figure 5-6) . This would indicate that perhaps V1C2 is 

compensating for the loss of V1C1 in the V-ATPase complex and therefore countered AR 

signalling dysregulation. It was hypothesized that the V-ATPase complex could withstand 

a reduction in one isoform and still function, but silencing both subunit isoforms may 

cause significant cell death due to a functional loss of enzyme activity. The MTS assay 

was used to measure the potential toxicity of siRNA transfection in the LNCaP V1C1 

knockdown and vector only control cells. The cells were reverse transfected with 25 nmol 

ATP6V1C2, ATP6V1A and non-specific siRNA for 48 hours.  

There was no obvious toxicity as a result of ATP6V1C2, ATP6V1A or non-specific siRNA 

transfection in the LNCaP vector only cells after 48 hours (Figure 5-7). On the other hand, 

the V1C1 knockdown cells had a reduction of MTS signal when transfected with the non-

specific siRNA compared to the non-transfected control. This suggests that the cells were 

already partially stressed and that the transfection resulted in substantial cell death. There 

was no statistically significant differences in toxicity observed in the ATP6V1A siRNA 

transfected cells compared to the non-specific siRNA cells, indicating generalised 

transfection induced cell death as opposed to a V-ATPase subunit specific effect. 

Interestingly, there was a small drop in MTS signal in the ATP6V1C2 transfected cells 

compared to the non-specific cells, which was statistically significant (Figure 5-7). The fact 

that there was a significant drop in MTS signal with ATP6V1C2 but not ATP6V1A siRNA 

suggests that V1C2 knockdown induces a subunit specific increase in toxicity. It should 

also be noted that this was repeated at 72 hours but the toxicity was too high for the V1C1 

knockdown cells and there was substantial cell death for all siRNA transfected cells. 
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Figure 5-7. Using the MTS assay to determine LNCaP V1C1 k/d cell line toxicity in 
response to siRNA treatment after 48 hours 
LNCaP vector only and V1C1 CRISPR knockdown cells were reverse transfected with 

either 25 nmol of ATP6V1C2, ATP6V1A or non-specific siRNA for 48 hours. Control non-

transfected cells were treated with equivalent concentrations of Dharmafect 1 reagent. 

Data is presented relative to the respective non-specific treated cells set to 100% viability. 

Values were plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. Two-way ANOVA with Tukey’s multiple comparison post-hoc test was 

used to generate P values and detect the statistical significance of the indicated 

differences: ns = non-significant, *** = p≤ 0.001. Data shown represents three 

independent biological replicates completed in triplicate. k/d, knockdown; NT, non-

transfected; NS, non-specific. 
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5.3.4.3 Measuring AR and PSA protein expression in LNCaP V1C1 k/d cells in 
response to ATP6V1C2 siRNA mediated knockdown 

Despite the toxicity induced by ATP6V1C2 siRNA mediated knockdown in LNCaP V1C1 

knockdown cells, it was still important to investigate whether the dual silencing of the V1C 

subunit isoforms reduced AR expression. Similarly to Figure 5-7, LNCaP V1C1 knockdown 

and vector only control cells were cultured in RPMI media and reverse transfected with 

either 25 nmol ATP6V1C2, ATP6V1A or non-specific siRNA for 48 hours.  

Firstly, in the vector only control cells the reduction of AR protein levels after V1A 

knockdown agrees with previous results in non-modified LNCaP cells (Figure 5-2). V1C2 

protein levels were only increased by a small amount overall in the V1C1 knockdown cells 

compared to the vector only control cells, which was not statistically significant. 

Furthermore, the expression of V1C2 after transfection with ATP6V1C2 siRNA was 

comparable to the non-specific siRNA, suggesting the knockdown had not been 

completely successful (Figure 5-8 Aii). The likely reason for this is because LNCaP cells 

have a poor transfection efficiency and as the knockdown cells were already stressed, the 

transfection conditions could not be extended without inducing significant cell death. 

Although the V1C2 subunit knockdown was not effective, the ATP6V1A transfected cells 

significantly reduced V1A expression in both V1C1 knockdown cells and vector only 

control cells (Figure 5-8 Aiii). There was also no visible difference in V1A protein levels 

between the vector only and V1C1 knockdown cells. 

The expression of AR was unaffected in ATP6V1C2, ATP6V1A or non-specific siRNA 

transfected V1C1 knockdown cells compared to vector only control cells, which was not 

statistically significant (Figure 5-8 Aiv). Furthermore, there was no statistically significant 

difference in PSA levels between the siRNA treatments. There were also no substantial 

differences in PSA expression between the V1C1 knockdown cells and the vector only 

control cells (Figure 5-8 Av). 
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Figure 5-8. Effect of combined knockdown of V1C1 and V1C2 on AR and PSA expression in LNCaP V1C1 k/d cells 
Vector only and V1C1 CRISPR knockdown LNCaP cells were reverse transfected with either 25 nmol of ATP6V1C2, ATP6V1A or non-specific siRNA for 48 

hours. Control non-transfected cells were treated with equivalent concentrations of Dharmafect 1 reagent. Protein expression was measured using western 

blotting and cells were probed against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. Blot is representative of three individual experiments. 

Densitometry data of V1C1 (Ai), V1C2 (Aii), V1A (Aiii), AR (Aiv) and PSA (Av) normalised to β-Actin, relative to Vector NS set to 1. Values were plotted using 

GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values and detect the statistical 

significance of the indicated differences: ns = non-significant, * = p≤ 0.05. k/d, knockdown; NT, non-transfected; NS, non-specific; AR, androgen receptor; 

PSA, prostate specific antigen. 
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5.3.5 Investigating the effect of CRISPR mediated knockdown of V1C1 on AR 
signalling in 22Rv1 cells  

The LNCaP V1C1 CRISPR mediated knockdown cells appeared to have similar protein 

levels of AR and PSA compared to LNCaP vector only controls, suggesting the V1C1 

subunit was not critical for AR expression (Figure 5-6 and Figure 5-8). However, the 

siRNA mediated knockdown of V1C1 in 22Rv1 cells did reduce AR-WT and AR-V7 

expression compared to non-specific siRNA controls (Figure 5-4). Therefore, to 

investigate this further the CRISPR-Cas9 system was used as described in 2.10.2, but 

this time two individual 22Rv1 clones emerged with complete V1C1 protein knockout, 

which were referred to as V1C1-14 and V1C1-18. These clones were verified using 

western blotting and Sanger sequencing. As with the LNCaP CRISPR clone, throughout 

all investigations the 22Rv1 clones were compared to 22Rv1 empty Cas9 vector control 

cells, which did not include the CRISPR sgRNA sequence.  

 

5.3.5.1 Effect of V1C1 knockout on downstream AR targets at the transcript level 

Before investigating the protein levels of AR-WT and AR-V7 in the 22Rv1 V1C1 clones, I 

decided to measure the transcript levels of AR downstream signalling markers, PSA and 

TMPRSS2, in comparison to the 22Rv1 vector control cells. To do this, V1C1-14, V1C1-

18 and 22Rv1 vector control cells were cultured in CSS media and treated with either 

DMSO, 1 nM DHT, 10 μM enzalutamide or both DHT and enzalutamide for 24 hours. After 

24 hours, cells were harvested and transcript levels were analysed using RT-qPCR. As 

the siRNA results suggested that V1C2 levels might be upregulated in response to V1C1 

knockout (Figure 5-4), it was important to compare ATP6V1C2 transcript levels to the 

vector only control cells. The data was normalised to the internal housekeeping gene 

GAPDH and was analysed relative to the ΔCt values for DMSO treated vector only control 

cells cultured in CSS media. To make the results comparable between the two clones, 

both were analysed relative to the same vector only control ΔCt values. 

5.3.5.1.1 22Rv1 V1C1 V1C1-14 results  

Firstly, PSA expression in vector only 22Rv1 control cells did not have a statistically 

significant difference in CSS cultured cells compared to the RPMI cultured cells (Figure 

5-9 A). Furthermore, DHT treatment did not increase PSA expression compared to the 

CSS control cells, and enzalutamide treated cells did not have lower PSA levels. This 
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supports the well characterised limited sensitivity of 22Rv1 cells to androgen and 

enzalutamide, indicating that the vector only control cells do not have different AR 

signalling characteristics to non-modified 22Rv1 cells. Interestingly, in the V1C1-14 cells 

PSA expression was increased in the DHT treated cells compared to the CSS cultured 

cells, which was statistically significant compared to DHT treated vector only cells. 

Additionally, enzalutamide treatment in the presence of DHT reduced PSA expression in 

the V1C1-14 cells, which was statistically significant. These surprising results suggested 

that the V1C1 knockout cells were more sensitive to androgen and AR antagonism that the 

vector only control cells.  

TMPRSS2 expression in the vector only control cells (Figure 5-9 B) was similar to that of 

PSA and shows that the expression of AR downstream targets were not significantly 

altered in response to androgen and AR antagonism. Again, the addition of DHT 

increased TMPRSS2 expression in the V1C1 knockout cells compared to the CSS cells, 

and enzalutamide with DHT treated cells had a lower TMPRSS2 expression than DHT 

only treated cells, which was statistically significant. The expression of TMPRSS2 was not 

significantly different for any of the treatments in the V1C1-14 cells compared to the vector 

only controls cells except after enzalutamide and DHT treatment.  

In the vector only control cells ATP6V1C1 expression did not appear to be altered in 

response to growth in CSS media or DHT stimulation (Figure 5-9 C). Despite the V1C1 

protein being knocked-out, there were still detectable levels of ATP6V1C1 transcript, 

although the Ct values were higher than in the vector only control cells. The sgRNA:Cas9 

complex was targeted at exon 5, whereas, the RT-qPCR probe binding site was located 

on the exon 11-12 boundary, which is downstream of the sgRNA target site (Figure S 

8-14).  

The expression of ATP6V1C2 was increased in the CSS cultured cells compared to those 

cultured in RPMI (Figure 5-9 D). Furthermore, the addition of DHT resulted in a decrease 

in ATP6V1C2 expression compared to the cells cultured in CSS media. Enzalutamide 

treated cells had increased ATP6V1C2 expression compared to the CSS cells, and 

enzalutamide with DHT treatment increased ATP6V1C2 expression compared to the DHT 

only treated cells. This indicates that there is an inverse relationship of ATP6V1C2 

expression and androgen in 22Rv1 cells, which is supportive of what was observed in 

LNCaP cells (Figure 5-6). The expression of ATP6V1C2 was increased for all treatments 

in V1C1 knockdown cells compared to the vector only cells, which was statistically 

significant. This pattern of expression was similar to that of the vector only control cells as 

CSS cultured cells had higher ATP6V1C2 levels than the DHT treated cells. Enzalutamide 
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with DHT treatment also significantly increased ATP6V1C2 expression compared to DHT 

only treated V1C1-14 cells. 
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Figure 5-9. AR signalling expression in 22Rv1 V1C1 CRISPR knockout cells (V1C1-
14) following treatment with 1 nM DHT and/or 10 μM enzalutamide 
22Rv1 vector only and V1C1 CRISPR knockout (V1C1-14) 22Rv1 cells were treated for 24 

hours with either 1 nM DHT, 10 μM enz or both. RT-qPCR analysis was undertaken to 

assess levels of (A) PSA, (B) TMPRSS2, (C) ATP6V1C1, (D) ATP6V1C2 and were 

normalised to GAPDH, relative to Vector Control CSS set to 1. Values were then plotted 

using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Two-

way ANOVA with Tukey’s multiple comparison post-hoc test was used to generate P 

values and detect the statistical significance of the indicated differences: ns = non-

significant, *= p≤ 0.05, **= p≤ 0.01, *** = p≤ 0.001, **** = p≤ 0.0001. Data shown 

represents three independent biological replicates completed in triplicate. C, control; CSS, 

charcoal stripped serum; DHT, dihydrotestosterone; enz, enzalutamide; PSA, prostate 

specific antigen. 
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5.3.5.1.2 22Rv1 V1C1 V1C1-18 results 

The reason for including a second V1C1 knockout clone was to eliminate the possibility of 

a non-specific mutational effect induced by CRISPR. It was important to validate that the 

results to increase reliability and reproducibility.  

As with V1C1-14, PSA expression was significantly increased in the V1C1-18 V1C1 

knockout 22Rv1 cells compared to the vector only cells (Figure 5-10 A). Again, knockout 

V1C1-18 cells cultured in CSS had a lower expression of PSA than those in RPMI, and 

treatment with DHT increased PSA levels compared to the CSS cultured cells. PSA 

expression was significantly reduced when enzalutamide was combined with DHT 

compared to the DHT only treated cells. This increased sensitivity of PSA expression to 

androgen mirrors what was found in V1C1-14 cells (Figure 5-9 A).  

