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Plasma cells shape the mesenchymal identity
of ovarian cancers through transfer of

exosome-derived microRNAs

Zhengnan Yang'%*, Wei Wang®#, Linjie Zhao**, Xin Wang>, Ryan C. Gimple*, Lian Xu®,

Yuan Wang?*, Jeremy N. Rich*!, Shengtao Zhou'*

Ovarian cancer represents a highly lethal disease that poses a substantial burden for females, with four main
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molecular subtypes carrying distinct clinical outcomes. Here, we demonstrated that plasma cells, a subset of
antibody-producing B cells, were enriched in the mesenchymal subtype of high-grade serous ovarian cancers
(HGSCs). Plasma cell abundance correlated with the density of mesenchymal cells in clinical specimens of HGSCs.
Coculture of nonmesenchymal ovarian cancer cells and plasma cells induced a mesenchymal phenotype of
tumor cells in vitro and in vivo. Phenotypic switch was mediated by the transfer of plasma cell-derived exosomes
containing miR-330-3p into nonmesenchymal ovarian cancer cells. Exosome-derived miR-330-3p increased
expression of junctional adhesion molecule B in a noncanonical fashion. Depletion of plasma cells by bortezomib
reversed the mesenchymal characteristics of ovarian cancer and inhibited in vivo tumor growth. Collectively, our
work suggests targeting plasma cells may be a novel approach for ovarian cancer therapy.

INTRODUCTION

Ovarian cancer ranks among the most lethal malignancies for women,
displaying substantial heterogeneity in tumor biology and clinical
outcome (1, 2). Genomic changes in cancer cells stratify patients
into different subgroups with distinct prognosis and response to
therapies (3). As cancer tissues are composed of both cancer cells
and nonneoplastic cells (4, 5), the functions of these nonneoplastic
cells are less well studied. The success of oncoimmunology has
prompted the interrogation of infiltrating immune cells to predict
clinical outcome and response to treatment (6).

Large-scale transcriptional profiling of patient specimens has led
to the pioneering work of molecular subtyping for ovarian cancer
(7). Later, it has become well recognized that ovarian cancer, pri-
marily high-grade serous ovarian cancer (HGSC), could be catego-
rized into four distinct transcriptional subtypes: immunoreactive,
differentiated, proliferative, and mesenchymal subtypes, among which
the mesenchymal subtype has a relatively poor overall survival, con-
firmed by RNA sequencing data for about 500 patients with serous
ovarian cancer by The Cancer Genome Atlas (TCGA) network (3).
However, rare reports could be found on whether different sub-
types of ovarian cancer exhibit distinct patterns of immune infiltra-
tion (8, 9), which is critical to the design of precision medicine for
this deadly disease.
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On the basis of this background, we hypothesized that deconvo-
lution of the transcriptomic signatures from whole-tumor speci-
mens can distinguish tumor and immune cell contributions and
yield insights into subtype-specific immunologic responses in ovar-
ian cancer. A recently described gene expression deconvolution
algorithm (CIBERSORT) estimates the relative proportions of
22 distinct functional subsets of immune cells (10, 11). Using this
method, we quantified the immune infiltration of the four subtypes
of HGSC, the most common pathological subtype of ovarian can-
cer, and found a significant correlation with subtypes. In particular,
using this integrated computational analysis together with further
functional experiments, we identified an immune-associated cellu-
lar, molecular, and clinical network that highlights the defining role
of plasma cells in the mesenchymal identity of HGSCs.

RESULTS

Plasma cells are enriched in the mesenchymal

subtype of HGSCs

To investigate the subtype-specific immune infiltration pattern in
ovarian cancer, we applied CIBERSORT to bulk gene expression
profiles (GEPs) of ovarian cancer in the publicly available Bonome
dataset (12) to infer the proportions of 22 subsets of immune cells in
the four subtypes. The most prevalent immune cells were CD8"
T cells, plasma cells, M2 macrophages, and follicular helper T cells
in the ovarian cancer microenvironment (Fig. 1A). For external val-
idation, we further interrogated the abundance of plasma cells in
the mesenchymal-subtype HGSCs in two other training cohorts
(both excluding non-HGSC patients): Mateescu dataset (13) and
Tothill dataset (table S1) (7). It was found that the plasma cell abun-
dance was significantly higher in the mesenchymal subtype com-
pared with that in other three subtypes in both Mateescu dataset
and Tothill dataset (Fig. 1B). Moreover, in both Bonome dataset and
Mateescu dataset, the mesenchymal-subtype patients were prone to have
higher plasma cell abundance compared with nonmesenchymal-
subtype patients (fig. S1A). Further analysis indicated that M1

