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ABSTRACT

Caveolae are invaginations in the plasma membrane of most cell types and are present in the cells of
normal prostate tissue. Caveolins are a family of highly conserved integral membrane proteins that
oligomerise to form caveolae and interact with signalling molecules by providing a scaffold that
sequesters signal transduction receptors in close proximity to each other. Signal transduction G
proteins and G-protein-coupled receptors (GPCR), including oxytocin receptor (OTR), are
localised within caveolae. Only one OTR has been identified, and yet, this single receptor both
inhibits and stimulates cell proliferation. As caveolae sequester lipid-modified signalling molecules,
these differing effects may be due to a change in location. The cavin1 necessary for caveolae
formation is lost in prostate cancer progression. With the loss of caveolae, the OTR moves out
onto the cell membrane influencing the proliferation and survival of prostate cancer cells.
Caveolin-1 (cav-1) is reportedly overexpressed in prostate cancer cells and is associated with
disease progression. This review focuses on the position of OTRs within caveolae, and their
movement out onto the cell membrane. It explores whether movement of the OTR is related to
changes in the activation of the associated cell signalling pathways that may increase cell proliferation
and analyse whether caveolin and particularly cavin1 might be a target for future therapeutic stratagies.

Keywords: cancer progression, caveolae, cavin1, cell signalling pathways, GPCR, lipid rafts,
proliferation, sequestration.

Introduction

Accumulating evidence suggests that the expression of caveolin protein, the structural 
component of caveolae, acts as a suppressor in some tumours. Caveolin-1 (cav-1) protein 
localises to cell membrane invaginations called caveolae and has been shown to bind and 
regulate many of the signalling proteins that are involved in oncogenesis. 

Oxytocin (OT) and oxytocin receptors (OTRs) are present in the human prostate 
(Whittington et al. 2004). Although the OTR has a single isoform, the OT peptide can 
both stimulate or inhibit proliferation (Bussolati and Cassoni 2001). Whether OTR is on 
the cell membrane or sequestered within cell membrane microdomains, called caveolae, 
may dictate these effects (Guzzi et al. 2002). The localisation of oxytocin receptors to 
caveolae may play a role in the regulation of receptor signalling, as caveolae are involved 
in the regulation of membrane trafficking and signal transduction. Overall, the localisation 
of oxytocin receptors to caveolae may play a role in the regulation of oxytocin signalling and 
function in various tissues throughout the body, including the prostate. 

The focus  of  this  review is  on  the role of lipid  rafts and  the subpopulation  of  lipid rafts,  
caveolae, which sequester components involved in G-protein-coupled receptor (GPCR) signal 
transduction that define the functional and significant, cell-specific regions of signalling 
by GPCRs. 

Caveolae are a subset of lipid rafts

Lipid rafts form part of the plasma membrane, they are fashioned by coalescing stabilised 
assemblies of sphingolipid, cholesterol and proteins that form platforms on the flat areas of 
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the plasma membrane from where they facilitate membrane 
signalling and trafficking. Whilst all mammalian cells express 
lipid rafts (Hooper 1999), only a few express morphological 
caveolae (Ostrom and Insel 2004). 

Caveolae have a similar lipid configuration to lipid rafts 
but also express caveolin proteins on the inner leaflet of the 
plasma membrane bilayer (Anderson 1998). They are 50– 
100 nm specialised flask-like invaginations, or ‘little caves’, 
indented into the plasma membrane. Caveolae are relatively 
stable structures and by anchoring cell surface receptors, they 
can regulate signal transduction (Li et al. 1996; Anderson 
1998). Three isoforms of caveolins exist: cav-1, caveolin-2 (cav-2) 
and caveolin-3 (cav-3). Morphologically functional caveolae 
are created only if the cells express the predominant isoform 
cav-1 (Song et al. 1996) or the striated muscle-specific isoform 
cav-3 (Fra et al. 1995; Li et al. 1996; Tang et al. 1996; 
Engelman et al. 1997). Many researchers have shown that the 
expression of cav-1, but not cav-2, was able to form caveolae-
like vesicles (Fra et al. 1995; Scherer et al. 1996; Engelman 
et al. 1997; Li et al. 1998). 

The formation of caveolae is a complex process that 
involves the assembly of a protein complex, which includes 
cav-1 and cavin1. Cavin1 plays a critical role in the regulation 
of caveolae formation and stability. Cavin1 interacts with cav-
1 to form a stable complex necessary for caveolae formation. 
Cavin1 is also involved in the regulation of caveolae size, 
number and distribution on the plasma membrane. Overall, 
the essential role of cavin1 in caveolae formation highlights 
the importance of this protein in cellular processes and under-
scores the complexity of the molecular mechanisms that govern 
the formation and maintenance of caveolae in cells (Fig. 1). 