The levels of TMPRSS2 followed a similar pattern to PSA in the V1C1-18 cells as they 

were decreased in CSS media, compared to the RPMI cultured cells, and increased with 

DHT treatment (Figure 5-10 B). Similarly, enzalutamide with DHT treatment significantly 

reduced TMPRSS2 expression compared to DHT alone treated cells. Compared to the 

vector control cells, the increase in expression of TMPRSS2 was only statistically 

significant in the RPMI cultured V1C1 knockout cells, which is supportive of the increase in 

hormone sensitivity observed in the V1C1 knockout clones. 

ATP6V1C1 expression did not significantly differ in the knockout cells compared to the 

vector only control cells (Figure 5-10 C). It is again very interesting that despite a CRISPR 

induced knockout, the levels of ATP6V1C1 transcript were comparable to control cells. 

The only statistically significant difference between the vector control cells and the V1C1 

knockout cells was after enzalutamide treatment, but this looks to be due to an 

unexpected increase in expression in the control cells rather than a significant decrease in 

the knockout cells. Furthermore, the different treatments did not alter ATP6V1C1 

expression in the knockout cells. 

Similarly to the V1C1-14 knockout cells, the V1C1-18 cells had a statistically significant 

increase in ATP6V1C2 expression compared to the vector only control cells (Figure 5-10 

D). Additionally, there appeared to be an inverse relationship of ATP6V1C2 expression 

with hormone. The ATP6V1C2 levels were increased in CSS cells, compared to RPMI 

cultured cells, and levels were further decreased with DHT treatment. Enzalutamide with 

DHT treatment again significantly increased ATP6V1C2 levels compared to DHT alone 

treatment, supportive of what was found in the V1C1-14 knockout cells (Figure 5-9 D).  
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Figure 5-10. AR signalling expression in 22Rv1 V1C1 CRISPR knockout cells (V1C1-
18) following treatment with 1 nM DHT and/or 10 μM enzalutamide 
22Rv1 vector only and V1C1 CRISPR knockout (V1C1-18) 22Rv1 cells were treated for 24 

hours with either 1 nM DHT, 10 μM enz or both. RT-qPCR analysis was undertaken to 

assess levels of (A) PSA, (B) TMPRSS2, (C) ATP6V1C1, (D) ATP6V1C2 and were 

normalised to GAPDH, relative to Vector Control CSS set to 1. Values were then plotted 

using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Two-

way ANOVA with Tukey’s multiple comparison post-hoc test was used to generate P 

values and detect the statistical significance of the indicated differences: ns = non-

significant, *= p≤ 0.05, **= p≤ 0.01, *** = p≤ 0.001, **** = p≤ 0.0001. Data shown 

represents three independent biological replicates completed in triplicate. C, control; CSS, 

charcoal stripped serum; DHT, dihydrotestosterone; enz, enzalutamide; PSA, prostate 

specific antigen. 
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5.3.5.2 Effect of V1C1 knockout on AR-WT and AR-V7 protein expression 

Building on the results from 5.3.5.1, the next step was to investigate the effect of the V1C1 

knockout on AR-WT and AR-V7 protein expression in 22Rv1 cells. 22Rv1 vector control 

cells, V1C1-14 and V1C1-18 V1C1 knockout cells were cultured in CSS media for 24 

hours. The cells were then treated with either DMSO, 1 nM DHT, 10 μM enzalutamide or 

both DHT and enzalutamide for 24 hours. After treatment, cells were harvested and 

protein levels were measured using western blotting.  

In the vector control cells, V1C1 protein levels were similar in the CSS cultured cells 

compared to the RPMI cultured cells (Figure 5-11 Ai). There was a slight increase with 

DHT treatment compared to CSS only cells, which was reduced with the addition of 

enzalutamide. As shown in the western blot images, V1C1 protein expression was not 

detectable in the V1C1-14 (Figure 5-11) or V1C1-18 knockout cells (Figure 5-12), 

suggesting a complete protein knockout in both clones.  

Levels of V1C2 were higher in the CSS cultured vector only control cells compared to the 

RPMI cells (Figure 5-11 Aii), which is supportive of the transcript data (Figure 5-9 B). DHT 

treatment slightly lowered V1C2 expression compared to the CSS cells. The V1C1-14 

knockout cells had increased levels of V1C2 compared to the vector only control. Again, 

there appeared to be an inverse relationship with hormone in the knockout cells, as CSS 

cultured cells had substantially higher levels of V1C2 than RPMI, which was lowered with 

the addition of DHT. Interestingly, the expression of V1C2 protein was lowest with 

enzalutamide and DHT treatment compared to the rest of the treatments, which is the 

opposite of what was observed at the transcript level (Figure 5-9 B). Furthermore, this 

pattern of V1C2 expression was observed in the V1C1-18 knockout cells, with the only key 

difference being that the RPMI treated cells had higher V1C2 expression than the vector 

control cells (Figure 5-12 Aii).  

The expression of AR-WT in the vector only cells was increased by with DHT treatment, 

and enzalutamide did not reduce AR-WT expression compared to the CSS control cells 

(Figure 5-11 Aiii). In the V1C1-14 knockout cells, AR-WT had a 2-fold increase in 

expression in RPMI cultured cells compared to the vector only control cells. The V1C1-14 

cells cultured in CSS media had a similar AR-WT expression to the vector control cells, 

which was increased after DHT treatment. AR-WT expression was also greater in the 

enzalutamide with DHT treated knockout cells compared to the vector only. Furthermore, 

the levels of AR-WT in the V1C1-18 cells (Figure 5-12 Aiii) were almost identical to the 

V1C1-14 cells and the same pattern of expression was observed. 
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AR-V7 levels were higher for all treatments in the V1C1-14 than the vector control cells 

(Figure 5-11 Aiv). There was a slight increase in expression of AR-V7 in the V1C1-14 cells 

after treatment with DHT compared to the vector control cells. Surprisingly, except for the 

RPMI cultured cells, the levels of AR-V7 were lower for all treatments in the V1C1-18 cells 

than in the vector only control cells (Figure 5-12 Aiv). Despite the lower levels of AR-V7, 

the response to the treatments was the same in both knockout clones i.e. higher levels in 

DHT treated cells compared to the CSS cells, and lower levels after treatment with 

enzalutamide and DHT compared to DHT only treated cells. 

Taken together, these results suggest that AR-WT and AR-V7 expression was increased 

in 22Rv1 V1C1 knockout cells compared to vector only control cells. Additionally, V1C2 

expression was increased in cells that do not express V1C1, and this expression appears 

to be inversely correlated with hormone. 
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Figure 5-11. AR expression in 22Rv1 cells with CRISPR mediated V1C1 knockout (V1C1-14) 
22Rv1 vector only control cells and V1C1 CRISPR knockout cells (V1C1-14) were treated for 24 hours with either 1 nM DHT, 10 μM enz or both. Additional 

LNCaP samples were also included, which were maintained in RPMI only. Protein expression was measured using western blotting and cells were probed 

against ATP6V1C1, ATP6V1C2, AR and β-Actin. Blot is representative of two individual experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), AR (Aiiii) 

and AR-V7 (Aiv) normalised to β-Actin, relative to Vector CSS set to 1. Values were plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. k/o, knockout; CSS, charcoal stripped serum; DHT, dihydrotestosterone; enz, enzalutamide; PSA, prostate specific antigen; AR, 

androgen receptor. 
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Figure 5-12. AR expression in 22Rv1 cells with CRISPR mediated V1C1 knockout (V1C1-18) 
22Rv1 vector only control cells and V1C1 CRISPR knockout cells (V1C1-18) were treated for 24 hours with either 1 nM DHT, 10 μM enz or both. Additional 

LNCaP samples were also included, which were maintained in RPMI only. Protein expression was measured using western blotting and cells were probed 

against ATP6V1C1, ATP6V1C2, AR and β-Actin. Blot is representative of two individual experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), AR (Aiiii) 

and AR-V7 (Aiv) normalised to β-Actin, relative to Vector CSS set to 1. Values were plotted using GraphPad Prism 7 and are displayed as mean values ± 

standard deviation. k/o, knockout; CSS, charcoal stripped serum; DHT, dihydrotestosterone; enz, enzalutamide; PSA, prostate specific antigen; AR, 

androgen receptor. 
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5.3.6 Determining the effect of V1C1 knockout on AR signalling in 22Rv1 cells 
with siRNA mediated V1C2 knockdown 

5.3.6.1 Using the MTS assay to measure cell toxicity in response to siRNA 
treatment in 22Rv1 V1C1 k/o cells 

Given that the expression of V1C2 was increased at the transcript and protein level of both 

V1C1 22Rv1 knockout clones compared to the vector only control cells, it was important to 

investigate whether silencing V1C2 would affect AR signalling in 22Rv1 V1C1 knockout 

cells. As with the LNCaP V1C1 knockdown cells (Figure 5-7), the MTS assay was first 

used to measure potential cell toxicity in response to siRNA treatment. V1C1-14, V1C1-18 

and vector only control 22Rv1 cells were reverse transfected with either 25 nmol 

ATP6V1C2, ATP6V1A or non-specific siRNA for 48 or 72 hours. Non-transfected cells 

were included to account for any generalised siRNA induced toxicity.  

There was no statistically significant toxicity measured in the vector control cells after 

transfection with ATP6V1C2 or ATP6V1A after 48 (Figure 5-13 Ai and Bi) or 72 hours 

(Figure 5-13 Aii and Bii). Additionally, transfection with non-specific siRNA did not induce 

substantial cell toxicity compared to the non-transfected vector only control cells. In the 

V1C1-14 cells, there was no significant toxicity recorded after transfection with ATP6V1A 

siRNA for 48 (Figure 5-13 Ai) and 72 hours (Figure 5-13 Aii) compared to the non-specific 

control. However, there was a reduction in the MTS signal in the non-specific siRNA 

transfected cells, compared to the non-transfected V1C1-14 cells at both time points. This 

suggests that there is a generalised toxic effect of siRNA treatment on the knockout cells. 

Furthermore, the lower MTS signal recorded for the ATP6V1C2 transfected V1C1-14 cells 

was statistically significant compared to the non-transfected cells after 48 hours (Figure 

5-13 Ai), which was further reduced after 72 hours (Figure 5-13 Aii). This indicates that 

there was a degree of subunit specific induced toxicity because compared to the non-

specific siRNA, the ATP6V1C2 transfection increased cellular toxicity, but the ATP6V1A 

transfection did not. 

The V1C1-18 cells appeared to be less sensitive to siRNA induced toxicity than the V1C1-

14 cells. After 48 hours of transfection, neither the ATP6V1A nor ATP6V1C2 siRNA 

significantly increased toxicity compared to the non-specific siRNA (Figure 5-13 Bi). 

However, there was an increase in toxicity in the non-specific siRNA transfected cells 

compared to the non-transfected cells. Furthermore, after 72 hours there was a 

statistically significant reduction in MTS signal for ATP6V1C2 transfected cells but not 
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ATP6V1A (Figure 5-13 Bii). This supports what was found in the V1C1-14 cells and 

suggests that silencing both V1C isoforms was toxic to the 22Rv1 cells. 
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Figure 5-13. Using the MTS assay to determine 22Rv1 V1C1 k/o cell line toxicity in 
response to siRNA treatment after 48 and 72 hours 
22Rv1 vector only and V1C1-14 (A) and V1C1-18 (B) V1C1 CRISPR knockout cells were 

reverse transfected with either 25 nmol of ATP6V1C2, ATP6V1A or non-specific siRNA for 

48 (i) or 72 (ii) hours. Control non-transfected cells were treated with equivalent 

concentrations of Dharmafect 1 reagent. Data is presented relative to the respective non-

specific treated cells set to 100% viability. Values were plotted using GraphPad Prism 7 

and are displayed as mean values ± standard deviation. Two-way ANOVA with Tukey’s 

multiple comparison post-hoc test was used to generate P values and detect the statistical 

significance of the indicated differences: ns = non-significant, * = p≤ 0.05, **** = p≤ 

0.0001. Data shown represents three independent biological replicates completed in 

triplicate. k/o, knockout; NT, non-transfected; NS, non-specific. 
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5.3.6.2 Measuring AR-WT and AR-V7 protein expression in 22Rv1 V1C1 k/o cells 
in response to ATP6V1C2 siRNA mediated knockdown 

The results from the MTS assay indicated that transfection with ATP6V1C2, but not 

ATP6V1A, resulted in significant toxicity in 22Rv1 V1C1 knockdown cells after 72 hours 

(Figure 5-13). Despite the increase in toxicity, 72 hours of siRNA treatment results in a 

greater subunit knockdown than 48 hours in 22Rv1 cells (Figure 5-4). Therefore, as the 

22Rv1 V1C1 knockout clones were able to tolerate a longer siRNA transfection time than 

LNCaP cells, both 48 and 72 hour transfection time points were investigated.  

