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Abstract

The lethality of ovarian cancer stems from its propensity to involve the peritoneal cavity.
However, the mechanisms that enable ovarian cancer cells to readily adapt to the peritoneal
environment are not well understood. Here, we describe our recent studies in which we identified
the mechanisms by which the transcription factor encoded by the patterning gene HOXA9
promotes the aggressive behavior of ovarian cancer. Firstly, we identified that HOXA9 promotes
ovarian tumor growth and angiogenesis by activating the gene encoding transforming growth
factor-p2 (TGF-B2), which in turn stimulates peritoneal fibroblasts and mesenchymal stem cells to
acquire features of cancer-associated fibroblasts. Secondly, by inducing TGF-$2 and chemokine
(C-C motif) ligand 2, HOXAQ stimulates peritoneal macrophages to acquire an
immunosuppressive phenotype. Thirdly, HOXAGQ stimulates attachment of ovarian cancer cells to
peritoneal mesothelial cells by inducing expression of P-cadherin. By inducing P-cadherin,
HOXAZ9 also enables floating cancer cells in the peritoneal cavity to form aggregates and escape
anoikis. Together, our studies demonstrate that HOXAZQ enables ovarian cancer cells to adapt to
the peritoneal environment and ‘educates’ different types of stromal cells to become permissive
for tumor growth. Our studies provide new insights into the regulation of tumor-stroma
interactions in ovarian cancer and implicate several key effector molecules as candidate
therapeutic targets.
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Epithelial ovarian cancer is often called the ‘silent killer’ because this disease frequently
involves the peritoneal cavity in a rapid and asymptomatic manner. As a consequence, more
than 60% of ovarian cancer patients present with advanced-stage disease at the time of
initial diagnosis [1]. Patients with advanced-stage ovarian cancer are rarely cured by
conventional platinum- and taxane- based chemotherapy and their 5-year survival rate is less
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than 30% [11. Unlike many other types of tumors, ovarian cancer does not primarily
metastasize via hematogenous routes. Typically, ovarian cancer cells are exfoliated from the
primary tumor by the peritoneal fluid that then circulates cancer cells throughout the
peritoneal cavity [2 3], The omentum and other peritoneal surfaces on to which ovarian
cancer cells implant are lined by a monolayer of mesothelial cells that overlie connective
and adipose tissues [3]. Peritoneal carcinomatosis is frequently associated with formation of
ascites that is abundant in macrophages and other immune cells [4]. Investigating the
mechanisms by which ovarian cancer cells interact with the cellular constituents of the
peritoneal cavity is therefore important for understanding the biological behavior of this
disease and for developing more effective therapies.

Epithelial ovarian cancer comprises several subtypes of tumors that are classified by their
morphologic features 1. In an earlier study, we identified that the major ovarian tumor
subtypes are distinguished by their expression of members of the HOX family of homeobox
genes that are normally expressed during development of the reproductive tract [6].
Homeobox genes encode transcription factors and were originally identified in Drosophila
by their mutations that caused body segments to form in the wrong context [7]. Homeobox
genes control tissue patterning and body plan specification, and are expressed in a tightly
regulated temporal- and tissue- specific manner [8]. Using mouse i.p. xenograft models of
ovarian cancer, we identified that the HOXA9, HOXA10 and HOXAL1 genes induce
morphologic features of the serous, endometrioid and mucinous tumor subtypes,
respectively [6]. However, the role and mechanisms of HOX genes in the clinical behavior of
ovarian cancers remained unknown.

