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Abstract

Ovarian cancer constitutes the second most common gynecological cancer with a five-year survival rate of 40%. Among the various
histotypes associated with hereditary ovarian cancer, high-grade serous epithelial ovarian carcinoma (HGSEOC) is the most pre-
dominant and women with inherited mutations in BRCA1 have a lifetime risk of 40-60%. HGSEOC is a challenge for clinical
oncologists, due to late presentation of patient, diagnosis and high rate of relapse. Ovarian tumors have a wide range of clinical
presentations including development of ascites as a result of deregulated endothelial function thereby causing increased vascular
permeability of peritoneal vessels. The molecular mechanisms remain elusive. Studies have shown that fallopian tube cancers develop
in women with BRCA1 gene mutations more often than previously suspected. Recent studies suggest that many primary peritoneal
cancers and some high-grade serous epithelial ovarian carcinomas actually start in the fallopian tubes. In this article we have
addressed the molecular pathway of a recently identified potential biomarker Ubc9 whose deregulated expression due to BRCA1
dysfunction can result in HGSEOC with peritoneal permeability and formation of ascites. We also discuss the role of downstream
targets Caveolin-1 and Vascular Endothelial Growth Factor (VEGF) in the pathogenesis of ascites in ovarian carcinomas. Finally we
hypothesize a signaling axis between Ubc9 over expression, loss of Caveolin-1 and induction of VEGF in BRCA1 mutant HGSEOC
cells. We suggest that Ubc9-mediated stimulation of VEGF as a novel mechanism underlying ovarian cancer aggressiveness and
ascites formation. Agents that target Ubc9 and VEGF signaling may represent a novel therapeutic strategy to impede peritoneal
growth and spread of HGSEOC.
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Introduction

Ovarian cancer is a common gynecological cancers and the fifth leading cause of death in women. This year alone, about 22,000
women will be diagnosed with ovarian cancer and more than half will succumb to it [1]. Although there has been a lot of research
in Ovarian cancer, efforts to decrease the mortality rate have not been successful due to lack of biomarkers for early detection and
also the origin and pathogenesis of ovarian cancer are not well-understood [2]. Hereditary ovarian cancers are associated with
various mutations, the most common of which are in the tumor suppressor genes BRCA1 and BRCA2. For carriers of BRCA1
mutations, the risk of ovarian cancer is about 50% [3]. Recent studies suggest that ovarian cancer should no longer be considered
as a single entity. Many studies in which the fallopian tubes were carefully examined revealed that in situ and small early invasive
tubal carcinomas occurred in women with a genetic predisposition for the development of ovarian cancer [2,4-7]. Thus, fallopian
tube carcinoma is now included in the spectrum of cancers associated with BRCA mutations [8]. This study lends further evidence
to the above hypothesis. They proposed that cancer cells are shed from the tubal epithelium and consequently get implanted on
the surface of the ovary to form inclusion cysts to produce ovarian or primary peritoneal cancers [8]. Ovarian cancer cells usually
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disseminate by intraperitoneal seeding where tumor cells are transported by the peritoneal fluid and implant into the mesothelial
lineages of the cavity wall. This is mediated by cross-talk between tumor and stromal cells are often accompanied with ascites
[9]. Hereditary ovarian cancers are associated with many mutations. The most common among them are mutations in the tumor
suppressor genes BRCA1 and BRCA2. The risk of ovarian cancer with BRCA1 mutation carriers is as high as 50% [3].

Caveolin

Recently there have been a number of efforts towards identifying new biomarkers expressed in ovarian cancers. Caveolin-1 is
one such protein which has been associated with ovarian cancer. Caveolae are non-Clathrin flask shaped 50-100 nm cell surface
invaginations that participate in cellular functions like signal transduction, endocytosis and vesicular transport. Caveolins are
important proteins responsible for the structure of caveolae. Overexpression of Caveolin-1 in cells, which do not usually express
Caveolae (lymphocytes), results in formation of Caveolae and down regulation of Caveolin-1 in Caveolin rich cells leading to the
loss of these membrane invaginations. The above lends evidence to the close correlation between Caveolin and Caveolae [10-13].