V1C1-14, V1C1-18 and 22Rv1 vector only control cells were reverse transfected with 

either 25 nmol ATP6V1C2, ATP6V1A or non-specific siRNA for 48 or 72 hours. As with 

the MTS assay, non-transfected cells were included to account for any generalised siRNA 

induced toxicity. The cells were then harvested and protein levels were measured using 

western blotting. 

5.3.6.2.1 Results for 22Rv1 V1C1-14 

Firstly, in the vector only cells protein levels of V1C1 were largely unaltered with 

ATP6V1C2 and ATP6V1A siRNA transfection after 48 (Figure 5-14) or 72 hours (Figure 

5-15). Transfection with ATP6V1C2 reduced V1C2 expression in the V1C1-14 vector only 

cells after 48 hours, which was statistically significant compared to the respective non-

specific siRNA control cells (Figure 5-14 Aii). Additionally, after 72 hours of ATP6V1C2 

siRNA transfection, V1C2 expression was reduced in the V1C1-14 vector only control 

cells, which was again statistically significant (Figure 5-15 Aii).  

V1C2 protein levels were slightly reduced with ATP6V1A siRNA transfection in V1C1 

knockdown cells after 48 hours compared to the non-specific siRNA control. Furthermore, 

V1C2 expression was significantly increased in non-transfected and non-specific siRNA 

transfected V1C1-14 cells compared to vector only control cells after 48 hours (Figure 

5-14 Aii). In the 72 hour transfected V1C1-14 cells, there was a statistically significant 

increase in V1C2 expression for the non-transfected cells compared the vector control 

cells.  

V1A protein levels were significantly reduced after ATP6V1A siRNA transfection for 48 

(Figure 5-14 Aiii) and 72 hours (Figure 5-15 Aiii) in both V1C1 knockdown and vector only 

control cells. V1A expression was reduced in the ATP6V1C2 transfected V1C1-14 cells 

after 48 hours, but not in the vector only control cells, relative to the respective non-

specific siRNA transfected cells (Figure 5-14 Aiii). After 72 hours of ATP6V1C2 
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transfection, the levels of V1A in V1C1-14 cells was similar to that of vector only control 

cells (Figure 5-15 Aiii).  

The expression of AR-WT was higher in the V1C1-14 cells compared to the vector only 

control cells in all siRNA transfected cells after 48 hours (Figure 5-14 Aiv). . Additionally, 

the overall expression of AR-WT was higher in the V1C1-14 cells than the vector only 

control cells after 48 (Figure 5-14 Aiv) and 72 hours (Figure 5-15 Aiv) of transfection. 

Furthermore, after 72 hours of transfection, AR-WT expression was reduced in the 

ATP6V1A transfected vector only control cells compared to the non-specific siRNA 

transfected cells. This was not the case for the V1C1-14 cells as transfection of ATP6V1A 

for 72 hours resulted in an increase in AR-WT expression compared to the non-specific 

siRNA transfected cells (Figure 5-15 Aiv). Interestingly, after 72 hours, AR-WT expression 

was reduced in ATP6V1C2 transfected V1C1-14 cells compared to the non-specific 

siRNA cells.  

AR-V7 levels were higher in the non-transfected, non-specific and ATP6V1A siRNA 

transfected vector only control cells than the V1C1-14 cells after 48 hours (Figure 5-14 

Av). In the vector only control cells, ATP6V1C2 siRNA transfected cells had increased 

level of AR-V7 protein compared to the non-specific siRNA transfected cells. However, in 

the V1C1-14 cells, ATP6V1C2 siRNA transfected cells had a reduction in AR-V7 protein 

levels compared to the non-specific siRNA cells. After 72 hours of siRNA transfection, 

ATP6V1A transfected vector control cells had reduced AR-V7 levels compared to the non-

specific control (Figure 5-15 Av). The reverse was observed in the V1C1-14 cells as after 

72 hours, ATP6V1A transfected cells had higher levels of AR-V7 compared to the non-

specific siRNA cells, and AR-V7 levels were lower in ATP6V1C2 siRNA transfected cells. 

This interesting finding agrees with the AR data and suggests that silencing both V1C 

isoforms reduces AR-WT and AR-V7 expression. 
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Figure 5-14. Combined knockdown of V1C1 and V1C2 in 22Rv1 cells (V1C1-14) for 48 hours 
Vector only and V1C1 CRISPR knockout (V1C1-14) 22Rv1 cells were reverse transfected with either 25 nmol of ATP6V1C2, ATP6V1A or non-specific 

siRNA for 48 hours. Control non-transfected cells were treated with equivalent concentrations of Dharmafect 1 reagent. Protein expression was measured 

using western blotting and cells were probed against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. Blot is representative of three individual 

experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), V1A (Aiii), AR (Aiv) and AR-V7 (Av) normalised to β-Actin, relative to Vector NS set to 1. Values 

were plotted using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values and 

detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01, *** = p≤ 0.001. NT, non-transfected; NS, non-

specific; AR, androgen receptor; PSA, prostate specific antigen. 
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Figure 5-15. Combined knockdown of V1C1 and V1C2 in 22Rv1 cells (V1C1-14) for 72 hours 
Vector only and V1C1 CRISPR knockout (V1C1-14) 22Rv1 cells were reverse transfected with either 25 nmol of ATP6V1C2, ATP6V1A or non-specific 

siRNA for 72 hours. Control non-transfected cells were treated with equivalent concentrations of Dharmafect 1 reagent. Protein expression was measured 

using western blotting and cells were probed against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. Blot is representative of three individual 

experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), V1A (Aiii), AR (Aiv) and AR-V7 (Av) normalised to β-Actin, relative to Vector NS set to 1. Values 

were plotted using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values and 

detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05. NT, non-transfected; NS, non-specific; AR, androgen 

receptor; PSA, prostate specific antigen. 
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5.3.6.2.2 Results for 22Rv1 V1C1-18 

Firstly, the densitometry data for all of the vector only control cells is the same as in 

5.3.6.2.1. This was to keep consistency across the two clones and to ensure reliable 

comparisons could be made between the two. Also, in agreement with previously shown 

data (Figure 5-12), there were no detectable levels of V1C1 protein in the V1C1-18 

knockout cells (Figure 5-16 and Figure 5-17).  

Similarly to the V1C1-14 cells, the levels of V1C2 in the V1C1-18 cells were overall higher 

than in the vector only control cells after 48 hours post-transfection (Figure 5-16 Aii). 

There was a statistically significant reduction in V1C2 expression after transfection with 

ATP6V1C2 siRNA for 48 hours compared to the non-specific siRNA transfected cells, 

indicating the siRNA was effective at reducing subunit expression in the V1C1-18 cells. 

After 72 hours post-transfection with siRNA, V1C2 expression in the V1C1-18 cells was 

further increased compared to the vector only control cells (Figure 5-17 Aii). There were 

statistically significant differences in V1C2 expression between the vector only control cells 

and the V1C1-18 cells after 72 hours of transfection with non-specific and ATP6V1A 

siRNA. Again, after 72 hours of transfection with ATP6V1C2 siRNA, the expression of 

V1C2 was significantly reduced compared to the non-specific siRNA treated cells. 

Levels of V1A were slightly higher in the V1C1-18 cells than in the vector only control cells 

after 48 hours post transfection (Figure 5-16 Aiii). ATP6V1A siRNA transfection for 48 

hours was sufficient to significantly reduce V1A expression by 1 fold in the V1C1-18 cells 

compared to non-specific siRNA treated cells. Transfection with ATP6V1C2 siRNA did not 

alter V1A expression compared to the non-specific siRNA control in the knockout cells 

(Figure 5-16 Aiii). After 72 hours of siRNA transfection, levels of V1A were similar to that of 

48 hour transfected cells, although ATP6V1C2 siRNA transfected cells had sufficiently 

higher levels of V1A compared to non-specific siRNA transfected cells (Figure 5-17 Aiii). 

The expression of AR-WT was lower in ATP6V1A transfected V1C1-18 cells compared to 

the non-specific siRNA transfected cells after 48 hours (Figure 5-16 Aiv). Overall, AR-WT 

expression appeared to be slightly increased in the V1C1-18 cells than the vector only 

control cells after 48 hours of transfection. In the V1C1-18 cells transfected for 72 hours, 

levels of AR-WT were increased with ATP6V1A siRNA, and there was a very small 

decrease in AR-WT expression in ATP6V1C2 transfected cells compared to the non-

specific transfected cells (Figure 5-17 Aiv).  
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Finally, AR-V7 levels after 48 hours of siRNA transfection were higher in the V1C1-18 

cells than in the vector only control cells (Figure 5-16 Av). Transfection with ATP6V1A 

siRNA reduced AR-V7 expression compared to the non-specific siRNA transfected cells. 

After 72 hours of transfection, AR-V7 levels were lower in the non-transfected, non-

specific and ATP6V1C2 transfected V1C1-18 cells compared to the vector only control 

cells (Figure 5-17 Av). Additionally, in the V1C1-18 cells ATP6V1C2 transfection led to a 

small visible decrease in AR-V7 expression compared to the non-specific siRNA treated 

cells.  
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Figure 5-16. Combined knockdown of V1C1 and V1C2 in 22Rv1 cells (V1C1-18) for 48 hours 
Vector only and V1C1 CRISPR knockout (V1C1-18) 22Rv1 cells were reverse transfected with either 25 nmol of ATP6V1C2, ATP6V1A or non-specific 

siRNA for 48 hours. Control non-transfected cells were treated with equivalent concentrations of Dharmafect 1 reagent. Protein expression was measured 

using western blotting and cells were probed against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. Blot is representative of three individual 

experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), V1A (Aiii), AR (Aiv) and AR-V7 (Av) normalised to β-Actin, relative to Vector NS set to 1. Values 

were plotted using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values and 

detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01, *** = p≤ 0.001. NT, non-transfected; NS, non-

specific; AR, androgen receptor; PSA, prostate specific antigen. 
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Figure 5-17. Combined knockdown of V1C1 and V1C2 in 22Rv1 cells (V1C1-18) for 72 hours 
Vector only and V1C1 CRISPR knockout (V1C1-18) 22Rv1 cells were reverse transfected with either 25 nmol of ATP6V1C2, ATP6V1A or non-specific 

siRNA for 72 hours. Control non-transfected cells were treated with equivalent concentrations of Dharmafect 1 reagent. Protein expression was measured 

using western blotting and cells were probed against ATP6V1C1, ATP6V1C2, ATP6V1A, AR, PSA and β-Actin. Blot is representative of three individual 

experiments. Densitometry data of V1C1 (Ai), V1C2 (Aii), V1A (Aiii), AR (Aiv) and AR-V7 (Av) normalised to β-Actin, relative to Vector NS set to 1. Values 

were plotted using GraphPad Prism 7 and are displayed as mean values ± standard deviation. Student’s T-Tests were used to generate P values and 

detect the statistical significance of the indicated differences: ns = non-significant, * = p≤ 0.05, ** = p≤ 0.01. NT, non-transfected; NS, non-specific; AR, 

androgen receptor; PSA, prostate specific antigen. 
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5.4 Summary of findings 

The primary aim was to investigate the effect of genetically silencing a single V-ATPase 

subunit isoform on AR signalling in prostate cancer cell lines. The key findings were as 

follows: 

• ATP6V1C1 was found to be altered in 22% of prostate adenocarcinoma patients in 

a TCGA cohort, which included a high number of copy number amplifications 

• ATP6V1C1 siRNA mediated knockdown of the V1C1 subunit in LNCaP cells had 

no statistically significant effect on AR protein expression after 48 or 72 hours, with 

or without androgenic stimulation 

• In 22Rv1 cells, ATP6V1C1 siRNA mediated knockdown did significantly reduce 

AR-WT protein levels after 72 hours post-transfection  

• V1C1 expression was androgen sensitive in LNCaP cells 

• V1C2 expression was increased in V1C1 knockdown LNCaP cells compared to  

vector only control cells 

• Both LNCaP and 22Rv1 V1C1 deficient cell lines were viable 

• Expression of downstream AR targets (PSA and TMPRSS2) were increased at the 

transcript level in 22Rv1 V1C1 knockout cells compared to vector only controls 

• Transcript levels of ATP6V1C2 were higher in V1C1 knockout 22Rv1 cells than 

vector only controls 

• V1C2 expression appeared to have an inverse relationship with hormone in 22Rv1 

cells at both transcript and protein level 

• Silencing the V1C1 subunit in 22Rv1 cells increased AR signalling sensitivity to 

androgen 

• AR-WT and AR-V7 protein levels were slightly higher in 22Rv1 V1C1 knockout 

cells compared to vector only control cells 

• AR-WT expression was reduced with combined V1C1 knockout and V1C2 

knockdown compared to vector only control cells 

Overall, this data supports the hypothesis that the genetic silencing of a single V-ATPase 

subunit isoform results in dysregulated AR signalling. 
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5.5 Discussion 

Due to the high number of ATP6V1C1 alterations in prostate adenocarcinoma patients, 

including increased mRNA expression, I hypothesised that silencing the V1C1 subunit 

would result in dysregulated AR signalling. This hypothesis was based on the knowledge 

that AR signalling contributes to prostate cancer growth and therefore an increase in V-

ATPase subunit expression, and perhaps function, might increase AR signalling in 

prostate cancer. Combining functional knowledge with the expression data, the V1C1 

subunit became an attractive subunit to investigate whether there was a potential link with 

AR signalling in both hormone sensitive (LNCaP) and constitutively active (22Rv1) models 

of prostate cancer.  