In the first of a recent series of studies, we found that high HOXA9 expression is strongly
associated with reduced survival of ovarian cancer patients and promotes ovarian tumor
growth in i.p. xenograft models [°]. However, HOXA9 had no effect on tumor cell growth in
vitro, indicating that its growth-promoting ability depends on interactions with host cells.
We identified that high HOXA9 expression in ovarian cancer cells increases the abundance
of cancer-associated fibroblasts (CAFs) in xenografts, and is associated with increased
expression of CAF markers such as a-smooth muscle actin (a¢SMA) in ovarian cancer
clinical specimens [9]. Increasing evidence indicates that CAFs derive from several different
types of cells (reviewed in [10]). For example, epithelial tumor cells that have undergone
epithelial-to-mesenchymal transition (EMT) can be a source of CAFs [111. However, we
found that HOXAZQ does not alter expression of EMT-inducing transcription factors in
ovarian cancer cells [°1. Furthermore, we generated xenografts from green fluorescent
protein (GFP)-transfected ovarian cancer cells and found that virtually all aSMA* stromal
cells did not express GFP [°]. These findings indicated that HOXA9 does not induce trans-
differentiation of ovarian cancer cells into CAFs. Normal tissue-resident fibroblasts are an
important source of CAFs [12]. We identified that expression of HOXAQ in ovarian cancer
cells induces normal omental fibroblasts to express CAF markers [8l. Furthermore, we found
that HOXAS9 promotes growth of ovarian cancer cells and endothelial cells by inducing
omental fibroblasts to express interleukin (IL)-6, chemokine (C-X-C motif) ligand 12
(CXCL12) and vascular endothelial growth factor-A (VEGF-A) [¥l. Another important
source of CAFs are mesenchymal stem cells (MSCs) [13]. Bone marrow is the most studied
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source of MSCs, but MSCs are abundant in white adipose tissues such as the omentum 141,
We also found that expression of HOXAZ9 in ovarian cancer cells induces normal adipose
MSCs to acquire features of CAFs [,

In our study, we identified that the stimulatory effects of HOXA9 on CAFs and ovarian
tumor growth are largely mediated by its transcriptional activation of the TGFB2 gene that
encodes transforming growth factor (TGF)-p2 [°]. Inhibition of TGF-B2 in HOXA9-
expressing tumor cells substantially reduced the stimulatory effects of HOXA9 on CAFs and
tumor growth. Conversely, the CAF-activating, tumor growth-promoting effect of HOXA9
was restored when TGF-f32 was reconstituted in tumor cells in which HOXA9 was
inhibited [°. In addition, the induction of tumor-derived TGF-B2 by HOXA9 stimulated
stromal expression of TGF-B2 and TGF-B1 [9]. Increased levels of tumor-derived TGF-f2,
coupled with increased stromal levels of TGF-f ligands, might therefore chronically
stimulate CAFs in HOXA9-expressing tumors. Together, these findings support a model in
which HOXAQ9 expression in ovarian cancer cells ‘educates’ normal peritoneal fibroblasts
and adipose MSCs to become permissive for tumor growth.

In a second recent study, we identified that HOXA9 expression in ovarian cancer cells also
‘educates’ peritoneal macrophages to acquire an immunosuppressive phenotype.
Macrophages are normally present in the peritoneal cavity of healthy women and are a
major cellular constituent of ascites [4]. Phagocytic activity of macrophages is often
defective in ovarian cancer patients [15]. Macrophages exhibit diverse phenotypes, of which
the most studied are termed M1 and M2. M1 macrophages typically express inflammatory
and immunostimulatory cytokines such as tumor necrosis factor-a and IL-12, whereas M2
macrophages express immunosuppressive cytokines and chemokines such as 1L-10 and
CCL17 [16]. Tumor-associated macrophages (TAMs) often exhibit features of M2
macrophages [16]. We identified that high HOXAGQ levels in clinical specimens of ovarian
cancer are associated with increased abundance of TAMs and with increased levels of 1L-10
and CCL17 in ascites fluid [17]. Furthermore, we found that expression of HOXA9 in
ovarian cancer cells stimulates chemotaxis of peritoneal macrophages and induces
macrophages to express IL-10 and CCL17 in in vitro assays [17]. These effects of HOXA9
were found to be primarily due to its induction of tumor-derived TGF-2 and CCL2 that act
in a paracrine manner on macrophages. In addition to TGFB2, CCL2 was found to be a
transcriptional target of HOXA9 [171. T regulatory (Treg) cells suppress effector T cell
activity and CCL17 has been reported to stimulate Treg recruitment to tumors [18],
Consistent with this previous report, we found that clinical specimens of HOXA9-high
ovarian cancers have significantly higher abundance of Treg cells and lower abundance of
CD8* tumor-infiltrating lymphocytes than HOXA9-Low ovarian cancers [17]. A study by
Sato and colleagues reported that a high CD8*/Treg cell ratio is associated with favorable
prognosis in ovarian cancer [1%1. HOXA9 might therefore contribute to poor outcomes in
ovarian cancer patients by increasing the abundance of TAMSs that in turn suppress anti-
tumor immune responses.