The sequestration of GPCR signalling molecules within 
lipid rafts or caveolae may be a collective mechanism, as 
restricting their movement would essentially increase the 
concentration of G proteins within a limited area, thereby 
favouring interactions amongst the various components in 
the signal transduction pathway. The caveolin-scaffolding 
domain recognises a well-defined caveolin-binding motif 
located within the enzymatically active catalytic domain of 
a given signalling molecule. Caveolin proteins form multivalent 
homo- and hetero-oligomers (Sargiacomo et al. 1995). The 
interface of the predominant cav-1 to signalling molecules 
is facilitated by a membrane-proximal region of caveolin, 
termed the caveolin-scaffolding domain (residues 82–101) 
as seen using domain-mapping studies. It is via this domain 
that cav-1 interacts not only with the G-protein α subunits. 
Mutational activation of the G-proteins signalling molecules 
can prevent interaction with the caveolin-scaffolding domain 
(Li et al. 1996) and may include H-Ras (G12V) and Gαs 
(Q227L) mutations found in human cancers. 

In mouse embryonic fibroblast cells (NIH 3T3) transformed 
by activated oncogenes, cav-1 mRNA and protein expression 
were absent or severely reduced meaning that the cells also 
lost caveolae (Koleske et al. 1995). In these cells, cav-2 
protein was not down-regulated in response to the oncogenic 
stimulus (Scherer et al. 1997). Furthermore, cells expressing 
the lowest amounts of cav-1 that consequently lacked 
caveolae formed larger colonies in soft agar, suggesting that 
such alterations may disrupt the necessary contact inhibition 
seen in normal cells (Koleske et al. 1995). In confluent normal 
prostate epithelial cells (PrEC), both cav-1 and -2 were 
localised to the edge of the cell consistent with cell-cell contact 
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Fig. 1. Schematic depiction of the protein-lipid organisation of caveolae. Sphingolipid- and
cholesterol-rich domains are in blue, plasma membrane in pink and lipid rafts in green.
Oxytocin receptor GPCR proteins are shown in gold, as the classical heptahelical structures with
associated G proteins. Caveolin oligomers are shown in black. Cavin1 stabilises the caveolin
proteins to form caveolae structures. Caveolae are composed of oligomeric caveolin molecules
interleaved into the cytoplasmic membrane.
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and correspondent to contact inhibition (Gould et al. 2010). 
Other researchers have also shown that both the distribu-
tion and the expression of cav-1 are markedly altered in 
normal confluent NIH 3T3 cells as cav-1 expression may 
mediate normal contact inhibition. Consequently, this would 
negatively regulate the activation state of the Ras-p42/44 
MAP kinase cascade, positively regulating contact inhibition 
and growth arrest in normal cells (Galbiati et al. 1998; 
Galbiati et al. 2001). 

Caveolin expression is up regulated in
prostate cancer

Prostate cancer is the most commonly diagnosed male cancer, 
and yet much remains to be explained concerning the 
molecular and genetic events involved in prostate cancer 
progression. Most prostate cancers are slow growing and are 
contained within the prostate gland, i.e. ‘localised’ cancers. 
Unfortunately, in some men, this cancer can be aggressive and 
metastasise from the prostate to other parts of the body, parti-
cularly the bones and lymph nodes, eventually becoming fatal. 

In the prostate, elevated cav-1 is correlated with cancer 
progression and this is also true of other urinary tract tumours, 
such as kidney and bladder cancers. Cav-1 is highly expressed 
in these tumours and rather than acting as a suppressor, is 
related to cancer progression and metastasis (Garnett 2016). 
The human genes encoding cav-1 and -2 are localised to 
an area termed the ‘suspected tumour suppressor locus’ 
(D7S522; chromosome 7q31.1). This highly conserved region 
encompasses a known fragile site and is frequently deleted. 
Deletion is associated with a loss of heterozygosity in a 
number of human cancers, including prostate cancer (Zenklusen 
et al. 1994; Engelman et al. 1998a, 1998b; Williams and Lisanti 
2005). More studies need to be done to directly correlate genetic 
alterations at this site within cav-1 expression in prostate cancer 
(Hurlstone et al. 1999; Bachmann et al. 2008). Alterations in 
gene methylation have been shown to occur in prostate 
cancer, however, cav-1 gene methylation has not yet been 
shown to cause upregulation of cav-1 in prostate cancer 
(Cui et al. 2001). Cav-1 is also secreted by prostate cancer cells 
and this can facilitate cell survival and angiogenic activities, 
further defining cav-1 as playing a role in the prostate cancer 
microenvironment. Finally, cav-1 serum levels are increased 
in men with prostate cancer compared to patients without 
prostate cancer. Additionally, pre-operative cav-1 serum 
concentrations when compared to the Gleason grade have 
prognostic value in men undergoing radical prostatectomy 
(Tahir et al. 2003). 