5.5.1 Effect of V1C1 knockdown on AR signalling in hormone sensitive LNCaP 
cells 

5.5.1.1 siRNA mediated V1C1 knockdown 

To test the role of the V1C1 subunit in the hormone sensitive LNCaP cell line, siRNA was 

first used to see whether a transient knockdown would alter AR activity. McConnell et al. 

have previously shown that a shRNA mediated 90% knockdown of ATP6V1C1 in a breast 

cancer mouse model resulted in a significant reduction of orthotropic and intraosseous 

tumour growth. This genetic silencing also reduced V-ATPase activity, cell proliferation 

and mTORC1 activation in vitro (361). Therefore, silencing the V1C1 subunit had a direct 

effect on cancer cell proliferation. As the AR signalling pathway is the dominant driver of 

cancer cell growth in hormone sensitive prostate cancer, silencing of the V1C1 subunit 

was expected to reduce AR signalling. However, in LNCaP cells siRNA mediated V1C1 

knockdown did not significantly reduce AR or PSA protein expression after 48 or 72 hours 

(Figure 5-2). As previously mentioned DHT is the main physiological ligand for AR 

signalling activation and therefore it was important to investigate the effect of V1C1 

knockdown on DHT-induced AR activation. Interestingly V1C1 knockdown reduced AR 

and PSA expression by approximately 20% and 40% in the DHT stimulated LNCaP cells, 

but not the androgen deprived CSS LNCaP cells (Figure 5-3). This phenomenon may be 

due to the reduction in V1C1 levels partially blocking DHT-dependent AR activation. 

Optimal binding of DHT to the AR occurs in a very narrow pH range, with optimal binding 

occurring at pH 8.0 (362). Perhaps a reduction in V1C1 expression results in a reduction of 

V-ATPase complex formation, and consequently the cell becomes more alkaline, reducing 
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the binding efficiency of DHT to the AR, so AR and PSA expression are decreased. 

Although not directly relevant to this model, it is also interesting to consider that 5α-

reductase type 2, which is the enzyme responsible for producing 70-80% of the DHT 

found circulating in blood, also has a narrow pH range and an optimal pH of 5.5 (363). If 

the V-ATPase is dysregulated, and the intracellular pH becomes too high, then maybe 

there is an overall reduction in circulating DHT in humans.  

Although there was a slight reduction in AR and PSA expression, it was not statistically 

significant. One of the reasons for this could be due to the slight increase seen in the 

expression of the V1C2 isoform when only the V1C1 isoform, and not the V1A subunit, was 

reduced. Despite there only being a minor increase in V1C2, it led me to hypothesize 

whether the isoform could be compensating for the loss of V1C1. Another explanation as 

to why AR and PSA expression was only marginally reduced is because McConnell et al. 

demonstrated that a knockdown of 90% was necessary to reduce cell proliferation and 

reduce V-ATPase activity (361), and the best efficiency I was able to achieve in LNCaP 

cells was 60%. This was due to the poor transfection efficiency of the LNCaP cell line. 

Therefore, to address both of these concerns, I went on to utilize the CRISPR-Cas9 

system to improve the knockdown efficiency and to gain an insight into the apparent V1C2 

compensation.  

5.5.1.2 CRISPR-Cas9 mediated V1C1 knockdown 

The V1C1 knockdown was successful and no V1C1 protein was visible on a western blot 

(Figure 5-6). I first investigated whether AR expression in the V1C1 knockdown cells was 

altered in response to AR stimulation with DHT, AR antagonism with enzalutamide or a 

combination of both. The results from these experiments were compared to LNCaP cells 

which had been transfected with an empty Cas9 vector to control for any non-specific 

Cas9 mediated effects. An interesting observation was that in the vector control cells V1C1 

expression appeared to be linked to AR signalling, whereby expression decreased in CSS 

media, increased with DHT treatment and was decreased again with enzalutamide 

treatment (Figure 5-6). The increase in expression in response to DHT treatment was 

more prominent than what was seen in the previous siRNA experiments (Figure 5-3), 

hinting at a direct link between V-ATPase and AR signalling. Despite this potential link, AR 

expression was similar in both vector only control cells and the V1C1 knockdown cells, 

suggesting that perhaps the loss of V1C1 does not affect AR signalling. However, the 

levels of V1C2 protein were substantially higher in the V1C1 knockdown cells than the 

vector only control cells (Figure 5-6). This finding indicates that V1C2 is upregulated to 

compensate for the loss of V1C1.  
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5.5.2 The V1C2 subunit isoform compensates for loss of V1C1 

A literature search suggests that this is the first time V1C2 compensation for V1C1 has 

been shown, although this is not the first time a subunit isoform has been found to 

compensate for another. Kawamura et al. generated a mouse model that lacked the 

neuronal specific V1G2 isoform, but had no obvious detrimental changes to brain 

architecture or mouse behaviour. In this model, the V1G1 ubiquitously expressed isoform 

was found to accumulate to larger amounts than in a wild-type mouse model. 

Interestingly, despite an increase in V1G1 protein, there was no increase in V1G1 mRNA, 

indicating that a loss of function of V1G1 was compensated by V1G2 without mRNA 

upregulation (364). In addition to this research, Păunescu et al. demonstrated that the 

ubiquitously expressed V1B2 isoform can compensate for the loss of the kidney specific 

V1B1 isoform in medullary A intercalated cells. They found that apical V1B2 

immunostaining was two-fold higher in a V1B1 null mouse model compared to one 

positively expressing V1B1. However, this increase in staining was not accompanied by an 

upregulation of V1B2 mRNA or protein. They concluded that the increase in staining was 

due to the relocalisation of V1B2 V-ATPase complexes to the plasma membrane. The 

compensated V1B2 complexes were also able to maintain 28-40% of normal V-ATPase 

activity, which was sufficient to maintain acid-base homeostasis in mice deficient in V1B1 

(365). Another study investigating the role of VOa3 in phagosome acidification found that 

mice deficient in VOa3 still exhibit V-ATPase dependent acidification, albeit to a lesser 

degree than in wild-type mice (366). This indicates that the VOa1 and VOa2 isoforms could 

at least partially rescue V-ATPase function.  

Taken together, all of these studies demonstrate that despite the loss of a particular 

subunit isoform, another isoform is able to compensate and maintain V-ATPase function. 

Therefore, it is plausible that the loss of the V1C1 subunit is compensated by the 

upregulation of the V1C2 isoform, which is why AR signalling is unaffected by a permanent 

loss of V1C1. This does not necessarily mean that that a transient inhibition or reduction of 

the V1C1 subunit would not lead to a reduction in AR activity.  

To address whether the V1C2 compensation was responsible for maintaining AR 

expression, I transfected V1C1 knockout LNCaP cells with ATP6V1C2 siRNA (Figure 5-8). 

Unfortunately this combined knockdown approach was not effective and I could not 

achieve an efficient V1C2 knockdown. This was partly because of the poor transfection 

efficiency of LNCaP cells and the significant cellular toxicity observed in response to the 

transfection itself (Figure 5-7). However, it was interesting that there was a significant 

increase in toxicity in the ATP6V1C2 transfected cells compared to the non-specific siRNA 
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control cells, which was not observed in ATP6V1A siRNA transfected cells. This suggests 

that the cells can cope with the loss of one V1C subunit isoform but a reduction in both 

results in cellular toxicity, and therefore probably a loss of V-ATPase function. 

Additionally, even though the V1C2 subunit appears to compensate for the permanent 

reduction of V1C1, I cannot rule out the possibility that other signalling pathways have 

been upregulated to maintain efficient AR expression. As discussed previously, there are 

a plethora of alternative pathways that have been directly and indirectly linked to AR 

regulation including AKT, JAK/STAT etc. that act to bypass the ‘classical’ AR signalling 

pathway. Also, I cannot rule out the possibility of positive clonal selection and that the 

reason this particular LNCaP clone survived the V1C1 CRISPR-Cas9 knockdown was 

because of the upregulation of other mechanisms, which have given it a survival 

advantage.  

5.5.3 Effect of V1C1 knockdown on AR signalling in AR-V7 expressing 22Rv1 
cells 

5.5.3.1 siRNA mediated V1C1 knockdown 

Transiently silencing the V1C1 subunit appeared to slightly reduce AR expression in 

LNCaP cells in the presence of DHT, but a permanent reduction of V1C1 had no obvious 

effect on AR signalling. Another interesting finding by McConnell et al. was that 

ATP6V1C1 mRNA expression was significantly higher in breast cancer cell lines than in 

the untransformed C3H10T1/2 cell line, and ATP6V1C1 knockdown reduced proliferation 

in the cancer cell lines but not the C3H10T1/2 line. In addition to this, ATP6V1C1 mRNA 

expression was higher in breast cancer cell lines with a higher metastatic potential than 

those with a low metastatic potential (361). The 22Rv1 cell line is often used to model 

metastatic CRPC due to the expression of AR splice variants and that it can form 

metastatic bone lesions in mice (367). Therefore, I hypothesized that perhaps targeting 

the V1C1 subunit in 22Rv1 cells would result in a reduction of AR signalling. 

Similarly to the LNCaP cell line, I started by first transiently reducing V1C1 expression in 

22Rv1 cells using siRNA (Figure 5-4). The 22Rv1 cells have a better transfection 

efficiency and I achieved a greater transfection efficiency of up to ~75%. After 48 hours of 

ATP6V1C1 siRNA transfection, AR-WT and PSA protein levels were slightly reduced, but 

AR-V7 levels were increased. Moreover, after 72 hours, AR-WT levels were significantly 

reduced by ~50%, AR-V7 levels were reduced by ~40% compared to the non-specific 

siRNA transfected controls. Interestingly, this significant reduction in AR-WT expression 
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was accompanied by an increase of V1C2 expression by 2.5 fold. This suggests that V1C2 

is upregulated to compensate for the loss of V1C1 but AR-WT expression is still reduced, 

either suggesting V1C2 has not been upregulated enough to efficiently compensate or the 

mechanism is independent of V1C2 expression. Furthermore, although 22Rv1 cells are 

used as a model for CRPC and are largely insensitive to androgen, I still wanted to test 

the effect of V1C1 knockdown on DHT-induced AR signalling. Without DHT stimulation, 

V1C1 knockdown resulted in a significant reduction of AR-WT and PSA, plus a smaller 

reduction of AR-V7.There was also an accompanying increase in V1C2 expression by 

around 50%. These results are supportive of the earlier siRNA experiments and indicate 

that V1C1 knockdown does reduce AR-WT and AR-V7 mediated AR signalling. When the 

cells were stimulated with DHT, the extent of V1C1 knockdown was comparable to the 

non-DHT stimulated cells, but the reduction in AR-WT and PSA levels was much 

smaller.AR-V7 expression in response to V1C1 knockdown was similar to that of the non-

DHT stimulated cells. Furthermore, V1C2 levels were lower overall in the DHT stimulated 

cells, with the V1C1 knockdown actually reducing V1C2 levels. These results contrast with 

what was observed in LNCaP cells and one explanation for this is because 22Rv1 cells 

are less reliant on DHT for AR signalling than LNCaP cells, and they have expression of a 

constitutively active AR variant that can bypass the requirement of DHT. Regardless of 

the results from the DHT treated cells, the transient knockdown of V1C1 reduced AR 

signalling in 22Rv1 cells. 