There are 3 different Caveolin proteins: Caveolin 1 (Cav-1), Caveolin 2 (Cav-2) and Caveolin 3 (Cav-3). Cav-1 and Cav-2 are found
abundantly in the endothelial cells, fibroblasts, smooth muscle cells and adipocytes, while Cav-3 is mainly expressed in skeletal
and cardiac musculature. Cav-1 has two isoforms: (a) the alpha isoform consisting of 178 amino acids and (b) the beta isoform
truncated by 32 amino acids at the N-terminus. Caveolin has a hair-pin structure with the C and N terminals positioned towards
the cytosol. It consists of an oligomerization domain and a scaffolding domain with the latter being responsible for interaction with
signaling proteins [14]. Membrane attachment is made possible by the N-and-C terminal domains, the transmembrane domain
and the palmitoyl groups at the C-terminus [15,16]. Caveolins have a tendency to form oligomers which interact with other
caveolin-1 oligomers at the C-terminal domains forming a meshwork responsible for the formation of invaginations in the plasma
membrane [17].

As mentioned above, caveolae are important components of the cell membrane which are important for many cellular processes.
We list some of them below --

Transcytosis: A mechanism of caveolae mediated vesicular trafficking. Schnitzer etal. [18] used antibodies targeting the extracellular
domains of proteins in endothelial caveolin proteins and showed that the antibodies were transported directly through the caveolae
across the capillary wall.

Endocytosis: Montesano et al. [19] first demonstrated that caveolae bind and internalize cholera and tetanus toxins. This theory
was strengthened by Schnitzer et al. [20] who demonstrated that treatment of cells with cholesterol binding agents resulted in
abolition of caveolin mediated endocytosis of albumin sparing the clathrin dependent process. Purification of caveolae has shown
that the components used by cells in vesicle formation are concentrated in caveolae and likely associated with Cav-1 [21-23].

Cholesterol and Caveolin: Caveolae expression is dependent on the tissue concentration of cholesterol [24]. Treatment with
cholesterol binding agents is associated with flattening of these pits [25]. In-vitro studies showed a direct correlation between
cholesterol and caveolin when purified caveolin-1 was found to reconstitute only into lipid vesicles containing cholesterol [26].
Caveolae play an important role in cholesterol removal from the cells [27] and intracellular transport of newly synthesized
cholesterol [28].

Signalosomes: The Caveolae/Raft signaling hypothesis was proposed by Lisanti et al. [29] when they found signal transduction
molecules on biochemically separating the caveolar membrane. The scaffolding domain of caveolins interact with and influence the
activity of signaling molecules present on the caveolae thus proving that caveolae function has as specialized signaling organelles
or signalosomes.

Oncogenesis: Various studies demonstrated down-regulation of Cav-1 by many tumor cells suggesting that Cav-1 is a target of the
activated oncogenes. Stable expression of H-Ras in the NIH 3T3 cell line led to down-regulation of Cav-1 [30] whereas Engelman
et al. [11] showed that treatment of these cells with MAP kinase inhibitors led to increased Cav-1 levels. The q31 region on human
chromosome 7 has particular importance in the development of many primary tumors including but not limited to breast [31] and
ovarian tumors [32] due to the presence of high frequency deletions around the D75522 CA-repeat microsatellite region, which is
a marker mapping the 7p31.1 region [31,33]. Lisanti et al. [29] showed the close proximity of Cav-1 and Cav-2 to q31.1 region of
human chromosome 7 thus lending more evidence to the hypothesis that Cav-1 functions as a tumor suppressor gene [34]. Loss
of Cav-1 expression was shown in serous ovarian carcinomas [35]. In fact expression of Cav-1 in ovarian cancer cells resulted in
suppression of tumor cell survival in vitro, suggesting that Cav-1 may act as a tumor suppressor [35].

Angiogenesis: It is the creation of new blood vessels from preexisting vessels which is necessary for the formation of granulation
tissue, wound healing and also an important component of tumor growth. VEGF is integrally linked with vascular permeability
and angiogenesis [36,37] it was shown that tumor microvasculature is fenestrated and that topical administration of VEGF-165
resulted in the formation of fenestrations in the endothelium of vessels and also resulted in the formation of clusters of Caveoli as
part of the angiogenic response. Liu et al. [38] further showed a positive correlation between Cav-1 expression and the formation
of capillary tubes. Whereas, down regulation of Cav-1 by an anti-sense adenoviral approach resulted in a 10 fold decrease in the
formation of capillary tubules proving the central role of Caveoli in angiogenesis.
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Caveolae

Cav-1 is found to be maximally concentrated in the endothelium [29]. Caveolin’s role in regulating vascular permeability is
multifold. Firstly, Cav-1 plays an important role in regulating Nitric Oxide levels in the endothelium. The scaffolding domain of
Cav-1 binds to and is responsible for inhibiting endothelial Nitric Oxide synthase [39]. Bucci et al. [40] studied this using a mouse
inflammation model and showed that the addition of the scaffolding domain of Cav-1 reduced the vascular permeability and tissue
edema effect of Nitric Oxide. Based on the above, one may hypothesize that Cav-1, by regulating vascular permeability, reduces
tumor progression in a mouse model [41].

