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Abstract

Ovarian cancer selective metastasizes to the omentum contributing to the poor prognosis
associated with ovarian cancer. However, the mechanism underlining this propensity and
therapeutic approaches to counter this process have not been fully elucidated. Here, we show that
MCP-1 produced by omental adipocytes binding to its cognate receptor CCR-2 on ovarian cancer
cells facilitates migration and omental metastasis by activating the PI3K/AKT/mTOR pathway and
its downstream effectors HIF-1a and VEGF-A in cell lines, xenografts, and transgenic murine
models. MCP-1 antibody significantly decreased tumor burden and increased survival of mice in
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vivo. Interestingly, metformin decreased omental metastasis at least partially by inhibiting MCP-1
secretion from adipocytes independent of direct effects on cancer cells. Together this suggests a
novel target of MCP-1/CCR-2 axis that could benefit ovarian cancer patients.
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Introduction

Results

Epithelial ovarian cancer remains the leading cause of death of gynecological malignancies
with a five-year survival rate of less than 40% [1]. The majority of ovarian cancer patients
are diagnosed at late stage with widespread metastases that are mostly located in the
abdomen [2-4], especially in the omentum [5]. Although most patients have an initial
response to therapy, which includes aggressive debulking surgery followed by chemotherapy
[6, 7], overall prognosis is limited by a high recurrence rate primarily in the abdomen.

Obesity has been associated with late stage as well as omental metastases of ovarian cancer
[8, 9]. Recently, adipocytes have been proposed to contribute to the aggressiveness of
ovarian cancer metabolic reprogramming [10], activating insulin signaling [11], altering the
tumor microenvironment or inducing systemic inflammation [12, 13]. These mechanisms
likely contribute to the role of omental adipocytes in omental metastases. However, whether
additional mechanisms are relevant as well as methods to intervene therapeutically in the
actions of omental adipocytes remains lacking.

Monocyte Chemotactic Protein-1 (MCP-1), also known as chemokine (C-C motif) ligand 2
(CCL-2), is a member of chemokine branch of the cytokine superfamily [14]. MCP-1
through binding to its receptor CCR-2, which is commonly expressed in monocytes/
macrophages, promotes cancer development by attracting circulating monocytes/
macrophages and then reprograming the tumor microenvironment into an immune
suppressive status [15-17]. However, whether MCP-1 also directly affects tumor cells is less
well characterized.

In this study, using cell line models, xenografts, and transgenic mice models, we
demonstrate a key role for the MCP-1/CCR-2 axis in facilitating ovarian cancer cell
migration and omental metastases. We also show that metformin inhibits MCP-1 secretion
from adipocytes, which contribute to interrupts the signaling axis and has the potential to
benefit ovarian cancer patients.

Omental adipocytes promote ovarian cancer peritoneal metastasis

Five weeks after intraperitoneal injection of SKOV3-ERFP cells into NOD/SCID mice, we
found red fluorescence was specifically enriched in omentum metastasis by fluorescence
stereozoom microscopy (Figure 1A), confirming omentum as a favorable site for metastasis
of this model. To assess the role of the omentum in tumor aggressiveness, we performed a
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sham-operation or omentectomy in NOD/SCID mice prior to intraperitoneal injection of
SKOV3 cells (Figure 1B). Strikingly, peritoneal metastases were significantly reduced, by
both numbers and volume, in mice that had omentectomy, further supporting the pivotal role
of the omentum in intra-abdominal metastasis (Figure 1C).