5.5.3.2 CRISPR-Cas9 mediated V1C1 knockout  

To investigate this further, the CRISPR-Cas9 system was again used to reduce V1C1 

expression. Two clones, V1C1-14 and V1C1-18, emerged as complete V1C1 knockouts. 

Interestingly, compared to the vector only control cells, ATP6V1C1 mRNA expression was 

significantly reduced in the V1C1-14 cells, but was ATP6V1C1 levels were comparable to 

levels in the vector only control cells. In both of the knockout cells ATP6V1C2 mRNA 

expression was significantly increased for every treatment compared to the vector only 

control cells, indicating that ATP6V1C2 compensation occurs at the transcript level, which 

was not detected in any of the previous studies investigating V-ATPase subunit isoform 

compensation (364-366). Another interesting finding was that there appeared to be an 

inverse relationship with androgen as ATP6V1C2 levels were higher in CSS cultured cells 

than DHT treated cells and cells cultured in RPMI.  

Control 22Rv1 cells are largely insensitive to androgen, but both of the V1C1-14 and -18 

knockouts had increased androgenic sensitivity. This is evident as the mRNA expression 

of PSA and TMPRSS2 was increased in response to DHT treatment compared to cells 
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cultured in CSS media. Compared to the vector only control cells, PSA mRNA expression 

was increased by a maximum of 2-fold in the V1C1-14 cells and up to 6-fold in the V1C1-

18 cells indicating an increase in AR signalling at the transcript level. The fact that V1C1 

knockout cells appear to have an increased sensitivity to androgen and enzalutamide is 

an interesting finding. In the presence of DHT, enzalutamide treatment had the greatest 

reduction in PSA mRNA, and TMPRSS2 mRNA expression was reduced to lower levels 

than the vector only control cells. This provides some evidence for combining AR 

antagonists with targeted V-ATPase subunit therapies.  

Moving on from measuring mRNA levels, I went on to assess AR-WT and AR-V7 protein 

expression changes in the 22Rv1 V1C1 knockout cells. Firstly, in the vector only control 

cells, V1C1 protein expression displayed some sensitivity to androgen as levels were 

slightly increased in response to DHT treatment compared to CSS cultured cells, which 

could be reduced by treating the cells with enzalutamide. Again, V1C2 protein levels were 

increased in the knockout cells compared to the vector only control cells. They decreased 

with DHT treatment and increased with enzalutamide treatment, complimenting what was 

observed at the transcript level. In both V1C1-14 and -18 cells AR-WT expression was 

increased for every treatment in the knockout cells compared to the vector only control 

cells. Furthermore, AR-V7 protein levels were increased in V1C1-14, and were 

comparable in V1C1-18 cells, compared to the vector control cells. This is supportive of 

the LNCaP V1C1 CRISPR-Cas9 data and suggests that a permanent knockdown/out of 

V1C1 actually results in an increase in AR signalling. 

Similarly to the LNCaP cells, I wanted to investigate whether V1C2 compensation was 

responsible for this increase in AR expression. Therefore, I transfected the V1C1-14 and 

V1C1-18 cells with ATP6V1C2 siRNA for 48 and 72 hours. Due to the improved 

transfection efficiency and reduced toxicity compared to the LNCaP cells, I was able to 

achieve a statistically significant knockdown of V1C2 protein compared to the non-specific 

siRNA control cells. It is interesting to note that once again the transfection with 

ATP6V1C2 siRNA resulted in the greatest level of cellular toxicity compared to the non-

specific control and ATP6V1A siRNA transfected cells (Figure 5-13). This suggests that 

knockdown of both V1C isoforms results in substantial cell death, probably due to a 

reduction in V-ATPase complex assembly. After 48 hours of ATP6V1C2 transfection in the 

vector only control cells there were comparable levels of V1C1 protein to the non-specific 

siRNA control cells, which was reduced after 72 hours. This indicates that V1C1 does not 

compensate for the loss of V1C2, which is probably because V1C1 is the dominant V1C 

isoform and V1C2 protein levels are endogenously low in 22Rv1 cells. In agreement with 

previous data, V1C2 protein levels were higher overall in both of the V1C1 knockdown 
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clones, but after 48 and 72 hours of ATP6V1C2 transfection, V1C2 levels were 

comparable to the vector only control cells. Most importantly, AR-WT and AR-V7 protein 

levels in both V1C1 knockout clones were visibly lower on a western blot compared to the 

vector only controls after ATP6V1C2 siRNA transfection. These protein levels were also 

lower than the respective non-specific and ATP6V1A siRNA transfected cells. Although 

this is not represented in the densitometry data, I believe more repeats would show this 

effect more clearly. Therefore, perhaps a transient dual knockdown of both V1C isoforms 

would be required to effectively reduce AR-WT and AR-V7 mediated AR signalling.  

The fact that a transient reduction of V1C1 was more effective in reducing AR expression 

in LNCaP cells than 22Rv1 cells may be due to differences in the transfection efficiency, 

or it could be due to differences in the metastatic potential of the cell lines. For example, 

McConnell et al. proposed that reducing V1C1 expression may reduce V-ATPase 

assembly and prevent mTORC1 mediated cancer cell growth due to a failure of mTORC1 

to receive amino acid signals. The mTORC1 pathway is hyper-activated in prostate 

cancer tumour compared to benign tissue (368). Additionally, mTOR is phosphorylated 

during the development of prostate cancer and there is a correlation between a high 

expression of phosphorylated mTOR and a worse prognosis (369). It is interesting to 

speculate that if the mTORC1 pathway is more dominant in 22Rv1 cells than LNCaP cells, 

and the cells are more dependent on mTORC1 for survival, then they would also be more 

reliant on V-ATPase expression and function. 

Overall, I believe the V1C2 subunit is likely compensating for the permanent loss of V1C1, 

and expression of V1C2 can maintain AR signalling in LNCaP and 22Rv1 cells. The 

transient reduction of V1C1 may result in an upregulation of V1C2 but perhaps it might not 

be enough to functionally compensate for the reduction of V1C1 over a short period of 

time. However, as previously discussed the differences in AR signalling observed 

between transient and complete V1C1 knockdown might be due to the upregulation of 

adaptive mechanisms, which are able to maintain AR signalling. An increase in mTORC1 

signalling may be one of the adaptive changes and it would interesting to investigate this 

further. 
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Final Discussion 

At the beginning of this thesis my primary hypothesis stated that V-ATPase dysregulation 

is directly linked to cancer via alterations in activity. The secondary hypothesis stated that 

V-ATPase inhibition influences androgen receptor signalling in prostate cancer, and 

therefore makes an attractive therapeutic target. Listed below are the key findings related 

to each aim. 

Aim: Measure the effect of selected somatic missense mutations on V-ATPase 
activity and function. 

Key findings: 

• There is a potential mutational hotspot at position 61 corresponding to a glutamic 

acid residue in the N-Terminal alpha helix of the mammalian V1E2 subunit isoform, 

which is mutated to a lysine, valine or glutamine residue in different cancer 

samples. 

• The mammalian V1E1 and V1E2 subunit isoforms complement ΔE null mutant 

yeast cells and form an active V-ATPase complex, and the selected mutations do 

not affect V-ATPase localisation. 

• In the V1E2 isoform, both the E61V and E61Q mutant complexes had significantly 

higher catalytic rates compared to the WT, and E61Q also had the highest rate of 

proton transport compared to all of the mutant and WT V1E2 complexes.  

• In the V1E1 isoform, the E61Q mutant complex had a significantly higher catalytic 

rate compared to the WT, but the rate of proton transport was highest in the V1E1 

WT complex compared to all of the mutant V1E1 complexes.   

Aim: Investigate the effect of V-ATPase inhibition on AR signalling in prostate 
cancer cell lines with AR splice variants and point mutations. 

Key findings: 

• V-ATPase inhibition using baf-A1 and con-A reduced AR protein levels, and levels 

of AR downstream transcriptional targets, in the hormone sensitive LNCaP and 

DuCaP cell lines, as well as in the splice variant expressing 22Rv1 cell line 

• Combining baf-A1 with the AR antagonist enzalutamide led to a greater reduction 

in AR downstream target expression than enzalutamide alone in LNCaP cells 

• V-ATPase inhibition caused a reduction in cancer associated AR splice variant and 

mutant AR transactivation, AR mRNA and AR protein levels  
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Aim: Investigate the effect of genetically silencing V-ATPase subunits on AR 
signalling in prostate cancer cell lines. 

Key findings: 

• ATP6V1C1 was found to be altered in 22% of prostate adenocarcinoma patients in 

a TCGA cohort, which included a high number of copy number amplifications 

• ATP6V1C1 siRNA mediated knockdown of the V1C1 subunit in LNCaP cells had 

no significant effect on AR protein expression, with or without androgenic 

stimulation 

• In 22Rv1 cells, ATP6V1C1 siRNA mediated knockdown significantly reduced AR-

WT protein levels, and reduced the levels of AR-V7  

• Expression of downstream AR target genes were increased in 22Rv1 V1C1 

knockout cells compared to vector only controls 

• Levels of V1C2 mRNA and protein were upregulated  in response to a 

downregulation of V1C1, indicating isoform compensation  

• AR-WT expression was reduced when V1C1 22Rv1 knockout cells were 

transfected with ATP6V1C2 siRNA compared to vector only control cells 

The data presented in this thesis supports the hypothesis that V-ATPase dysregulation is 

directly linked to cancer via alterations in activity. Some somatic mutations in V-ATPase 

subunit isoforms identified in the COSMIC database altered V-ATPase catalytic activity 

and proton flux independent of changes in expression, although determining the effects of 

these mutations in vivo would require further investigation. In prostate cancer cell lines 

with functional mutations and splice variants, inhibition of V-ATPase reduced the 

expression of AR signalling, supporting the secondary hypothesis that V-ATPase inhibition 

influences AR signalling in prostate cancer. A transient reduction of the V1C1 subunit 

resulted in a reduction in AR signalling in 22Rv1 cells, suggesting targeting this isoform 

might represent a novel target for reducing AR signalling in CRPC. An unexpected 

compensation of the V1C2 subunit isoform for the V1C1 isoform may be responsible for 

maintaining AR signalling in V1C1 deficient cells, but determining the exact mechanism 

requires further research. Overall the results revealed the following three important 

findings for the first time: (1) Somatic mutations in V-ATPase subunit isoforms can have a 

functional effect on V-ATPase catalytic activity (2) V-ATPase inhibition alters AR signalling 

regardless of AR mutational status, and (3) Silencing the V1C subunit isoforms alters AR 

signalling in both hormone sensitive and CRPC models of prostate cancer. 
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6.1 Importance of V-ATPase somatic mutations in cancer 

The majority of previously published research investigating the role of V-ATPase in cancer 

has been centred upon expression rather than alterations in V-ATPase activity. Somatic 

mutations have been identified in multiple subunit isoforms but the functional effect of 

most of these mutations is unknown. Recently, research into somatic mutations in the 

V1B2 subunit found that specific amino acid substitutions are linked to lymphoma 

progression via increased mTORC1 signalling (323), whereas others can result in a loss 

of V-ATPase activity (324). A literature search indicated that somatic mutations in other 

subunit isoforms had not been published, and therefore I sought to investigate this further. 

Chapter 3 addressed the impact of selected somatic mutations in the N-terminal alpha 

helix of the V1E2 subunit isoform that were identified in the COSMIC database. Position 

61 corresponding to a glutamic acid residue appeared to be a hotspot for mutations in this 

N-terminal alpha helix (Figure 3-3) and so I hypothesised that these amino acid 

substitutions would affect V-ATPase catalytic activity and function. The three substitutions 

that were studied were glutamic acid (E) to lysine (K), valine (V) or glutamine (Q). 