Loss of cavin1 expression in the prostate

The expression of cavin1 (also known as polymerase I and 
transcript release factor) is also required for the formation 
of caveolae (Hill et al. 2008) acting like the drawstring on a 

bag. Cavin1 is down regulated in prostate cancer and therefore 
may have some diagnostic potential. Decreased cavin1 expres-
sion in both epithelial and stromal tissue was seen in well 
differentiated cancer and no immunoreactivity was detected 
in tissue from patients with poorly differentiated cancer (Gould 
et al. 2010). In both tissue and cell lines, there is a loss of cavin1 
with prostate tumour progression. We have also previously 
shown that with prostate cancer progression, caveolae are lost 
from the cell membrane (Gould et al. 2010). Re-expression of 
the protein cavin1 in androgen-independent prostate cancer 
(PC3) cells leads to the reappearance of caveolae and a 
reduction in the aggressive phenotype (Aung et al. 2011). 

Epigenetics scrutinises changes in gene expression that 
happen without altering the DNA sequences, such as changes 
to the chromatin structure through histone modification and 
hypermethylation of the gene promoter region. Normal RWPE-1 
prostate cell lines express higher levels of cavin1 compared to 
androgen dependent (LNCaP) and PC3 cell lines. When these 
cell lines are treated with DNA methylation and histone 
deacetylase (HDAC) inhibitors, cavin1 expression remained 
unaffected in the normal and androgen independent prostate 
cancer cells. However, the HDAC inhibitor, and HDAC 
inhibitor combined with the DNA methylation inhibitor, but 
not DNA methylation inhibitor alone, up-regulated Cavin1 
expression in LNCaP cells (Low and Nicholson 2016). 
Bioinformatics of the potential HDAC genes showed that 
HDAC-2, -6 and -10 were probable candidate genes for the 
regulation of cavin1 expression, suggesting upstream regulatory 
mechanisms may be involved in modifying gene expression at 
differing stages of prostate cancer. 

Hill et al. (2008) first described the lack of cavin1 in 
prostate cancer PC3 cells. Our group described the expression 
of cavin1 in normal prostate cell lines and tissues and that this 
expression was lost during the progression of prostate cancer 
(Gould et al. 2010). Additionally, over-expression of cavin1 
led to a reduction in the proliferative capacity of PC3 cells 
and the silencing of cavin1 in the DU145 prostate cancer cell 
line increased the migratory capacity of these cells (Hill et al. 
2012). The varying effects were mediated via the reduced expres-
sion of matrix metalloproteases, cytokines, proteases, and growth 
regulatory proteins (Aung et al. 2011; Inder et al. 2012). 

In previous studies, we showed positive cav-1 immuno-
staining not only in the epithelium and stromal cells of 
human benign prostatic hyperplasia (BPH) tissue (Gould and 
Nicholson 2019) but also in normal epithelial and stromal cell 
lines (Gould et al. 2010). Other groups showed ~20% of BPH 
cases were positive for epithelial cav-1 (Mohammed and Helal 
2017; Wang et al. 2018) and yet another research group have 
shown that cav-1 was not seen in prostate tissue epithelial 
cells at all, but was present in stromal cells (Moon et al. 
2014). It may be that the N-terminal of cav-1 was cleaved 
in the prostate epithelium. Further studies could be done 
using techniques such as laser microdisection providing the 
focussed extraction of DNA, RNA or protein from specific 
types of cells. 
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In the prostate gland, cav-1 and cavin1 are expressed 
differently in the different cell types, including epithelial 
cells, stromal cells and smooth muscle cells. Epithelial cells 
are the primary cell type that makes up the glandular tissue 
of the prostate, and both cav-1 and cavin1 are expressed in 
these cells. Studies have shown that cav-1 and cavin1 
expression is highest in the luminal epithelial cells that line 
the glandular ducts and produce secretions. Both cav-1 and 
cavin1 have been detected in stromal cells as well. In contrast, 
stromal levels of cav-1 were significantly decreased and all 
metastatic tumours were completely negative for stromal 
cav-1 staining in a subset of patients with primary prostate 
cancer (Di Vizio et al. 2009). Smooth muscle cells are also 
known to express cavin1, although the expression levels of 
this protein in the smooth muscle cells of the prostate are 
not well characterised. 