10f17

$20T ‘01 Arenuef uo 510°90UIIS MMM //:SANY WOIJ papeO[UMO



4 e T

v,

D\

Check for
updates

Pharmacological activation of estrogen receptor
beta augments innate immunity to suppress
cancer metastasis
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Metastases constitute the greatest causes of deaths from cancer.
However, no effective therapeutic options currently exist for cancer
patients with metastasis. Estrogen receptor  (ERp), as a member of
the nuclear receptor superfamily, shows potent tumor-suppressive
activities in many cancers. To investigate whether modulation of ERf
could serve as a therapeutic strategy for cancer metastasis, we ex-
amined whether the selective ERf agonist LY500307 could suppress
lung metastasis of triple-negative breast cancer (TNBC) and mela-
noma. Mechanistically, while we observed that LY500307 potently
induced cell death of cancer cells metastasized to lung in vivo, it does
not mediate apoptosis of cancer cells in vitro, indicating that the cell
death-inducing effects of LY500307 might be mediated by the tumor
microenvironment. Pathological examination combined with flow
cytometry assays indicated that LY500307 treatment induced signif-
icant infiltration of neutrophils in the metastatic niche. Functional
experiments demonstrated that LY500307-treated cancer cells show
chemotactic effects for neutrophils and that in vivo neutrophil de-
pletion by Ly6G antibody administration could reverse the effects of
LY500307-mediated metastasis suppression. RNA sequencing analy-
sis showed that LY500307 could induce up-regulation of IL-1f in
TNBC and melanoma cells, which further triggered antitumor neutro-
phil chemotaxis. However, the therapeutic effects of LY500307 treat-
ment for suppression of lung metastasis was attenuated in IL1B~/~
murine models, due to failure to induce antitumor neutrophil infiltra-
tion in the metastatic niche. Collectively, our study demonstrated that
pharmacological activation of ERf could augment innate immunity to
suppress cancer metastatic colonization to lung, thus providing alter-
native therapeutic options for cancer patients with metastasis.

ERB | LY500307 | cancer metastasis | neutrophil | IL-1p

Cancer metastasis is one of the most important causes of
cancer-related mortalities worldwide. Clinical metastasis is
described as a multistep process, and the basic steps for metas-
tasis formation occur in the context of different organs, emerge
at different rates, and are clinically managed in different ways
depending on the type of cancer. A number of the metastasis-
directed therapies under development are cytostatic, not cyto-
toxic, and in preclinical models, making their clinical validation
problematic (1). Therefore, skepticism exists in the pharmaceuti-
cal industry on the druggability of the metastasis disease.
Estrogen receptors (ERs) are intracellular transcription fac-
tors whose activity is fine-tuned by the naturally occurring es-
trogens in the body or by synthetic, nonsteroidal, nonhormonal
agonist and antagonist ligands (2, 3). Currently, there are two
known ER subtypes: ERa, encoded by the ESR1 gene on
chromosome 6; and ER, encoded by the ESR2 gene on chro-

www.pnas.org/cgi/doi/10.1073/pnas.1803291115

mosome 14. Both ERa and ERp are expressed in a wide range of
normal tissues and cell types throughout the body. They are also
widely expressed in different pathological tissues, including
cancer. Previous reports showed that ~75% of all breast cancers
are positive for ERa, which is positively correlated with response
to endocrine therapy (4). However, 10 to 20% of all breast
cancers are triple-negative breast cancer (TNBC), which lacks
expression of ERa, progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) amplification. As
patients with TNBC do not benefit from targeted therapies with
tamoxifen or trastuzumab, they have a poorer prognosis and a
higher rate of distant recurrence than women with other breast
cancer subtypes (5). In contrast to ERa, ERf has been shown to
be expressed in all molecular subtypes of breast cancer, including