Although these mutations were identified in the V1E2 subunit isoform, it was important to 

study the same mutations in the alternative ubiquitously expressed V1E1 isoform. As 

these mutations were re-created in a human/yeast chimeric model, the selected mutations 

were also created in the yeast V1E subunit to act as a comparator. All of the human 

mutations complemented the yeast model system (Figure 3-5) and they did not affect V-

ATPase localisation (Figure 3-6). The catalytic activity of the enzyme was then measured 

using an ADP+Pi detection assay in purified vacuolar membranes, and V-ATPase function 

was assessed by measuring the rate of proton flux in an acridine orange quenching 

assay. 

It is known that the V-ATPase complex is composed of different subunit isoforms 

depending on tissue localisation and specialised cell function (1). It was therefore 

interesting that the biochemical catalytic activity of the wild-type V1E2 subunit was likely 

higher than that of the V1E1 isoform (Figure 3-7 and Figure 3-8). However, without 

knowing the relative expression of each isoform, this cannot be firmly concluded. Despite 

this, the apparent increase in catalytic activity suggests that there may be a functional 

relationship between V1E2 activity and its tissue specific expression in the acrosome of 

spermatids (44). These specialised acidifying cells might require increased V-ATPase 

activity to function efficiently, and therefore V1E2 expression would provide this enhanced 

functional capacity. Furthermore, the wild-type V1E2 isoform displayed greater 

temperature sensitivity than the V1E1 isoform, as an increase in temperature from 30°C to 

37°C greatly increased the V-ATPase catalytic rate. This data supports what was found in 

the mouse V-ATPase complex, as V1E2 was more sensitive to temperature than V1E1 
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(44). Again, this increase in temperature sensitivity may be related to the tissue specific 

expression of V1E2. 

It is important to discuss that although the mutations complemented the Vma4 subunit in 

the yeast model system, the Michealis-Menten kinetics could not be calculated. The fact 

that the Vma4 mutants complemented the model system suggests that the V-ATPase was 

functional, as the yeast cells were able to grow at pH 7.5 (Figure 3-5). Although Pi was 

detectable, the rate of production was comparable to the membranes incubated with or 

without baf-A1. This meant that the Michealis-Menten curves could not be subtracted from 

each other to produce a non-linear curve representing V-ATPase activity, which suggests 

that V-ATPase activity was extremely low or that other proton transporters were 

compensating for the loss of V-ATPase activity. This is not the first example of 

substitutions in a yeast V-ATPase subunit leading to a reduction or loss of enzyme activity 

(324), but it is interesting that these mutations did not have the same functional defects in 

the human V1E isoforms. 

The selected mutations demonstrated a similar pattern of activity in both the V1E1 and 

V1E2 isoforms, which is summarized in Table 6-1. Glutamic acid to lysine resulted in a 

small increase in V-ATPase catalytic activity, whereas valine leads to an even higher rate, 

and the glutamine substitution caused the greatest increase in V-ATPase catalysis. 

Interestingly, although there were slight increases in the activity of the complexes 

containing the V1E1 isoform, the E61 valine and glutamine mutations in the V1E2 isoform 

resulted in ~10 fold increase in catalytic activity.  
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Table 6-1. Summary table of changes in V-ATPase enzyme kinetics as a result of 
selected V1E mutations 
Table representing changes in V-ATPase Vmax, Km and proton coupling efficiency (H+) 

with either E61 K, V or Q amino acid substitutions in V1E1 or V1E2 subunits. Upward 

arrows indicate an increase and downward arrows indicate a decrease compared to their 

respective subunit wild-types. E, glutamic acid; K, lysine; V, valine; Q, glutamine.  

  V1E1 V1E2 

E61  K V Q K V Q 

30°C 
Vmax 

      

Km 
      

37°C  
Vmax 

      

Km 
      

 
H+ 

      

 

The fact that these mutations were identified in the V1E2 isoform suggests that perhaps 

these mutations exert subunit specificity and that they have a functional consequence. In 

an attempt to explain this significant increase in activity, I considered the biochemical 

properties of the amino acids. The one defining difference in the characteristics of the 

glutamic acid, lysine, valine and glutamine residues was charge. It is also entirely 

plausible that a change in amino acid structure may affect protein folding locally, and over 

distance, altering interactions within the V-ATPase complex resulting in a weaker subunit 

structure. As the V1E subunit forms a peripheral stalk with the V1G subunit, the loss of a 

charged residue or change in protein structure may also affect the stability of the stalk, 

which consequently may result in an increase in the flexibility of the hydrolytic complex, 

allowing for a greater rate of V1 rotation. Unfortunately, due to the lack of a crystal 

structure for the human V-ATPase, I can only use sequencing data to speculate about the 

characteristics of surrounding amino acids. Furthermore, despite these mutations 

increasing the rate of ATP hydrolysis, many of them did not increase the proton flux. In the 

V1E1 isoform all of the substitutions resulted in a reduction in the proton coupling 

efficiency compared to the wild-type. This was similar to what was found in the V1E2 

isoform and the E61Q mutation was the only one to increase the proton coupling 

efficiency. It is interesting to speculate that this increase in proton coupling might lead to a 

reduction in intracellular pH, consequently resulting in the activation of proteases such as 

MMP’s, which may increase the invasive and metastatic capabilities of cancer cells as 
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demonstrated in expression studies (75). It was surprising that although two of the 

substitutions (K and V) resulted in an increase in ATP hydrolysis, the acidifying function of 

V-ATPase was reduced. It is difficult to know why only the E61Q mutation resulted in an 

increase in both catalytic rate and proton flux, which also appeared to be isoform specific, 

and so requires further investigation. Despite this, the key finding was that there are 

somatic mutations found in V-ATPase subunit isoforms that have a functional impact on 

V-ATPase activity. Therefore, although the frequency of somatic mutations is low in 

individual subunits, they might have functional importance and result in detrimental effects 

such as an increase in cancer cell invasion and metastasis.   

6.2 Suggestions for future work to analyse the functional 
impact of V-ATPase somatic mutations in cancer 

Firstly, since I started this research several versions of COSMIC have been released. The 

most recent release (v89) revealed another mutation at the E61 hotspot corresponding to 

a glycine residue. Glycine has similar biochemical properties to valine but is smaller and 

non-polar, and it would be interesting to consider how residue size would impact upon the 

activity and function of V-ATPase complexes containing the V1E1 and V1E2 isoforms. 

Furthermore, glycine is a unique amino acid as it has a hydrogen as its side chain, which 

means that there is more conformational flexibility and it can reside in specific areas of 

protein structures. Additionally, all of the V-ATPase subunits have distinct functions and 

only the selected mutations in the V1E2 subunit were investigated. It is also worth 

considering how somatic mutations in other V-ATPase subunits might alter V-ATPase 

activity. 

Mutational hotspots could be identified in alternative subunit isoforms using large data 

sets and interesting mutations could be re-created. Comparisons could then be made 

between different cancer cohorts, such as non-metastatic vs metastatic, to improve our 

understanding of the clinical relevance of V-ATPase somatic mutations, and how they 

contribute to disease progression. Also, the databases I used to select the mutations 

(TCGA and COSMIC) only contained information from tumour samples, so it would be 

useful to know the frequency of mutations in non-cancerous ‘normal’ tissue samples. As 

V-ATPase mutations may occur in normal samples but might not have been selected for, 

single cell analysis would need to be undertaken. This would provide evidence as to 

whether the substitutions are driven by cancer selection or the result of random mutations.  

To further assess the impact of the selected somatic mutations they could be re-created in 

cancer cell lines using the CRISPR-Cas9 system. The V1E2 E61V and E61Q mutations 

were identified in lung adenocarcinoma cancer samples, whereas V1E2 E61K was 
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identified in a melanoma sample, so cell lines could be used to represent the different 

cancer types. For example, the mutations could be created in both the V1E1 and V1E2 

subunits in common human lung adenocarcinoma cell lines such as SK LU 1. In addition, 

they could be created in squamous cell carcinoma and small-cell lung cancer cell lines to 

assess the effect of these mutations in different cancer subtypes. As E61K was identified 

in a different cancer type, all of the mutations could be created in lung cancer and 

melanoma cell lines to determine whether the mutations result in differences in activity 

depending on the cancer type. If these mutations were to be created in cell lines, a greater 

variety of informative outputs could be measured. Matrigel and cell motility assays could 

be used to assess whether these single mutations alter the invasive and metastatic 

potential of cancer cells. Alterations in cellular pH could be measured using acridine 

orange and Lysosensor probes, providing an alternative functional output to proton flux. 

Western blotting and RT-qPCR could be used to measure whether the mutations affect 

endogenous isoform expression. Perhaps if somatic mutations were driving V-ATPase 

activity, V-ATPase complex expression might be lower compared to complexes without 

somatic mutations. 

6.3 The interactions between V-ATPase and AR signalling in 
prostate cancer 

Previous work had shown that inhibiting the V-ATPase in prostate cancer cell lines 

resulted in a reduction in the mRNA levels of downstream AR targets such as PSA, which 

was accompanied by a surprising increase in PSA protein levels. A mechanism involving 

defective secretory vesicle trafficking was suggested to explain this curious result (2). My 

own results in reported in Chapter 4 support this finding, and I agree that it is likely due to 

defective vesicular trafficking, resulting in an accumulation of PSA protein. This early work 

indicated that there was a link between V-ATPase and AR signalling in prostate cancer. 

To investigate the link further I used chemical V-ATPase inhibitors in PCa cell lines and 

found that V-ATPase inhibition resulted in a reduction in wild-type AR transactivation 

(Figure 4-2). This finding was supported by a reduction in AR protein and mRNA levels of 

downstream AR targets (Figure 4-3 and Figure 4-4). Moving on from this, I investigated 

whether V-ATPase inhibition would cause the same reduction in AR signalling in cells that 

expressed AR splice variants and activating mutations. This is a critical question, since 

AR splice variants, such as AR-V7 and AR-Q641X, are associated with progression to 

CRPC as the AR function becomes constitutively active. Functional AR activating 

mutations such as F877L and T878A result in a broadening of the ligand-binding domain 

and resistance to many important antiandrogens including enzalutamide. These are, 

therefore, clinically relevant model systems. I demonstrated that V-ATPase inhibition 
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reduced AR-V7 (Figure 4-11), AR-Q641X (Figure 4-12) and AR-F877L (Figure 4-15) 

transactivation. To support this finding I inhibited the V-ATPase in AR-V7 expressing 

22Rv1 cells (Figure 4-13 and Figure 4-14) and LNCaP cells expressing the inducible 

F877L/T878A double mutant (Figure 4-17 and Figure 4-18). Again, there was a reduction 

in AR protein expression and a decrease in the mRNA levels of AR downstream targets. 

Together, these data provide more evidence of a link between V-ATPase and AR 

signalling. Most importantly, it shows that V-ATPase inhibition results in a reduction of AR 

signalling, which is independent of AR aberration expression. 

In support of my findings, Licon-Munoz et al. published a similar reduction in AR 

expression in hormone sensitive cell lines, and presented a mechanism responsible for 

this downregulation (313), which is summarised in Figure 6-1. The proposed mechanism 

suggests V-ATPase inhibition results in defective transferrin receptor recycling due to 

alkalization of endo-lysosomal compartments. This in turn blocks iron uptake and reduces 

HIF-1α hydroxylation, resulting in an increase in HIF-1α stability. HIF-1α is then free to 

translocate to the nucleus and downregulate AR expression. Although I did not investigate 

the mechanism linking the AR and V-ATPase, I believe this transcriptional AR regulatory 

mechanism is, in part, likely responsible for a V-ATPase mediated reduction in AR 

activation (313). In line with the proposed mechanism involving HIF-1 α, baf-A1 inhibition 

has previously been shown to induce HIF-1α in AR negative PCa cells (370). It is also 

interesting that knockdown of Ac45, as well as VOa1 and VOa3, reduced transferrin 

receptor recycling to the plasma membrane (311). Hence targeting these subunits might 

reduce AR activity via a decrease in intracellular iron concentration and a reduction in 

HIF-1α hydroxylation. However, an unexpected result published by Licon-Munoz et al. 

was that co-incubation of con-A with iron significantly reduced HIF-1α protein levels (313), 

which conflicts with their suggested mechanism. I therefore believe the interactions 

between V-ATPase and the AR are multifaceted, involving several signalling pathways. 