Overall, the expression patterns in the different cells of the 
prostate suggest that these proteins may play important roles 
in regulating various cellular processes in the gland. 

GPCR signalling compartmentation

GPCRs are seven-transmembrane helix proteins activated by 
ligand binding in the extracellular space that then transmits 
a signal to the cell through conformational changes that 
activate the heterotrimeric G-proteins, activating downstream 
signalling pathways. Individual GPCRs bind preferentially to 
multiple heterotrimeric G proteins, although some GPCRs can 
promiscuously couple to more than one G protein (Hermans 
2003). 

It is a necessity that the signalling proteins physically 
interact with high-affinity binding to transmit the required 
information. Taking into consideration the scarcity of signalling 
molecules within the cell, homogeneous distribution across the 
cell membrane is unlikely. To achieve the rapid signalling 
responses typical of GPCR activation, the concentration of 
signalling molecules within membrane microdomains may 
be a mechanism to explain the rapid response. The discovery 
of the caveolin proteins has provided a recognition system to 
biochemically identify caveolae and to demonstrate that 
signal transduction proteins are enriched within either lipid 
rafts or caveolae, or both (Anderson 1998; Razani et al. 
2002; Pike 2003). 

Importantly, not all GPCRs, or even G proteins are 
sequestered within lipid rafts. In fact, G proteins can also be 
located within both lipid rafts and non-raft fractions (Rybin 
et al. 2000; Ostrom et al. 2001). 

Oxytocin receptor is a member of the GPCR
family

The human prostate produces oxytocin (OT) and the oxytocin 
receptor (OTR) is also present in the gland. Higher levels of OT 

are found in tissue from men with BPH compared with men 
with prostate cancer (Nicholson 1996; Farina-Lipari et al. 
2003). 

OT treatment either has no effect or inhibits the prolifer-
ation of normal human prostate cells (Whittington et al. 
2004). However, when malignant PC3 cells are treated with 
OT, increased cell proliferation is observed (Whittington 
et al. 2007). The OTR is a member of the GPCR family, 
however, only one OTR has been identified, which raises the 
question, how could one single receptor inhibit and stimulate 
cell proliferation and how does this relate to cancer activation 
and progression? 

Earlier studies on the location of the OTR by Guzzi et al. 
(2002) showed that in the Madin–Darby canine kidney cell 
line, whether the OTR Gq-coupled receptor was compartmen-
talised within the cell membrane or was sequestered within 
caveolae could determine the proliferative effects of OT, 
that is localisation directly determined receptor signalling. 
Put simply, if the OTR was localised within the caveolae then 
there was a proliferative response, or if OTR was localised 
outside the caveolae, then inhibition of proliferation was 
seen. Furthermore, when OTR was located in the non-raft 
domains then its activation inhibited cell growth. Binding 
might desensitise the OTR when fused to caveolin and 
sequestration of the receptor within the lipid rafts indicates 
that its coupling to effector molecules may change the 
cellular response. 

In normal cells and BPH tissue OTR co-localises with 
cavin1 suggesting localisation of the receptors in caveolae. 
Caveolae are present in PrEC, but the number of caveolae is 
significantly decreased in PC3 cells and cancer tissue (Hill 
et al. 2008; Gould et al. 2010). Along with the progression 
of cancer, the consequential loss of caveolae could allow for 
the movement of the cell surface receptors, one of which is 
OTR. This translocation could result in the activation of 
alternate signalling pathways that could favour cell prolifera-
tion, which would, in turn, favour the development and 
progression of prostate cancer (Rimoldi et al. 2003). Thus 
the loss of caveolae may contribute to, or facilitate, tumour 
growth by favouring cell proliferation and promoting the 
progression of prostate cancer. 

Androgen withdrawal treatment (AWT) impedes prostate 
cancer progression initially, but cancer often escapes after a 
couple of years of treatment resulting in death (Harris et al. 
2009). AWT initially causes tumour regression, however, later 
expanding tumorigenic populations occur alongside the 
subsequent breakdown of treatment (Arnold and Isaacs 2002). 

Evidence exists that certain G proteins occur in different 
states. Gq preferentially localises to caveolae, whilst Gs and 
Gi prefer lipid rafts (Oh and Schnitzer 2001). Alongside the 
knowledge that caveolin is the unique identifier between 
caveolae and lipid rafts, Oh and Schnitzer in 2001 discovered 
that Gq, but not Gs and Gi immunoprecipitated together with 
cav-1, but when a cell was deficient in caveolin proteins then 
Gq would preferentially localise to lipid rafts. In other words, 
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whereas any of the above G proteins can be localised in lipid 
rafts, Gq, of which OTR is one, preferentially localises into 
morphological caveolae, such as those available in normal 
prostate cells, where it binds to the caveolin scaffolding 
domain. 