Secondly, Cav-1 plays an important role in protein interactions between the cell and the extracellular matrix thus affecting
permeability. Electron microscopic analysis of Cav-1 null mice revealed defects in tight endothelial junction formation and poor
capillary endothelial cell adhesion to the basement membrane [42]. Endothelial permeability depends on the size of the molecule
and the different receptors present within the caveolae. For example VEGF can cause grouping of caveolae into organelles [43].
Exposure of endothelial cells to VEGF caused increased formation of fenestrations [44].

Ovarian carcinoma has a wide range of clinical presentations including but not limited to ascites and peritoneal metastasis. The
pathophysiology of ascites in malignancy is complex. In case of advanced cancers, the ascites can be caused by increased tumor
burden blocking the drainage of lymphatic fluid. Some of the other mechanisms of ascites in malignancy include increased
permeability of the vasculature.

Vascular Endothelial Growth Factor

VEGF has been implicated in tumor growth and metastasis due to its role in neovascularization and increasing vascular permeability.
Mesiano et al. investigated the role of VEGF in ovarian carcinoma using in vivo models. They induced intraperitoneal tumors in
immunodeficient mice with the human ovarian cancer cell line SKOV-3. Some of the mice were then treated with A4.6.1 which
is a VEGF antibody and were compared to controls. Results showed that mice treated with anti-VEGF antibody had significantly
decreased tumor growth compared with controls. On the other hand, once treatment with A4.6.1 was discontinued, these mice
rapidly developed ascites. This stresses the importance of VEGF in ascites formation and intraperitoneal tumor growth [45]

Santin et al. [46] quantified the amount of VEGF secreted in many fresh and established ovarian cancer cell lines using ELISA. They
found that the amount of VEGF secreted was directly proportional to the grade of the tumors with high grade tumors secreting
high levels of VEGF compared to lower grade tumors. Further, fresh tumor cell lines were found to secrete more VEGF compared
to established cancer cell lines. The ascitic fluid in ovarian cancer patients also had increased levels of VEGF compared to samples
from healthy subjects. Therefore, VEGF plays a crucial role in regulating the endothelial cell function in the vasculature influencing
many processes like angiogenesis, tumorigenesis and mediating malignancy associated ascites. It has also been found that serum
VEGEF levels correlate with clinical stage, the degree of metastasis and survival with increased VEGF levels are associated with poor
survival (35 months versus 28 months) [47].

However it is not clear if VEGF alone can cause ascites and if drugs targeting VEGF can prevent metastatic disease. To further
substantiate the above, Byrne et al., used retroviruses to generate a population of human SKOV-3 carcinoma cells to overproduce
murine-VEGF and the peritoneal cells were directly transduced with adenovirus to produce VEGE. They showed that the formation
of ascites is markedly increased by the overexpression of VEGF in both the mice injected SKOV3 carcinoma cells and in the
peritoneum of mice lacking tumor invasion. They used a VEGF-trap, which is a high affinity soluble decoy receptor consisting
of extracellular domains of both VEGFR1 and VEGFR2 and reported inactivation of VEGF with inhibition of ascites formation
and decreased tumor burden in the mouse models [48]. Recently, Lei Yu et al. reported poor progression free survival and overall
survival in ovarian cancer patients with increased tissue and serum VEGF expression in a meta-analysis of 16 studies analyzing
111 patients [49,50].