Given adipocytes are the dominant components of omentum, we hypothesized that
adipocytes contributed to peritoneal metastasis of ovarian cancer. Therefore, we injected a
mix of C13 cells and adipocytes derived from the omentum or C13 cells alone into mice
subcutaneously. Consistent with the hypothesis, co-injection with adipocytes increased
tumor size compared to C13 cells alone (Figure 1D). Further, tumors arising from co-
injection of C13 with adipocytes did not have discrete boundaries with normal tissue,
consistent with invasion and propensity for metastasis (Figure 1E). We thus assessed the
ability of adipocytes to promote cancer cell migration and invasion /n vitro. Consistent with
our previous findings and others [18], we observed that both adipocytes and their CM
(conditional medium of the primary adipocytes) increased migration and invasion of cancer
cells (Figure 1F and Supplementary figure 1A), suggesting that adipocytes modulate
migration and invasion through secretion and action of adipokines. Moreover, CM not only
enhanced migration and invasion, but also induced a notable resistance to cisplatin (cDDP),
the main therapeutic approach for ovarian cancer (Figure 1G). Thus, omental adipocytes
contribute to tumor aggressiveness by promoting migration, invasion, and chemo-resistance
through the action of secreted cytokines.

MCP-1 secreted by omental adipocyte induces an aggressive phenotype of ovarian cancer

cells

We next sought to determine the identity of cytokines that mediate the effects of omental
adipocytes using cytokine protein arrays. Of the cytokines on the arrays, MCP-1 was present
specifically in supernatants of adipocytes but not in supernatants of cancer cells (Figure 2A).
We then performed ELISAs to quantify MCP-1 levels in supernatants from a panel of cancer
cell lines and primary human omental adipocytes. MCP-1 levels were higher in supernatants
from omental adipocytes than ovarian cancer cell lines, which was consistent with the data
in GTEx database which shows the MCP-1 is highest in omentum adipocytes (Figure 2B and
Supplementary 2A). Furthermore, MCP-1 was markedly higher in paired omental adipocytes
and primary ovarian cancer cells from 10 independent ovarian cancer patients (Figure 2C).
To determine whether MCP-1 contributed to the activity of omental adipocytes, we verified
the effect of MCP-1 on ovarian cancer cells. Besides migration and invasion enhancement
(Figure 2D and supplementary figure 2B), MCP-1 enhanced cisplatin resistance (Figure 2E)
similar but not fully equal to omental adipocytes (Figure 1F-1G). Neutralization antibodies
of MCP-1 completely abolished the enhanced migration and invasion ability of CM in
SKOV3 (Figure 2F). Furthermore, as expected, tumor burden and peritoneal metastases were
significantly reduced by neutralization antibodies of MCP-1 as omentectomy did (Figure
2G), strongly supporting that MCP-1 is one of the mainstays of omental adipocytes to
promote ovarian cancer aggressiveness.

Oncogene. Author manuscript; available in PMC 2021 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal. Page 4

Binding of MCP-1 to its cognate receptor CCR-2 on ovarian cancer cells promotes tumor
growth and metastasis

CCR-2, the receptor for MCP-1, is expressed by macrophages and has been proposed to
mediate the effects of MCP-1 through altering the tumor microenvironment [19, 20].
Alternatively, CCR-2 expression by cancer cells could mediate the effects of MCP-1 by
altering cell survival [21]. To determine whether MCP-1 facilitates tumor growth and
metastasis through actions in microenvironment or on cancer cells directly, we took
advantage of MCP-17/~ and CCR-27/~ mice. MCP-17/~ mice are defective in MCP-1
secretion but retain CCR-2 expression on microenvironment cells, including peritoneal
monocytes, macrophages, and Kupffer cells that have been proposed to mediate the activity
of MCP-1. In contrast, CCR-27/~ mice retain MCP-1 secretion but are defective in CCR-2
expression on cells in the microenvironment. Tumor omental metastasis and ascites
production by 1D8 cells were significantly suppressed in MCP-17~ mice (which retain
CCR-2 expression and do not produce MCP-1) but not in CCR-27/~ mice (which were with
CCR-2 defect but injected with CCR-2* ovarian cancer cells ) compared to WT mice (Figure
3A-C). This was associated with a more prolonged median survival (P<0.05) of ID8 tumor
bearing MCP-1~/~ mice, but not CCR-2~/~ mice (Figure 3D). These results are supportive of
the concept that MCP-1 secreted by adipocytes, facilitates ovarian cancer growth, and
peritoneal metastasis through binding to CCR-2 on cancer cells, independent of effects in the
microenvironment can contribute to tumor growth and metastasis to the omentum.