Firstly, results published by Fernandez et al. show that the expression of AR target genes 

such as TMPRSS2 were suppressed by HIF-signalling, and that specific HIF-1α target 

expression was induced by DHT (371). This induction of HIF-1α by DHT is supported by 

research conducted by Mabjeesh et al. who demonstrated that DHT could indirectly 

influence HIF-1α activation. DHT activation of HIF-1α is translation dependent as the 

mRNA levels of HIF-1α are unchanged after DHT treatment. This androgen mediated 

activation of HIF-1α and HIF-1α regulated gene expression, occurs via an autocrine 

PI3K/AKT-dependent pathway. The proposed model involves the binding of DHT to the 

AR, which activates the AR and results in an increase in the secretion of specific proteins 

including EGF. Activation of EGF then drives the synthesis of HIF-1α protein, which can 

then bind to HIF-response elements (HRE) (372). This binding to HRE would 



Chapter 6 

253 

downregulate AR gene expression, representing a negative feedback mechanism of DHT 

induced AR expression. Therefore, the involvement of androgen cannot be 

underestimated when considering the V-ATPase/AR axis.  

Adding to the complexity of the AR/HIF-1α interaction, one study investigating the dual 

inhibition of both HIF-1α and the AR found that HIF-1α inhibition resulted in a 

downregulation of AR target gene expression. This inhibition of HIF-1α conversely caused 

an increase in AR transcriptional activity, which was greater than in cells treated with 

DHT. Additionally, siRNA mediated knockdown of HIF-1α resulted in a reduction of DHT 

enhanced AR transactivation and, when combined with enzalutamide treatment, it had a 

synergistic effect on reducing DHT mediated AR activity in both hormone sensitive LNCaP 

cells and AR-V7 expressing 22Rv1 cells. HIF-1α siRNA treatment also reduced LNCaP 

and 22Rv1 cell growth (371). This suggests that the repressive effect on the expression of 

specific genes surpasses its ability to increase ARE–mediated transactivation, and that 

cross talk between the two pathways involves gene specific regulation.  

Another pathway that might be involved in the AR/V-ATPase axis is the mTOR signalling 

pathway. Although the primary function of the V-ATPase is to regulate intracellular pH, 

research published by Zoncu et al. revealed that the V-ATPase complex can directly 

regulate mTORC1 activity though its amino acid sensing capabilities (76). This indicates 

that the V-ATPase is more versatile than a simple proton pump and may actually play a 

direct role in various signalling pathways. In addition to this, there is a possible link 

between the AR and mTOR signalling pathways via a reciprocal AR/mTOR loop. 

Knockdown of AR in LNCaP cells resulted in an upregulation of TSC1 and TSC2, which 

are negative regulators of mTOR activity. Additionally, a decrease in mTOR activity 

consequently increased AR protein levels, but only in an androgen depleted environment 

(373). In support of this, PI3K/AKT activation of mTORC1/2 was shown to repress 

receptor tyrosine kinase (HER2/3) activation, leading to a repression of AR activation and 

a reduction of AR target gene expression. Additionally, PI3K pathway inhibition stimulated 

HER2/3 and activated the AR (198). Data presented by McConnell et al. suggested that 

ATP6V1C1 knockdown resulted in a reduction in V-ATPase complex assembly in breast 

cancer cell lines, causing a reduction in mTORC1 activity (361). Therefore, a reduction in 

V-ATPase activity might reduce mTORC1 signalling and consequently increase AR 

activation in prostate cancer.  

My own investigations inhibiting ATP6V1C1 reported in Chapter 5 gave mixed results 

depending on the percentage of subunit knockdown and the cell line investigated. 

Transient knockdown of ATP6V1C1 reduced AR expression in 22Rv1 cells (Figure 5-4), 

but a CRSIPR-Cas9 induced knockout actually increased AR expression (Figure 5-11 and 

Figure 5-12). The mTORC1 signalling pathway was not investigated but it is possible it 



Chapter 6 

254 

might contribute to this compensatory effect on AR expression after ATP6V1C1 knockout. 

It could be that there is a physical interaction between the V1C1 subunit and components 

of the mTORC1 signalling pathway. Zoncu et al. showed that the V1C subunit co-

precipitated with the p14 component of the Ragulator complex, which is involved in 

regulating mTORC1 activity. Alternatively, as V1C1 is involved in V-ATPase regulation, it 

is plausible that a transient reduction of the V1C1 subunit causes aberrant V-ATPase 

regulation, consequently impacting upon other signalling pathways such as mTORC. This 

transcriptional cross-talk with AR remains poorly understood but might represent another 

way the V-ATPase is linked to AR signalling. Due to the interactions between V-ATPase 

and mTORC, it also cannot be ruled out that the V-ATPase complex, or at least its 

components, contribute directly to the AR signalling pathway. 

Based on the available literature, I agree with Lincon-Munoz et al. that the V-ATPase is 

likely acting upstream of the AR, and is indirectly impacting upon AR regulation, 

potentially through vesicular trafficking. However, given the intricacy of the AR/HIF-1α with 

DHT interaction, and the possible involvement of other pathways such as mTORC, it is 

difficult to determine the exact mechanism, especially considering the complexity, and 

multi-factorial mechanisms, of hormonal regulation in the progression of PCa to CRPC. 

Given the importance of V-ATPase in normal physiology, it is more likely that V-ATPase 

inhibition interferes with a number of different signalling pathways, both directly and 

indirectly, which may involve gene specific regulation. 

Importantly, my results demonstrate that V-ATPase inhibition can reduce AR signalling in 

prostate cancer cells regardless of mutant AR expression. This suggests that V-ATPase 

could be targeted as a way to overcome AR signalling in patients with AR aberrations, 

providing additional treatment options to those where current treatments have failed, or 

patients with CRPC. Although targeting the complex as a whole would potentially be 

highly toxic due to off target effects, evidence is starting to emerge that targeting specific 

V-ATPase subunits might be an efficient method of reducing AR signalling, without the 

toxic non-specific effects observed with chemical V-ATPase inhibitors. For example, 

subunits such as Ac45 and the VOa isoforms may represent the best targets to prevent V-

ATPase mediated trafficking to downstream effector proteins, whereas perhaps transiently 

reducing the V1C1 subunit would reduce AR signalling via alternative pathways such as 

mTORC. It is therefore essential that we completely understand these complex 

interactions between the V-ATPase subunits and the AR.  
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Figure 6-1. Proposed mechanisms of V-ATPase interactions with the AR 
(A) V-ATPase inhibition reduces AR activation via HIF-1α. Following the diagram: (1) The transferrin receptor transports iron into cells and requires V-

ATPase mediated endocytosis to traffic intracellular iron. (2) V-ATPase inhibition due to con-A or baf-A1 results in defective transferrin receptor recycling 

due to alkalization of endo-lysosomal compartments. Knockout of Ac45 or VOa1/a3 subunits also reduces transferrin receptor recycling by reducing V-

ATPase targeting to the plasma membrane. (3) This in turn blocks iron uptake and reduces HIF-1α hydroxylation, which prevents HIF-1α degradation and 

results in an increase in HIF-1α stability. (4) HIF-1α is then free to translocate to the nucleus and bind to HIF-1 response elements that downregulate AR 

expression. (5) The reduction in AR expression results in a reduction of ARE mediated downstream signalling, leading to reduced expression of AR target 

genes such as PSA. (B) Absence of the V1C subunit from the V-ATPase complex results in an increase in V-ATPase complex disassembly, which in turn 

reduces mTORC1 formation on LAMP1+ lysosomes to receive amino acid signalling. The reduction in mTORC1 activity may result in an increase in 

HER2/3, which activates the AR, forming a reciprocal AR/mTOR loop. Fe, iron; con-A, concanamycin-A; baf-A1, bafilomycin-A1; k/o, knockout; AR, 

androgen receptor; DHT, dihydrotestosterone; PSA, prostate specific antigen; co-reg; co-regulatory proteins; ARE, androgen response element. 
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6.4 Suggestions for future work to understand the interactions 
between V-ATPase and AR signalling in prostate cancer 

Having demonstrated that V-ATPase inhibition can reduce AR signalling in cells with AR 

mutations and splice variants, the next steps would be to; (1) further investigate the 

biological mechanism behind V-ATPase and AR interactions and (2) investigate the role of 

individual V-ATPase subunits in PCa progression. Of course, these two stages are 

interconnected and it would be important to investigate how individual subunits alter the 

mechanism behind the V-ATPase/AR axis. It is also possible that the V-ATPase has non-

AR linked effects in PCa, and it would be worth investigating these potential effects. 

Firstly, my results showed an additive effect on AR expression when combining chemical 

V-ATPase inhibition using baf-A1 with AR antagonism using enzalutamide in LNCaP cells 

(Figure 4-10). It would be interesting to examine whether this effect was additive or 

whether it was synergistic. A number of different quantitative methods are available to 

determine synergy, where the combinatorial effect is greater than the expected effects of 

the individual compounds potencies (374). The most common method for synergy 

assessment is the method of isoboles. In brief, dose pairs are plotted on the isobole (solid 

line for a specified effect), which represents combination doses that are additive when the 

2 compounds have a ratio of constant potency. If the specified outcome is achieved (e.g., 

50% Emax) with lower doses, such as one point below the isobole, then the dose 

combination is synergistic (374). Calculating synergy between V-ATPase inhibitors and 

AR antagonists may be one way to reduce the concentration of each drug, and therefore 

the toxicity level, making V-ATPase a more attractive therapeutic target.   

To further understand the mechanism relating V-ATPase to the AR, it would be essential 

to explore the mechanisms already suggested. The proposed involvement of iron and 

HIF-1α could be investigated in cell lines that express AR splice variants, such as 22Rv1, 

and cell lines that are AR negative, such as PC-3. This would give an insight into whether 

the role of HIF-1α changes during PCa progression. Additionally, glucose is another key 

regulator of V-ATPase activity. Glucose starvation induces V-ATPase assembly and 

activity though AMPK and PI3K/AMPK signalling (375), and the increase in AMPK in 

response to glucose deprivation results in mTORC1 inhibition both indirectly and directly 

(376). Therefore, it would be interesting to explore the V-ATPase/mTORC1/AR axis in 

response to glucose starvation. To do this, PCa cell lines could be cultured in glucose 

positive or glucose negative media. Alternatively, if the cells grew poorly in the glucose 

negative media, the media could be supplemented with fructose instead. Furthermore, 

although an effect of V-ATPase inhibition on the AR has been demonstrated, given the 
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evidence it is unlikely that this effect is specific to the AR. This could be further 

investigated by measuring the expression of other nuclear receptors such as the 

glucocorticoid receptor. 

To investigate the role of particular V-ATPase subunit isoforms, immunohistochemical 

staining of FFPE tumour tissue representing various stage of disease progression would 

indicate which subunits might be particularly important in PCa development. Sequential 

samples from the same patient would be ideal to monitor V-ATPase subunit expression in 

PCa, although realistically it is difficult to get these samples in high numbers. Tumour 

tissue microarrays (TMA) could be used for effective high-throughput screening of tumour 

samples for individual V-ATPase subunit isoforms. Once defined, genetic silencing 

experiments could be used to measure the effect of the overexpressed subunits. 

Conversely, subunits that are under-expressed could be overexpressed in cell lines to 

ascertain the clinical relevance of subunit loss. Biological outputs such as cell toxicity, pH 

regulation, invasion and metastatic potential could all be measured in response to 

changes in subunit expression to understand more about the functionality of individual 

isoform expression. Additionally, as my own results indicated a difference in AR signalling 

based on whether a subunit was transiently knocked down or completely knocked out, 

future experiments investigating alternative subunits would have to consider additional 

techniques. Due to the toxicity observed when combining CRISPR-Cas9 with siRNA, 

CRISPR-Cas9 could be used to silence more than one isoform. This would overcome the 

apparent V1C2 subunit isoform compensation observed in response to V1C1 knockout. 

Ideally, chemical compounds targeting different V-ATPase subunits with various half-lives 

could be used to explore what period of specific subunit inhibition would produce a 

maximal reduction in AR activity with minimal toxicity. If a particular subunit of interest 

showed promising results in vitro with regards to expression and genetic experiments, and 

a highly selective compound was developed for that particular isoform, then perhaps 

patient derived xenograft mouse models could be used to further determine the potential 

biological effects of selective V-ATPase subunit inhibition. 