Significance

Cancer metastases have caused the major mortality rate for
cancer patients, with limited options of treatment and un-
satisfactory therapeutic efficacy. Unlike the tumor-promoting
role of estrogen receptor (ER)a, ERp has shown potent antitu-
mor effects in many cancers. In this study, we showed that the
selective ERp agonist LY500307 could potently suppress lung
metastasis of cancer by recruitment of antitumor neutrophils
to the metastatic niche. These chemotactic effects of LY500307
for neutrophils were primarily mediated by ERP activation-
induced IL-1p release by the tumor cells. Our study provides
the rationale that pharmacological activation of ERf could
augment innate immunity to suppress cancer metastatic colo-
nization to lung, implicating the potential use of selective ERf
agonists for the treatment of cancer patients with metastasis.
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The RNA binding protein SORBS2
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suppresses metastatic colonization of
ovarian cancer by stabilizing tumor-
suppressive immunomodulatory transcripts

Linjie Zhao'", Wei Wang?', Shuang Huang'", Zhengnan Yang'", Lian Xu®', Qilian Yang'", Xiu Zhou', Jinjin Wang”,
Qiuhong Shen', Chenlu Wang®, Xiaobing Le', Min Feng?®, Nianxin Zhou', Wayne Bond Lau®, Bonnie Lau®,
Shaohua Yao', Tao Yi', Xin Wang? Xia Zhao', Yuquan Wei' and Shengtao Zhou'"

Abstract

IL-17D

Background: Ovarian cancer constitutes one of the most lethal gynecologic malignancies for females. Currently,
early detection strategies and therapeutic options for ovarian cancer are far from satisfactory, leading to high
diagnosis rates at late stages and disease relapses. New avenues of therapy are needed that target key processes in
ovarian cancer progression. While a variety of non-coding RNAs have been proven to regulate ovarian cancer
metastatic progression, the functional roles of RNA-binding proteins (RBPs) in this process are less well defined.

Results: In this study, we identify that the RBP sorbin and SH3 domain containing 2 (SORBS2) is a potent
suppressor of ovarian cancer metastatic colonization. Mechanistic studies show that SORBS2 binds the 3’
untranslated regions (UTRs) of WFDCT (WAP four-disulfide core domain 1) and IL-17D (Interleukin-17D), two secreted
molecules that are shown to act as metastasis suppressors. Enhanced expression of either WFDCT or IL-17D potently
represses SORBS2 depletion-mediated cancer metastasis promotion. By enhancing the stability of these gene
transcripts, SORBS2 suppresses ovarian cancer invasiveness and affects monocyte to myeloid-derived suppressor cell
and M2-like macrophage polarization, eliciting a tumor-suppressive immune microenvironment.

Conclusions: Our data illustrate a novel post-transcriptional network that links cancer progression and
immunomodulation within the tumor microenvironment through SORBS2-mediated transcript stabilization.

Keywords: RNA binding protein, SORBS2, Ovarian cancer, Metastasis, mRNA stability, Immunomodulation, WFDC1,

Background

Ovarian cancer has been reported to be the most lethal
among gynecologic malignancies, with over 21,000 pa-
tients diagnosed and more than 14,000 deaths in the
United States in 2014 [1]. The majority of ovarian cancer
histological subtypes are high grade serous ovarian
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carcinoma (HGSOC), with relatively poor prognosis due
to the advanced stage of disease at diagnosis, widespread
metastasis, and high relapse rate [2]. However, the mo-
lecular mechanisms that mediate ovarian cancer pro-
gression are far from elucidated, rendering the diagnosis
and treatment of ovarian cancer still unsatisfactory.
Ovarian cancer predominantly metastasizes via pelvic
dissemination directly to adjacent organs instead of
through lymphatic or hematologic channels [3]. Re-
cently, the tumor microenvironment has gradually been
recognized to be critical for ovarian cancer intraperito-
neal metastasis. Interacting with tumor cells via
secretory reciprocal communication, the surrounding

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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An integrated analysis 1dentifies STAT4 as a key regulator of

ovarian cancer metastasis

L Zhao', G Ji', X Le!, Z Luo?, C Wang? M Feng? L Xu®, Y Zhang', WB Lau?, B Lau®, Y Yang®, L Lei®, H Yang’, Y Xuan', Y Chen®, X Deng?,

TYi', S Yao', X Zhao', Y Wei' and S Zhou'