CCR-2 expressed in ovarian cancer cells is associated with metastasis

To confirm that CCR-2 is expressed by ovarian cancer cells, we performed Western blots
and demonstrated varying degrees of CCR-2 expression in 5 frequently studied ovarian
cancer cell lines as well as two cell lines derived from the omentum metastasis of SKOV3
mice models (SKOV3-M1 and SKOV3-M2). ID8, SKOV3, SKOV3-M1 and SKOV3-M2
cells had elevated expression of CCR-2, which was correlated with increased invasion and
migration potential compared to the other cell lines’ (Figure 4A, B and Supplementary
figure 3A-1). Secondly, we assessed CCR-2 levels in paired specimens of primary ovarian
tumors and omental metastases by immunohistochemistry. CCR-2 levels were negative in
the most of all normal tissue and borderline tumor, were low in primary cancer cells, but
were enriched in omental metastases (Figure 4C-E). Indeed, of the 47 patients assessed,
CCR-2 levels were elevated in omental metastases, with the exception of the one tumor that
had high levels in the primary site. Consistently, CCR2 is much higher in omental
metastases than ovarian cancer cells in primary in GSE2109 database (Figure 4F). This
supports the contention that MCP-1-CCR-2 interactions contribute to omental metastases.

Effects of MCP-1 on ovarian cancer cells are mediated by CCR-2

To verify that the effects of MCP-1 on migration were mediated by CCR-2 on ovarian cancer
cells, we applied a CCR-2 specific antagonist, RS102895 [22], in Transwell assays. Notably,
RS102895 abrogated the effects of MCP-1 on migration (Figure 4G and Supplementary
Figure 4A). Furthermore, depletion of CCR-2 with siRNA abolished the effects of MCP-1
on migration (Figure 4H and 41). Interesting, CCR-2 is highest in ovarian cancer cells than
other cell lines in NCI60 database (Supplementary Figure 4B). Intriguingly, GO (Gene
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Ontology) analysis of NCI60 cell lines indicated that higher CCR-2 expression was
associated with pathways implicated in tumor metastasis including chemotaxis, cell
migration and blood vessel development (Supplementary Figure 4C). Otherwise, CCR-2
antagonist (RS 102895) also partially abolished the DDP resistance of CM in ovarian cancer
cell lines (Supplementary figure 4D). Together the data implicate binding of MCP-1 to its
cognate receptor CCR-2 on cancer cells metastasis of ovarian cancer cells to the omentum
and partially contributes to cisplatin resistance of ovarian cancers.

MCP-1/CCR-2 axis activates the PI3K-AKT-mTOR pathway leading to HIF-1a mediated
VEGF-A expression

To explore the mechanistic underpinnings of the actions of MCP-1 on ovarian cancer cells,
ID8 tumors from MCP-17~ and WT mice were assessed by microarray analysis. Gene set
enrichment analysis (GSEA) revealed that PI3K/AKT/mTORs, VEGF, and HIF-1a pathway
were significantly lower in tumors from MCP-1~/~ mice compared to WT mice (Figure 5A,
Supplementary Figure 5A). Furthermore, tumors with lower CCR-2 concurrently attenuated
PI3BK/AKT/mTORs, VEGF, and HIF-1a pathway activity in TCGA, PMID17290060,
GSE17260, GSE26193, GSE9891, GSE32062 (Supplementary Figure 5B). Furthermore,
MCP-1 activated multiple components of the PI3BK/AKT/mTOR signaling pathway
including p-mTOR and pS6, PI3K p100/p85 complex, AKT, Rictor, Raptor and TSC1 as
well as VEGFR and EGFR in human SKOV3 cells as assessed by RPPA. MCP-1 also
altered the apoptotic pathway as indicated by decreased p-Bad, Bid, Bax and cleaved
Caspase-7 (Figure 5B). Third, with Human phospho-RTK array, we further confirmed that
MCP-1 phosphorylated ATK, mTOR, and EGFR both in C13 and SKOV3 cells (Figure 5C).