Localisation of the same protein molecules in caveolae can 
occur differently in different cell types. Low levels of OT in 
human prostate cells lead to localisation of OTR in lipid 
rafts (its native location), but with higher levels of OT, the 
OTR was found in non-raft fractions. Importantly, this is 
where the majority of both β1AR and β2AR were also 
detected (Ostrom and Insel 2004). These results suggest 
that lipid raft domains in some cells may contain a limited, 
saturable pool of signalling molecules, such as the enzyme 
adenylyl cyclase. Hence, different cells may localise the same 
protein differently. The implication being that the mechanisms 
overseeing lipid raft localisation could be independent of 
protein sequences, but may be dependent upon cell type 
instead. Perhaps these lipid modifications occur to a greater 
extent in one cell type compared to another and perhaps 
some cells contain only limited quantities of lipid rafts. 

Caveolin and cancer progression

Cav-1 has been designated as a tumour suppressor as reduced 
expression of cav-1 is closely related to tumorigenesis. The 
reasoning behind this is that cav-1 impedes cell malignancy 
by inhibiting the cyclin D1 gene activity promoter, by 
inhibiting the mitogen-activated protein kinase (MAPK/ERK) 
pathway and by phosphorylating Src tyrosine kinase (Simpkins 
et al. 2012). Reduced expression of cav-1 can promote 
activation of gastric cancer-related fibroblasts, leading to 
gastric cancer (Shen et al. 2015) and reduced levels are also 
found in colorectal cancer (Bocci et al. 2012), ovarian cancer 
(Friedrich et al. 2013) and breast cancer (Xu et al. 2014). 

However, in other tumours, the expression of cav-1 is 
significantly increased compared to normal tissues. Cav-1 is 
not expressed in normal liver tissue or normal liver cell lines 
but is increased in hepatocellular carcinoma and associated 
cell lines (Ting Tse et al. 2012), metastatic pancreatic 
cancer cells (Huang et al. 2012), hand, head and neck 
squamous cell carcinoma and metastasised kidney cancer 
cells (Steffens et al. 2011; Huang et al. 2012). Notably, in 
early-stage tumours that metastasise to the lymph nodes, 
cav-1 was highly upregulated and related to a poor prognosis 
(Steiner et al. 2012). Conversely, it was shown that decreased 
expression of cav-1 in prostate stroma contributes to tumour 
progression and that elevated cav-1 is highly correlated with 
human prostate cancer. We have shown that cav-1 and -2 were 
present in normal epithelial and stromal prostate cells grown 
in culture and in normal and BPH prostate tissue. This 
expression appeared to increase in prostate cancer tissue 
and again this was mirrored in vitro (Gould et al. 2010). 

In prostate cancer, cav-1 may provide an important 
survival mechanism in environments with minimal or no 
androgens. In vitro cell culture studies with human prostate 
tumour cell lines have shown that cav-1 upregulation is 
correlated with increased cell survival, androgen independence, 
and increased metastatic potential (Nasu et al. 1998; Li et al. 
2001) suggesting that cav-1 expression is associated with 
human prostate cancer progression (Yang et al. 1998). 
Furthermore, cav-1 can be down regulated during tumorigenesis 
in some cell types as oncologically transformed mouse 
embryonic fibroblast cells (NIH 3T3) showed down-regulated 
cav-1 protein and mRNA expression, up to 100-fold, related to 
the activation of the p42/44 MAPK cascade. Re-expression of 
caveolin and formation of caveolae was possible through the 
reverse engineering of NIH 3T3 cancer cells (Engelman et al. 
1999). Additionally, anti-sense cav-1 inhibited the survival 
effects of testosterone and converted the castrate-resistant 
metastatic mouse prostate cancer cells to an androgen-
sensitive phenotype (Nasu et al. 1998). 

In PC3 cells that express cav-2, siRNA cav-2 knock down 
down-regulated CAV2 resulting in reduced cell numbers, 
migration and invasion in PC3 cells suggesting that CAV2 
promoted malignant behaviour in an androgen-independent 
prostate cancer cell line, but further investigations need to 
be done in this area (Low and Nicholson 2017). 