Although our study demonstrated that HOXA9-induced tumor-derived factors directly
stimulate M2 polarization of peritoneal macrophages, HOXA9 might also increase TAMs by
indirect mechanisms. One mechanism is by increasing the abundance of CAFs that express
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TGF-B2 and other factors which in turn could stimulate TAMSs. The abundance of TAMs
could also be increased by stimulating Treg accumulation. Treg cells express cytokines that
induce M2 polarization of macrophages [2%]. CCL2, a target of HOXA9, can directly
stimulate Treg recruitment [211. HOXA9 increases tumor- and stromal-derived levels of
TGF- ligands which in turn could regulate FOXP3, a master regulator of Treg cell
differentiation and function [22], By inducing tumor-derived TGF-B2 and CCL2 levels,
HOXAS9 might promote an immunosuppressive microenvironment that is permissive for
ovarian tumor growth by stimulating reciprocal interactions between fibroblasts,
macrophages and Treg cells.

A key step in the progression of ovarian cancer is the implantation of floating tumor cells
onto surfaces of the peritoneal cavity. The classical cadherins have well-characterized
functions in facilitating cell adhesion via homophilic interactions [23]. P-cadherin has been
found to be the predominant type of cadherin that is expressed in tumor cells in the
peritoneal fluid of ovarian cancer patients [24]. P-cadherin is also the most predominant type
of cadherin that is expressed in normal peritoneal tissues [25]. In a third recent study, we
identified that P-cadherin facilitates the attachment of floating ovarian cancer cells to
mesothelial cells that line peritoneal surfaces [26]. In a parallel fourth study, we identified
that the expression of HOXAQ9 in ovarian cancer cells not only stimulates tumor growth but
also promotes implantation of tumor cells on to peritoneal surfaces [27]. The ability of
HOXAZ9 to promote tumor cell implantation was attributed to its induction of P-cadherin that
is encoded by the CDH3 gene, a transcriptional target of HOXAQ9. Inhibition of P-cadherin
in HOXA9-expressing ovarian tumor cells abrogated the stimulatory effect of HOXA9 on
tumor-mesothelial cell interactions. Conversely, reconstituting P-cadherin in tumor cells in
which HOXA9 was inhibited restored the attachment-promoting effect of HOXA9 [27],

Another key rate-limiting step in the progression of ovarian cancer is the survival of
exfoliated, floating tumor cells in the peritoneal fluid. Whereas P-cadherin is the
predominant type of cadherin that is expressed in malignant peritoneal effusions of ovarian
cancer patients, levels of E-cadherin and N-cadherin have been found to be decreased in
floating ovarian cancer cells as compared to solid tumors [24: 28] Using suspension cultures
of ovarian cancer cells and i.p. xenograft models, we have identified that inhibition of P-
cadherin prevents floating tumor cells from forming multi-cellular aggregates and increases
anoikis [26]. We also identified that HOXA9 promotes aggregation and inhibits anoikis in
floating ovarian cancer cells via its induction of P-cadherin [271. Although it is not possible
to exclude the possibility that HOXAS9 also promotes tumor cell aggregation by inducing
expression of other adhesion molecules, we found that HOXAS9 does not induce expression
of E-cadherin or N-cadherin and the stimulatory effect of HOXA9 on tumor cell aggregation
is abrogated when P-cadherin is inhibited [27]. Together, our studies indicate that HOXA9
via its induction of P-cadherin promotes homotypic and heterotypic cell interactions that
enable floating ovarian cancer cells to survive in the peritoneal cavity and to implant onto
peritoneal surfaces Figure 1).