HIF-1a, which is downstream of the PI3K/AKT/mTOR signaling pathway, promotes the
expression of VEGF-A that has been implicated in tumor growth and metastasis [23].
Importantly, both conditional medium from the primary murine adipocytes (mCM) and
mouse MCP-1 activated the PI3BK/AKT/mTOR signaling pathway and increased HIF-1a and
VEGF-A in ID8 cells (Figure 5D). MCP-1 neutralization antibody attenuated the effects of
MCP-1 or mCM (Figure 5D). Similarly, the CCR-2 antagonist blocked pathway activation
by both MCP-1 and mCM (Supplementary Figure 6). Consistent with a role for the
PI3BK/AKT/mTOR and HIF-1a pathways in production of VEGF-A, wortmannin (a PI3K
inhibitor), perifosine (an AKT inhibitor), or rapamycin (a mTOR inhibitor) attenuated
activation of the PI3BK/AKT/mTOR pathway as well as downstream HIF-1a and VEGF-A
expression induced by either MCP-1 or mCM (Figure 5E and F). In addition, 2-MeOE2 (a
HIF-1a inhibitor) also decreased VEGF-A without altering PI3K/AKT/mTOR activation
(Figure 5E and F). Consistent with the with in vitro data, p-AKT, p-mTOR, HIF-1a, and
VEGF-A were lower in tumors from MCP-17/~ than in tumors from WT mice by
immunohistochemical analyses (Figure 5G). CD34 indicative of tumor vessel formation was
also lower.

Metformin decreases MCP-1 secretion by adipocytes and prevents ovarian cancer

metastasis

Metformin has been previously reported to suppress the secretion of several cytokines from
adipocytes, including necrosis factor (TNF), MCP-1 and leptin [24]. We verified that
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metformin, with the dose didn’t affect adipocyte viability (Supplementary figure 7 A and B),
decreased MCP-1 secreted by omental adipocytes using cytokine protein array (Figure 6A),
and ELISA (Figure 6B) from omental adipocytes isolated from ovarian cancer patients.
Further, MCP-1 was suppressed by metformin in time-dependent manner in murine
adipocyte-like cells differentiated from 3T3-L1 (Figure 6C). Notably, conditional media
from metformin treated adipocytes, CM (MET) (see methods), failed to upregulate p-AKT,
HIF-1a, and VEGF-A in 1D8 cells (Figure 6D). Although metformin has been reported to
inhibit p-AKT and induced apoptosis [25], ID8 cells were resistant to the effects of
metformin on both of cell signaling and cell toxicity (Figure 6E and F). Consistent with the
effects on cell signaling, CM (MET) did not promote migration of 1D8 cells (Figure 6G). /n
vivo, metformin delayed tumorigenesis and omental metastasis of D8 cells (Figure 6H), and
prolonged survival of mice (Figure 61). Immunohistochemical analysis confirmed
downregulation of MCP-1 in tumor microenvironment of mice treated with metformin.
Further, VEGF-A was decreased and fewer CD34 positive endothelial cells were observed in
metformin treated mice (Figure 6J). Thus, metformin inhibits ovarian cancer metastasis at
least partially owing to its suppresses effects on secretion of MCP-1 from omental
adipocytes.

Discussion

The interaction of the tumor and microenvironment niche is increasingly drawing attention.
Tumor cells dynamically interact with multiple normal cells such as fibroblasts, immune
cells and adipocytes, etc. [10, 26]. Of all cells present in the microenvironment, adipocytes
are the least well studied. In our study, we confirmed that resection of the omentum
dramatically impaired the peritoneal metastasis of ovarian cancer cells in mice models,
highlighting the role of adipocytes in fostering ovarian tumor cell metastasis.