Epithelial ovarian cancer (EOC) is one of the most common gynecological cancers, with diagnosis often at a late stage. Metastasis is
a major cause of death in patients with EOC, but the underlying molecular mechanisms remain obscure. Here, we utilized an
integrated approach to find potential key transcription factors involved in ovarian cancer metastasis and identified STAT4 as a
critical player in ovarian cancer metastasis. We found that activated STAT4 was overexpressed in epithelial cells of ovarian cancer
and STAT4 overexpression was associated with poor outcome of ovarian cancer patients, which promoted metastasis of ovarian
cancer in both in vivo and in vitro. Although STAT4 mediated EOC metastasis via inducing epithelial-to-mesenchymal transition
(EMT) of ovarian cancer cells in vivo, STAT4 failed to induce EMT directly in vitro, suggesting that STAT4 might mediate EMT process
via cancer—stroma interactions. Further functional analysis revealed that STAT4 overexpression induced normal omental fibroblasts
and adipose- and bone marrow-derived mesenchymal stem cells to obtain cancer-associated fibroblasts (CAF)-like features via
induction of tumor-derived Wnt7a. Reciprocally, increased production of CAF-induced CXCL12, IL6 and VEGFA within tumor
microenvironment could enable peritoneal metastasis of ovarian cancer via induction of EMT program. In summary, our study
established a model that STAT4 promotes ovarian cancer metastasis via tumor-derived Wnt7a-induced activation of CAFs.

Oncogene (2017) 36, 3384—3396; doi:10.1038/0nc.2016.487; published online 23 January 2017

INTRODUCTION

Epithelial ovarian cancer constitutes one of the most common
gynecological malignancies, with an incidence rate of 3—12/100 000
woman per year. Because the ovaries lie in the deep pelvic cavity,
most ovarian cancer patients are asymptomatic, rendering the
majority often diagnosed at an advanced stage.! Although
traditional therapeutic strategies could temporarily trigger an
initial tumor response, cancer cells will eventually develop
resistance and relapse.? Thus, the development of more effective
treatment agents or therapeutic targets is imperative. Considering
that the major biological hallmarks that distinguish malignant
from benign tumors is the ability to metastasize, it is of great
significance to characterize the molecular events that occur during
ovarian cancer metastasis.

High-throughput proteomic measurements reflect quantitative
proteome-wide changes but fail to provide a direct perspective of
the upstream regulatory mechanisms responsible for these
changes. Identifying potential regulatory mechanisms responsible
for proteome changes could facilitate unraveling of disease
mechanisms and enable the discovery of diagnostic biomarkers
and therapeutic targets>* Here, we presented an integrative
experimental and computational approach for identifying and
ranking clinically significant upstream transcription factors
probably responsible for the observed proteome changes.

We computationally predicted that STAT4 is involved in ovarian
cancer metastasis. STAT4 is a member of signal transducers and
activators of transcription (STATs) family, which is required for the
biological functions of IL12, including the differentiation of
Th1 cells and optimal IFN-y production. Unlike other STAT proteins
(for example, STAT1 and STAT3), which appear to be constitutively
expressed in a variety of tissues, STAT4 expression is restricted to
hematopoietic cells.> Apart from physiological conditions, recent
researches reported dysregulation of STAT4 under pathological
circumstances like malignancies.>® However, the role of STAT4 in
ovarian cancer and underlying regulatory mechanisms remain
largely unexplored.

Cancer development is manipulated by the crosstalk between
tumor cells and tumor microenvironment.” Cancer-associated
fibroblasts (CAFs) constitute one of the most abundant cell types
in different tumor entities, which stem from heterogeneous cell
types. Recent researches have demonstrated that CAFs participate
in cancer development and progression directly and indirectly as
they secrete classical growth factors, enable inflammation,
enhance angiogenesis, remodel the extracellular matrix and
enhance stiffness, and promote stemness.'® However, the func-
tional role of CAFs in ovarian cancer pathogenesis still remains
poorly understood. Here, using an integrated approach, we
identified STAT4 as a key regulator of ovarian cancer metastasis
via Wnt7a-induced activation of CAFs.
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[ Abstract] In recent years, immunotherapy, as an emerging anti-tumor therapy, has shown great potential in the
treatment of both solid and hematologic tumors. There is increasing preclinical and clinical evidence linking the
composition of gut microbiome with the efficacy as well as adverse effects of immune checkpoint inhibitor anti-tumor
therapy. We summarized in this review the modulatory role of the gut microbiome in antitumor therapy with different

immune checkpoint inhibitors. We also discussed the limitations of existing research and prospective development of the

further clinical strategies.
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