Alterations in cell signalling pathway
activation

The role of caveolae in cell signalling pathways rely upon their 
ability to assemble together protein elements of signal transduc-
tion pathways. In this respect, we studied the MAPK/ERK 
pathway as these proteins communicate a signal from a 
receptor on the cell surface to the DNA in the cell nucleus. 
In spite of incorporating different treatments and a variety 
of experiments, the malignant cancer cells were not able to 
stimulate the phosphorylation of extracellular signal-regulated 
kinases (p-ERK) (Gould and Nicholson 2019). The MAPK/ERK 
pathway is usually activated by stimulation of OTR, which 
phosphorylates ERK, thereby stimulating mitosis. In the 
progression of all cancers, the stimulation of uncontrolled 
growth is a crucial step and this defect in the MAPK/ERK 
pathway instigates uncontrolled growth (Gioeli et al. 1999; 
Rick et al. 2012). In our study, in normal prostate cells, all 
treatments with OT or dihydrotestosterone (DHT) increased 
the expression of ERK (Fig. 2a, P < 0.0001), whereas, in PC3 
cells the levels were severely reduced (Fig. 2b, P = 0.12). 
Confirmation of this was seen in poorly differentiated prostate 
cancer that expressed reduced levels of p-ERK. Whereas, in 
well-differentiated cancer, expression of p-ERK was seen, and 
this has been supported by other researchers (Kreisberg et al. 
2004). Stimulation of the p-ERK pathway has been found in 
the human benign RWPE epithelial cell line and the WPMY 
stromal cell line derived from the same prostate (Xu et al. 
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Fig. 2. Cell signalling pathway activation in normal and malignant prostate cells. (a, b) Extracellular signal-regulated kinase 1/2 (Erk1,2);
(c, d) signal transducer and activator of transcription 1 (Stat1); (e, f ) poly (ADP-ribose) polymerase (PARP); (g, h) Caspase 3; (i, j) p53; (k, l)
p38; (m, n) stress-activated protein kinase (SAPK); (o, p) Ak strain transforming/phosphorylation of serine 473 (Ser473). The PathScan
Intracellular Signalling Array (Cell Signalling) that detected the phosphorylation of signalling molecules was captured using the Odyssey
digital imaging system (Li-CorBiosciences) and intensity was quantified using array analysis software. DRAQ5 5 mM (Abcam) determined
the same number of cells were seeded in each well. Grey histograms denote normal prostate cells (PrEC); black are malignant cells (PC3) at
4 days, all grown in media containing androgens. OT is oxytocin, DHT is dihydrotestosterone. n = 4. *P = 0.05, **P = 0.01, ****P < 0.001.

2017). p-ERK has been implicated in the control of cell cells providing an advantage to the prostate tumour, whilst 
proliferation and differentiation. Consequently, we expected BAD dephosphorylation provides an increase in sensitivity of 
to see a change in the expression of p-ERK in PC3 cells because the cancer cells towards apoptosis (Smith et al. 2009). In our 
in normal cells, OTR was sequestered within caveolae (Guzzi studies, BAD was markedly decreased in both cell types 
et al. 2002) activating the signalling pathway via the (Fig. 2c, d, P < 0.0001) indicating a possible governing pathway 
phosphorylation of ERK, that inhibits cell proliferation. of OT and steroid hormones over this regulatory mechanism. 

Malignant cells in the presence of OT can reduce the PARP initiates DNA repair and can regulate androgen 
activation of the apoptotic pathway, specifically caspase-3, receptor (AR) expression in advanced prostate cancer (Han 
BCL2-associated death promoter (BAD) and poly (ADP-ribose) et al. 2013). Interestingly, in malignant cells (Fig. 2f, P = 0.0005) 
polymerase (PARP). Research indicates that increased expres- but not in normal cells, (Fig. 2e, P = 0.0456) there was an 
sion of BAD can stimulate the proliferation of prostate cancer increase in PARP expression with physiological OT and 
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DHT, compared to OT and DHT alone. This was also seen in 
the increased expression of p38 in malignant cells (Fig. 2k, 
P = 0.0016) but not in normal cells (Fig. 2l, P = 0.09), and 
with Caspase in normal (Fig. 2g, P = 0.0230) and malignant 
(Fig. 2h, P = 0.0009) cells, which could initiate increased 
apoptosis (Tikhomirov and Carpenter 2004). This bears 
further investigation but could be related to the interaction 
of the AR and OTR, as we have indicated previously (Gould 
and Nicholson 2019). Further to this, P53 is a tumour 
suppressor gene that halts tumour formation by regulating 
cell division by keeping cells from proliferating uncontrollably. 
In normal cells, treatment with OT and DHT increased p53 
(Fig. 2i, P = 0.0039), which was also seen in malignant 
cells (Fig. 2j, P = 0.0259). Interestingly, other researchers 
have found that p53 alone was sufficient to increase the 
expression of cav-1, but when both the proto-oncogenic 
tumour suppressor protein retinoblastoma protein (Rb1) 
and p53 were lost, as in the castration resistant phenotype 
in prostate cancer, even though p53 was an instigator of 
cancer progression, in the prostate this needed interaction 
with the other protein to create its full effect (Lin et al. 2019). 