Increasing evidence shows that dysfunctional adipose releasing IL-6, IL-8, TNF-a,, MCP-1
and several other cytokines is closely related to the progression of various cancers. These
cytokines take part in epithelial mesenchymal transition, angiogenesis, apoptosis resistance
and metastasis in cancer progression [27, 28]. Since there is a complex regulatory network
and overlap of cytokine between adipocytes and cancer cells, by subtracting the cytokines
secreted by SKOV3 cells, we identified that MCP-1 might well account for the observed
tumor-promoting phenotype of adipocytes. Indeed, recombinant MCP-1 recapitulates the
promotion effects observed in the presence of adipocytes. Further, neutralization of MCP-1
in CM abrogated ovarian cancer migration, invasion, and partially inhibited chemo-
resistance. Moreover, blockade of the MCP-1/CCR-2 axis with a CCR2 antagonist or by
knockdown of CCR2 inhibits the proinvasive effect of adipocytes. Although MCP-1 could
be secreted by cancer cells [29], we found MCP-lwas exclusively secreted from omentum
adipocytes but not ovarian cancer cells, which is consistent with the previous report that
MCP-1 is significantly under-expressed or absent in HGOSC [30]. Therefore, omentum
adipocytes are the main source of CCL2 in the abdomen, which also facilitated ovarian
cancer omentum specific metastasis.

MCP-1 stimulates various types of cellular signaling for cancer progression [31].
Mechanistically, through microarray, high-throughput functional protein assay (RPPA), and
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data mining with multiple datasets, we demonstrated the associations between MCP-1/
CCR-2 and activation of mTOR pathway, along with its downstream effectors HIF-1a and
VEGF-A. This hypothesis is further supported by the fact MCP-1 antibody (Figure 5A) and
CCR2 antagonist (Supplementary figure 7) prevented the activation of the mTOR and
HIF-1a/VEGF-A pathway by CM and MCP-1, supporting the MCP-1/CCR-2 mediated
activation of the mTOR pathway and pro-invasion ability. Consistent with our findings,
MIZUTANI et al. also reported that MCP-1 increases AKT/ mTOR phosphorylation in
prostate cancer cells [32]. VEGF-A has been implicated in angiogenesis, tumor invasion and
metastasis and is associated with poor prognosis. Thus, it is likely that PI3K/AKT/mTOR
and its downstream target HIF-1a through upregulating VEGF-A contribute to the effects of
MCP-1 on metastasis to the omentum.

Theoretically, MCP-1 contributes to the progression of ovarian cancer via two major
mechanisms: MCP-1 as a direct promoting factor for CCR-2 cancer cells and the attraction
of tumor associated-macrophage (TAM) along with consequent regulation of tumor immune
microenvironment. In our system, ID8 omental metastases were diminished and overall
survivals were prolonged in MCP-17/~ mice, but not in CCR-27/~ mice, supporting the direct
effect of MCP-1 on CCR-2 expressed cancer cells, rather than an indirect effect through the
tumor microenvironment, playing a crucial role in facilitating omentus metastasis. This
finding is constant with the report that MCP-1 promotes invasion and adhesion of SKOV-3
ovarian cancer cells in a manner unrelated to TAMs [33]. Actually, the reported roles of
MCP-1 as a factor conferring immunity against the tumors are still controversial. First, it is
still debatable whether MCP-1 directly affects macrophage polarization [34]. Moreover,
except macrophage, CCR-2 is broadly expressed in a variety of tissue types, such as T cells,
B cells, natural killer cells, which contribute to the paradoxical effects of MCP-1/CCR-2
activation in cancer development [35]. Third, Sica, etc reported that human ovarian
carcinoma cells do not express CCR-2 in macrophages [14]. Although the overall survival
was not prolonged, a mild tumor suppression was observed in CCR-2~/~ mice (Figure 3B),
indicating the indirect role of MCP-1 through the TAMs on omentum metastasis is not fully
excluded. So, further investigation, like in macrophages specific CCR-2 KO mice, are
warranted to identify if CCR-2 in macrophages is the potential key target of MCP-1
modulating ovarian cancer metastasis.