Intercellular interactions are essential for orchestrating tissue morphogenesis, repair and
regeneration. Because transcription factors encoded by homeobox genes (termed
‘homeoproteins’) play essential functions in tissue patterning, it is perhaps not surprising
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that we identified that HOXA9 promotes ovarian tumor growth and dissemination by
stimulating interactions between tumor cells and between tumor cells and a variety of
stromal cells. A number of homeoproteins have been reported to be aberrantly expressed in a
variety of malignancies (reviewed in [291). The transcriptional targets of many of these
homeoproteins have not been identified, but several targets control cell cycle

progression [30-32], The mechanisms that control HOXA9 expression in ovarian cancer are
poorly understood but may likely involve epigenetic alterations. HOXA9 promoter
methylation has been detected in ovarian cancer [33. 341 and occurs at lower frequency in
advanced-stage ovarian cancers than in early-stage tumors [331. Expression of HOX genes is
tightly controlled during normal development by Polycomb group (PcG) protein complexes
that alter chromatin structure by modifying specific residues in histone tails [35]. The AKT
signaling pathway, which is often activated in high-grade, advanced-stage ovarian cancers,
suppresses histone methyltransferase activity of the PcG protein EZH2 [36. 371 We did not
detect endogenous HOXA?9 in the parental SKOV3 ovarian cancer cell line whereas its
aggressive sub clone SKOV3ip was found to express HOXA9 [27]. SKOV3ip cells have
higher ERBB2 levels than parental SKOV3 cells [38]. It is possible that HOXA9 expression
in ovarian cancer might stem in part from ERBB2-mediated AKT activation.

Because homeoproteins are transcription factors and share regions of homology, targeting
HOXAZ9 is therapeutically challenging. However, inhibiting its downstream effectors (i.e.
TGF-B2, CCL2, P-cadherin) may be a promising therapeutic strategy. Anti-TGF-32
therapies have been developed to circumvent immunosuppression in cancer patients [39. In
addition, small molecule TGF-p receptor kinase inhibitors have been evaluated in animal
models and in clinical trials [40: 411. A monoclonal CCL2 antibody has recently undergone
evaluation in a Phase | clinical trial of patients with various types of solid tumors including
ovarian cancer [42]. Trabectedin is a marine natural product that inhibits CCL2 and IL-6
production and has been reported to exert selective toxicity for macrophages in xenograft
models of ovarian cancer and other solid tumors [431. A human monoclonal antibody to P-
cadherin has been reported to inhibit metastasis in xenograft models of breast, colon and
prostate cancer and is undergoing evaluation in clinical trials [44].

In conclusion, our recent studies support a model in which HOXAJY, via its transcriptional
control of distinct sets of target genes, enables ovarian cancer cells to adapt to the peritoneal
environment and ‘educates’ different types of stromal cells to become permissive for tumor
growth (Figure 1). Homeobox genes are normally expressed in a tightly regulated tissue-
specific manner and their functions can differ depending on the context of their

expression [8l. Further investigation of the mechanisms of these patterning regulators in
tumors could therefore yield important insights into the unique clinical behavior of different
types of tumors and the identification of effective focal points for therapeutic intervention.
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Figure 1. HOXA9 promotes tumor-stroma interactions that stimulate ovarian tumor growth and
dissemination

HOXADJ, via its transcriptional activation of the genes encoding TGF-2, CCL2 and P-
cadherin in ovarian cancer cells, ‘educates’ peritoneal fibroblasts and adipose MSCs to
acquire features of CAFs, ‘educates’ peritoneal macrophages to acquire features of TAMS,
and enables floating tumor cells to aggregate, evade anoikis and implant on mesothelium-

lined peritoneal surfaces.
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