V-ATPase subunit silencing experiments could include the measurement of other 

signalling pathways such as PI3K, AKT and mTORC. Western blotting and RT-qPCR 

could be used to measure the expression of specific signalling markers, which would 

demonstrate the involvement of a particular pathway in response to V-ATPase subunit 

loss. It is likely that effects would differ depending on the cell line, so several cell lines 

modelling PCa progression would have to be used. To uncover the true effect of subunit 

knockouts, the subunits could be re-introduced into the V-ATPase complex to observe 

whether this would rescue the knockout effects. As DHT influences HIF-1α and mTORC 

activity, subunit-silencing experiments could be completed in hormone-depleted 
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conditions and the expression of HIF-1α and mTORC could be measured in response to 

DHT treatment. Alternatively, the expression of the AR and downstream targets could be 

measured in response to CRISPR-Cas9 silencing of components of the HIF-1α and 

mTORC1 pathways.  
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Supplementary Figures and Data 

 
Figure S 8-1. Plasmid maps for pE-AR and pRL-CMV vector 
The plasmid maps for (A) pE-AR and (B) pRL-CMV used in the luciferase experiments were constructed using SnapGene (version 4.3.10).  

 

A B
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Figure S 8-2. ATP6V1E1 and ATP6V1E2 cloning plasmid maps 
The plasmid maps for (A) pOTB7 and (B) pCMV-Sport 6 used for expressing human ATP6V1E1 and ATP6V1E2 respectively, were constructed using 

SnapGene (version 4.3.10).  

A B
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Figure S 8-3. Chromatogram trace data from the sequenced V1E1 subunit mutations 
Chromatogram sequencing data from Eurofins Genomics EU for human/yeast chimeric V1E1 E61 WT and mutants was analysed and processed using 

SnapGene (version 4.3.10). WT; wild-type; E, glutamic acid; K, lysine; V, valine; Q, glutamine. 

 

V1E1 WT

V1E1 E61K

V1E1 E61V

V1E1 E61Q
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Figure S 8-4. Chromatogram trace data from the sequenced V1E2 subunit mutations 
Chromatogram sequencing data from Eurofins Genomics EU for human/yeast chimeric V1E2 E61 WT and mutants was analysed and processed using 

SnapGene (version 4.3.10). WT; wild-type; E, glutamic acid; K, lysine; V, valine; Q, glutamine. 
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V1E2 E61K

V1E2 E61V

V1E2 E61Q
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Figure S 8-5. Chromatogram trace data from the sequenced yeast E subunit (Vma4) mutations 
Chromatogram sequencing data from Eurofins Genomics EU for human/yeast chimeric VMA4 E61 WT and mutants was analysed and processed using 

SnapGene (version 4.3.10). WT; wild-type; E, glutamic acid; K, lysine; L, leucine; Q, glutamine. 
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Figure S 8-6. CRISPR plasmid map with sgRNA insert 
The V1C1 sgRNA (Wellcome Sanger Institute Genome Editing ID: 1045537945) was inserted into a 

CRISPR plasmid containing the gRNA scaffold, Cas9 and puromycin selection sequence. Plasmid 

pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plasmid # 62988 ; 

http://n2t.net/addgene:62988 ; RRID:Addgene_62988). The plasmid map was constructed using 

SnapGene (version 4.3.10). 
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Figure S 8-7. DNA gel electrophoresis image of 22Rv1 and LNCaP V1C1 CRISPR 
PCR products 
Primers flanking upstream and downstream regions of the CRISPR sgRNA sequence 

were used to amplify 22Rv1 and LNCaP V1C1 PCR products. These PCR products were 

separated and visualised using DNA gel electrophoresis. The 22Rv1 V1C1-14 clone 

contained three separate alleles including two insertions and another alteration. 22Rv1 

V1C1-18 contained two alleles, one with an insertion and one with a two bp deletion. The 

LNCaP V1C1 knockdown clone had three alleles, one of which contained a large ~238 bp 

deletion. Kb, kilobase; bp, base pair; k/d, knockdown. 
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Figure S 8-8. Chromatogram of LNCaP V1C1 k/d sequencing data 
Forward and reverse primers flanking the CRISPR sgRNA sequence were used to amplify LNCaP V1C1 k/d DNA. The resulting PCR product was sent for 

Sanger sequencing and the trace data was visualised using Snapgene (version 4.3.10). There were three traces visible on the chromatogram indicating 

three separate alleles were present. Bp, Base pair; k/d, knockdown. 
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Figure S 8-9. Chromatogram images for 22Rv1 V1C1-14 CRISPR clones 
Forward and reverse primers flanking the CRISPR sgRNA sequence were used to amplify 22Rv1 V1C1-14 clone DNA. The resulting PCR products were 

sent for Sanger sequencing and the forward (A) and reverse (B) trace data was visualised using Snapgene (version 4.3.10). There were two traces visible 

on the chromatogram for 22Rv1 V1C1-14 indicating a trans-heterozygous CRISPR induced event had occurred. Bp, Base pair.  
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Figure S 8-10. Chromatogram images for 22Rv1 V1C1-18 CRISPR clones 
Forward and reverse primers flanking the CRISPR sgRNA sequence were used to amplify the 22Rv1 V1C1-18 clone DNA. The resulting PCR products 

were sent for Sanger sequencing and the forward (A) and reverse (B) trace data was visualised using Snapgene (version 4.3.10). Two traces were visible 

for 22Rv1 V1C1-18 suggesting a trans-heterozygous CRISPR induced event had occurred. Two bp (AA) had been deleted in one allele and there was a 

large bp insertion in the other resulting in premature stop codons. Bp, Base pair.  
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Table S 8-1. Mutations identified in the N-terminal alpha helix of the V1E2 subunit isoform 
The Catalogue of Somatic Mutations in Cancer (COSMIC) database was used to identify somatic 

mutations within the 83 amino acid sequence comprising the N-terminal alpha helix of the mammalian 

V1E2 subunit isoform. 

Position 
(AA) 

Mutation 
(CDS) 

Mutation 
(Amino Acid) 

Mutation 
count 

Mutation type Mutation ID 
(COSM) 

3 c.9G>C p.L3L 1 Silent 461019 
5 c.15T>C p.D5D 1 Silent 4664487 
6 c.18C>T p.V6V 1 Silent 1021190 
9 c.26A>G p.K9R 1 Missense 301344 
11 c.32A>G p.Q11R 2 Missense 1752572 
16 c.46A>G p.M16V 2 Missense 4664486 
18 c.54C>A p.F18L 1 Missense 4583530 
22 c.66A>G p.E22E 1 Silent 477450 
25 c.74A>T p.E25V 1 Missense 4392713 
30 c.90C>T p.I30I 2 Silent 1021189 
32 c.96C>T p.A32A 1 Silent 4514273 
36 c.106G>A p.E36K 1 Missense 4805537 
36 c.107A>T p.E36V 1 Missense 7357040 
41 c.121G>C p.E41Q 1 Missense 3839600 
43 c.127G>A p.G43R 2 Missense 3581840 
44 c.131G>A p.R44H 1 Missense 363539 
47 c.141A>G p.Q47Q 1 Silent 3581839 
48 c.144C>T p.T48T 1 Silent 4405770 
55 c.163G>C p.E55Q 1 Missense 7224012 
61 c.181G>A p.E61K 1 Missense 3581838 
61 c.181G>C p.E61Q 1 Missense 345330 
61 c.182A>G p.E61G 1 Missense 6608148 
61 c.182A>T p.E61V 1 Missense 393133 
62 c.185A>C p.K62T 2 Missense 3185685 
63 c.189G>C p.Q63H 1 Missense 6561043 
67 c.199C>A p.Q67K 1 Missense 6608149 
67 c.201G>C p.Q67H 1 Missense 7147724 
68 c.204G>A p.K68K 2 Silent 3714285 
71 c.211C>T p.L71L 1 Silent 107056 
71 c.213G>A p.L71L 1 Silent 6325057 
76 c.227G>T p.R76M 1 Missense 6608152 
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Figure S 8-11. GAPDH Ct values in response to baf-A1 treatment 
LNCaP cells were cultured in CSS media for 24 hours and treated for 24 hours with either 

1 nM DHT, 10 nM baf-A1 or both. RT-qPCR analysis was undertaken to assess levels of 

GAPDH mRNA. Ct values were then plotted using GraphPad Prism 7 and are displayed 

as mean values ± standard deviation. Two-way ANOVA with Tukey’s multiple comparison 

post-hoc test was used to generate P values and detect the statistical significance of the 

indicated differences: ns = non-significant. Data shown represents three independent 

replicates completed in triplicate. CSS, charcoal stripped serum; DHT, 

dihydrotestosterone; baf-A1, bafilomycin-A1. 
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Figure S 8-12. HeK-293 cells expressing mutant AR plasmids 
HeK-293 cells were reverse transfected with either wild-type AR, AR-V7 variant, AR-

Q641X variant or AR-F877L expression plasmids. After 24 hours cells were collected and 

expression of AR and β-Actin was analysed by immunoblotting. NT, non-transfected; WT, 

wild-type; AR, androgen receptor; AR-V, androgen receptor variant.  
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Figure S 8-13. Effect of enzalutamide on AR-F877L activity in HeK-293 cells 
HeK-293 cells were transfected with the androgen response element (ARE) reporter 

plasmid and wild-type AR or AR-F877L expression plasmid along with a Renilla luciferase 

reporter plasmid. The cells were cultured in CSS media and treated with 1 nM DHT and/or 

10 μM enzalutamide for 24 hours. Control cells were treated with equivalent 

concentrations of DMSO. Luciferase activity was determined and firefly luciferase values 

were normalised to AR-WT DMSO control cells set to 1. Values were then plotted using 

GraphPad Prism 7 and are displayed as mean values ± standard deviation. Two-way 

ANOVA with Tukey’s multiple comparison post-hoc test was used to generate P values 

and to detect the statistical significance of the indicated differences: **** = p≤ 0.0001. Data 

shown is derived from three independent replicate experiments each completed in 

triplicate. AR, androgen receptor; WT, wild-type; DMSO, solvent control; DHT, 

dihydrotestosterone; enz, enzalutamide. 
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Figure S 8-14. Location of ATP6V1C1 sgRNA target site and RT-qPCR probe binding site 
Exons 2-13 containing the protein coding sequence of the ATP6V1C1 gene (Ref seq NM_001695.5), which is flanked by long untranslated regions in exon 

1 and exon 13. The V1C1 sgRNA target site is 20 nucleotides long and is located within exon 5. The RT-qPCR V1C1 probe binding site spans the boundary 

of exons 11-12. 

 

Homo sapiens ATPase H+ transporting V1 subunit C1 (ATP6V1C1), mRNA; NM_001695.5





Chapter 8  

305 

 


	Overexpression of V-ATPase subunits is linked to cancer cell migration, invasion and metastasis in a number of cancer types including prostate cancer (PCa). Due to expression of androgen receptor (AR) variants, drug resistance is a significant problem in PCa. Various strands of data suggest that the V-ATPase may influence AR function and therefore represents a novel target for which to treat PCa. The central hypothesis addressed in this project is that V-ATPase dysregulation is directly linked to cancer via alterations in activity, and that V-ATPase inhibition influences AR function in prostate cancer.
	Somatic missense mutations, glutamine (Q), valine (V) and lysine (K) at glutamate (E) 61 in the human V-ATPase V1E2 isoform were first identified in the COSMIC database (v81). A V-ATPase ΔE null mutant yeast model was complemented with wild-type or mutant forms of human V1E1 or E2 subunits to determine whether the mutations altered V-ATPase activity and function. The results indicated that V-ATPase catalytic activity was significantly increased in the V-ATPases with E61 to V and Q substitutions in the V1E2 subunit compared to the wild-type subunit. The E61Q mutation also substantially increased V-ATPase proton-coupling rate. These results show that cancer-associated V-ATPase mutations can increase enzyme catalytic activity and function.
	Inhibition of V-ATPase reduced AR function in wild-type and mutant AR luciferase models. These results were supported by experiments in hormone sensitive PCa cell lines (LNCaP and DuCaP) and mutant AR cell lines (22Rv1 and LNCaP-F877L/T878A), which showed that V-ATPase inhibition reduced AR expression, and expression of AR target genes, at mRNA and protein levels. To investigate the role of individual subunit isoforms, siRNA and CRISPR-Cas9 were used to silence the V1C1 subunit in LNCaP and 22Rv1 cells. Results showed that transfection with ATP6V1C1 siRNA significantly reduced AR protein levels and function in 22Rv1 cells. Conversely, CRISPR-Cas9 mediated knockout of V1C1 showed a small increase in AR in both cell lines, which was accompanied by a compensatory increase in protein levels of the alternate V1C2 isoform. Overall, these results are consistent with the hypothesis that V-ATPase dysregulation is directly linked to cancer via alterations in activity. In particular, this work revealed that somatic mutations identified in tumour samples can increase V-ATPase activity, and that V-ATPase inhibition can reduce AR signalling regardless of mutant AR expression.
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