Deregulation of signal transducers and activators of 
transcription factors (STAT) has been implicated in prostate 
cancer cell proliferation and survival (Blando et al. 2011). 
Aberrant activation of STAT acts as a pro-survival signal for 
tumour cells by tightly regulating cell cycle progression, 
transformation and preventing apoptosis. STAT1 in particular 
suppresses cancer growth, progression and apoptosis by 
regulating caspase expression, or by interacting with p53. 
STAT1 knockout mice develop significantly more sarcomas 
than wild type mice (Kaplan et al. 1998). STAT1 hyper-
activation has been implicated in multiple cancer types and 
STAT1 is induced by the use of docetaxel treatment in 
DU145 prostate cancer cells. Furthermore, STAT1 was over-
expressed in a generated docetaxel-resistant cell line 
(DU145-DR). In our hands, with the treatment of OT in the 
normal prostate cells, then Stat1 expression was seen to 
increase, (Fig. 2m, P = 0.0363) whereas in the malignant PC3 
cells (Fig. 2n, P = 0.5) no effect was seen. This supports other 
research that indicates STAT1 expression may function as 
either a suppressor or promoter of cancer development 
(Kaplan et al. 1998). 

In PC3 cells, OT increased the activation of Akt (Ser473), 
the growth and survival factor in both normal and malignant 
cells (Fig. 2o, p, P < 0.0001). In androgen-independent 
prostate cancer, Akt hyperphosphorylates the AR hence 
increasing AR activity in a milieu of reduced androgens, 
hyperactivating AR without the presence of the ligand 
instigating increased proliferation (Yeh et al. 1998). In 
breast cancer, cav-1 triggers the PI3-K-Akt signalling pathway 
in prostate cancer cells promoting metastasis by interacting 
with angiogenic factors like VEGF, TGF-β1 and FGF2. Cav-1 
can also increase cell expression in MCF-7 human breast 
adenocarcinoma cells where cav-1 overexpression was 
associated with AKT overactivity (Fiucci et al. 2002). In 

oesophageal squamous cell carcinoma, the lack of cav-1 
expression activated AKT, consequently upregulating TGF-
β1 and Synuclein Gamma (SNCG) (Wang et al. 2014). The 
presence of OT or DHT activated signalling pathways may 
stimulate cell proliferation and survival in PC3 cells, which 
could increase cell numbers thereby supporting the prolifer-
ative state of the tumour. 

Caveolin proteins have been implicated in the develop-
ment and progression of various types of cancer. In both 
prostate and breast cancer, caveolin expression is dysregulated 
with higher levels of caveolin associated with a poorer 
prognosis. In both cancer types, caveolin has been implicated 
in regulating cell growth, survival, and migration, and 
therefore may contribute to the capacity of the cancer cells 
to invade surrounding tissue and metastasise to distant sites. 
One of the unique features of caveolin in prostate cancer is 
its association with the AR, a key regulator of prostate 
development and function. Caveolin interacts with AR to 
modulate its activity, influencing the growth and survival 
of prostate cancer cells. This association, of course, is not 
present in breast cancer, but instead caveolin has been linked 
with regulating oestrogen receptor activity. While both cancers 
are hormonally regulated, the specific hormones involved and 
their effects on caveolin expression and activity differ. In 
prostate cancer, androgens are the key hormones, while in 
breast cancer, oestrogen and progesterone play the central role. 

Discussion

The increased cav-1 expression identified in prostate cancer 
could be associated with interactions between phosphorylation 
and dephosphorylation of scaffolding proteins and the 
associated multiple signalling pathways suggest that cav-1 
may perform an important role in the progression of prostate 
cancer. Increased expression of cav-1 is strongly related to 
prostate cancer occurrence, progression, and metastasis of 
the tumours. Cav-1 promotes the release of numerous growth 
factors by controlling transcription, up-regulating mRNA and 
protein expression levels, stimulating tumour angiogenesis 
and tumour formation. 