UBC9 and BRCA1 Mutation

Hereditary ovarian cancers are associated with mutations in the tumor suppressor genes BRCA1 and BRCA2 [51,52]. BRCALl
is a nuclear-cytoplasm shuttling protein involved in multiple biological processes including DNA damage repair, cell growth,
apoptosis, transcription activation or repression etc. [52]. We have previously shown that the tumor suppressor gene BRCA1 and
its isoform BRCA 1a to inhibit the tumor growth of ovarian cancer cells [53] by tethering Ubc9, a SUMO conjugating enzyme [54].
Ubc9 was found to be expressed at high levels in BRCA1 mutant HGSEOC cells [54] and it promotes cell invasion and metastasis
of breast cancer cells implicating a role in tumorigenesis [55]. BRCAL1 also regulates the expression of Caveolin-1 and inhibits the
invasiveness and metastatic potential of mouse embryo fibroblasts [56]. BRCA1 also inhibits VEGF transcriptional activation and
protein secretion through the estrogen signaling pathway in breast cancer cells [57]. We have previously shown BRCA1 proteins
unlike its disease associated mutant BRCA1 proteins to bind Ubc9 and induce the expression of Caveolin-1 in BRCA1 mutant
HGSEOC cells UWB1.289 [58]. Caveolin-1 is known to regulate VEGF levels thus maintaining endothelial permeability and
normal ovarian function. We have observed elevated levels of VEGF in UWB1.289 compared to BRCA1 transfected UWB1.289
cells on using VEGF antibody by immunofluorescence analysis (Figure 1). In a recent study high level of Ang-1, Ang-2 and VEGF
expression was observed in both BRCA carriers and TNBC patients suggesting VEGF as an attractive angiogenic target for these
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cancers [59]. As previously discussed, Caveolin-1 plays a major role in vascular permeability. Decreased levels of Caveolin-1 cause
increased vascular permeability, thus increasing expression of VEGF which in turn result in the generation of tumor ascites as seen
in advanced stages of ovarian cancers (Figure 2).

Caveolin-1 Hoechst

UWB1.289

Caveolin-1

UwB1.289
+BRCA1

UWB1.289

Hoechst

UWB1.289
+BRCA1

Figure 1: Loss of Caveolin-1 and induction of VEGF expression in BRCA1 mutant HGSEOC cells UWB1.289 as detected by immunofluorescence
analysis. UWB1.289 and UWB1.289 + BRCAL1 cells were seeded into six-well plates. The nuclei were visualized with DNA stain Hoechst 33258.
Cells were fixed in methanol and probed with A: Caveolin-1(Santa Cruz, 1/250) B: VEGF(Santa Cruz, 1/250) followed by Alexa Fluor 568/488
labeled secondary antibody(Invitrogen, 1/200) staining as described (54). The images were taken using fluorescent microscope (100X, oil Olympus)
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Figure 2: Working hypothetical model showing how BRCA1/1a binding to Ubc9 induces Caveolin-1 expression, down regulates VEGF regulates
endothelial function in normal ovaries and fallopian tubes. In HGSEOC with BRCA1 dysfunction, Ubc9 is unleashed which inhibits Caveolin-1
expression causing increased levels of VEGE, loss of endothelial function and accumulation of ascites due to dissemination of cancer cells to the
peritoneal cavity resulting in HGSEOC
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Conclusion

In conclusion our hypothesis suggests a molecular mechanism of BRCA1 dysfunction in HGSEOC with peritoneal metastasis
and ascites. This review offers opportunities to better understand the origin and mechanism of development of BRCA1 mutant
HGSEOC (Figure 3) which should lead to the development of more effective biomarkers for early detection as well as targeted
therapies for BRCA1 associated HGSEOC.

Origin BRCA1 Mutation

Peritoneum

A PARADIGM SHIFT

ascular Permeability
(Dysregulation of
Endothelial Function

Ubc9 |E|
TT »l« E Ascites

|E|. Singe Cell ‘N’ Cau-1 —>TT VEGF

Dissemination of Cancer cells .
to the peritoneal cavity Metastatic Tumor

Fallopian tube as the origin of BRCA1 Associated HGSEOC
{High Grade Serous Epithelial Ovarian Cancer)
How BRCA1 Dysfunction results in HGSEOC

Figure 3: This is a simple model showing how HGSEOC initiates in the fallopian tube of women carrying a BRCA1 mutation. According to
this scenario, the cancer can start in the fallopian tubes and the cells get detached and adhere to the ovarian surface epithelial where tumor
develops resulting in deregulated levels of Ubc9, low levels of Caveolin-1 and excess VEGE. This triggers dissemination of cancer cells to the
peritoneal cavity, tumor metastasis, increased vascular permeability and formation of ascites
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