By what means does cav-1 change its function from tumour 
suppressor to tumour growth promoter? In the development 
of prostate cancer, there is an increase in the levels of caveolin 
expression and a further increase in metastatic cancer (Yang 
et al. 1998). Many articles equate caveolin expression to the 
presence of morphological caveolae formation (Chang et al. 
1994). Our studies have shown that this may not be true as 
caveolin is also expressed in non-caveolae parts of the cell 
membrane. In prostate cancer, caveolin protein cannot be 
associated with caveolae since we have shown that morpho-
logical caveolae are lost in cancer progression (Gould 
et al. 2010). 

The outcome of these results allowed us to suggest that the 
OT peptide can confer different effects due to the position of 
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OTR residing within the cell membrane. In the absence of 
caveolae, caveolin and cell surface receptors associate tran-
siently with more mobile lipid rafts on the surface of the 
cell membrane (Fig. 3). 

Future directions

Cell membrane receptors are proteins located on the surface 
of cells that play a key role in cell signalling, allowing cells to 
communicate with their environment and respond to changes 
in their surroundings. Dysregulation of cell membrane receptors 
has been implicated in cancer development and progression. 
The localisation of oxytocin receptors to caveolae may play a 
role in the regulation of receptor signalling, as caveolae are 
involved in the regulation of membrane trafficking and 
signal transduction. Specifically, the localisation of oxytocin 
receptors to caveolae may play a role in the regulation of 
oxytocin signalling and function in the prostate. As the 
expression of cavin1 is critical for morphological caveolae 
formation and the solidification of mobile caveolin proteins 
into immobile caveolae structures (Hill et al. 2008) and 
indeed, this may be a suitable biomarker for prostate cancer 
progression. 

The focus of this review is on the role of lipid rafts and 
the subpopulation of lipid rafts, caveolae, which sequester 
components involved in GPCR signal transduction that define 
the functional and significant, cell-specific regions of signalling 
by GPCRs. Further studies are required to shed more light on 
cavin1 and caveolin in the context of this disease and their 
possibile use as a diagnostic tool. Specifically targeting these 

(a) OT peptide 

Lipid raft 
Cell membrane 

OTR 

Inhibition 
of proliferation 

+ Androgen 

Normal prostate cell 

(b) 
Prostate cancer cell 

Stimulation of proliferation 

Fig. 3. Schematic depiction of OTR signalling in lipid rafts and
caveolae of normal and malignant prostate cancer cells. In (a) normal
cells, OTR is located in caveolae and treatment with OT resulted in an
inhibition of proliferation. In (b) malignant cells, there is a loss of
caveolae and OTR moves to the lipid rafts where in response to OT
there is a stimulation of proliferation, or in response to OT and T then
OTR moves from the lipid rafts onto the cell membrane, again
stimulating proliferation.

proteins would present a significant challenge as they are 
involved in a variety of processes with important roles in 
normal cellular function. Additionally, caveolae-associated 
proteins exhibit dynamic complex interactions with other 
proteins making it problematic to specifically target them 
without interfering with other downstream cellular processes. 

Conclusion

The premise of lipid rafts and caveolae has garnered interest 
because these microdomains compartmentalise signalling 
proteins creating an intimate association between signalling 
molecules to facilitate the efficient fast flow of information 
through a specific signal transduction pathway. Understanding 
signal transduction in the environment of lipid rafts or caveolae 
is critical for interpreting the complexity of cell signalling in the 
cancer microenvironment. Cell-specific differences in the 
sequestration of signalling components within the microdomains 
might offer a potential prospect to target microdomains 
differentially influencing various receptors in different cell 
types. It is well known that caveolin proteins form structured 
cell membrane invaginations called caveolae that bind and 
regulate cell membrane receptors in prostate tissue. When 
cavin1 is lost, the caveolae structures are lost, and the 
sequestered receptors move out onto the cell membrane 
triggering signalling pathways promoting cancer progression. 

The G protein-coupled receptor, OTR is an example of one 
such receptor that is sequestered within the caveolae of 
normal cells in the prostate and its association with caveolin 
is required for proper signalling but with cancer progression, 
cavin1 expression is lost and with the consequential loss of 
caveolae structures the OTR moves onto the cell membrane 
where it activates signalling pathways, from here, OTR is 
linked to the regulation of cell growth and survival in prostate 
cancer. 

Developing new treatments for prostate cancer should 
focus on understanding the underlying mechanisms that 
drive the development, the switch to invasive malignancy 
and the progression of the disease. In this way, biomarkers 
such as cavin1 as a molecular indicator for prostate cancer 
could diagnose the disease earlier to facilitate more effective 
treatments. 

Understanding these proteins highlights the complexity of 
reproductive biology and the importance of studying it from 
multiple angles in order to add a new perspective to our general 
understanding of cancer biology and to fully understand its 
intricacies. 
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