CCR-2 is reported expressed in certain types of tumor cells, such as prostate cancer [36] and
ovarian cancers [37]. Binding MCP-1 to CCR-2 directly stimulates their proliferation and
migration, greatly contributing to tumorigenesis [33]. Further, high expression of CCR-2
associates with aggressive phenotype and poor overall survival in gastric cancer or prostate
cells [36, 37]. Consistent with these studies, we found that approximately 50% of cases
showed moderate to intense CCR-2 staining. More importantly, CCR-2 expression is highly
heterogeneous in ovarian cancer. Tumor cells located at the invasive front of ovarian cancer
displayed higher CCR-2 expression. Moreover, compared with primary tumors, CCR-2 is
much higher in omentum metastasis. All of these support the important role of CCR-2 in
ovarian cancer metastasis.

Metformin use has been associated with decreased cancer risks and improved prognosis of
different cancer types recently [38-41]. We confirmed that metformin may decrease ovarian
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cancer omental metastasis through or partially through its inhibitory effects on MCP-1
secretion from adipocytes. Even after omentectomy, adipocytes remain in the abdomen, such
as in the mesentery, which may contribute to the high risk (58%) of abdomen relapse in
ovarian cancer [42]. Thus metformin could potentially benefit ovarian cancer patients even
after omentectomy.

We have demonstrated that the interaction between MCP-1 secreted by adipocytes and
CCR-2 expressed in ovarian cancer cells facilitates migration and omentum metastasis in
ovarian cancer cell line models, xenografts, and transgenic mouse models. Importantly, the
therapeutic effects of the blockade of the MCP-1/CCR-2 axis using anti-MCP-1 antibodies
or CCR-2 antagonists alone or in combination with other agents have been tested in breast
cancer or prostate cancer in clinical trials, and positive results have been reported [43, 44].
These studies provide additional impetus for studies of therapeutic strategy targeting at
MCP-1/CCR-2 pathway, and we anticipate that CCL2/CCR-2 axis may represent a
promising therapeutic target to prevent ovarian cancer progression.

Materials and methods

Cell culture

SKOV3, A2780 ovarian cancer cell lines and mouse 3T3-L1 preadipocyte cell line were
purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). The
SKOV3-ERFP cells ectopically expressing ERFP, were derived from SKOV3. The SKOV3-
M1 and SKOV3-M2 cells is derived from SKOV3 omentum metastasis /n vivo. C13 and
0OV2008 cell lines were gifts from Prof. Benjamin K. Tsang at the Ottawa Health Research
Institute, Ottawa, Canada. ID8 cell line was provided by K. Roby (Department of Anatomy
and Cell Biology, University of Kansas). The SKOV3, SKOV3-ERFP, and SKOV3-M1/2
cells were cultured in McCoy’s 5A (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Gibco). C13, OV2008, A2780 cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% FBS. ID8 was cultured in DMEM (Gibco) supplemented with 2%
FBS and Insulin-Transferrin-Selenium (ITS, Gibco). Mouse 3T3-L1 cell line was cultured in
DMEM (Gibco) supplemented with 2% FBS and followed with inducing medium |
(DMEM, 2% FBS, 0.5 uM IBMX, 1 uM Dexamethasone, and 10 mg/L insulin) and inducing
medium Il (DMEM, 2% FBS, 10 mg/L insulin). Then, the induced adipocyte-like 3T3-L1
cells were cultured in DMEM (Gibco) supplemented with 2% FBS.

Animal models

All manipulations were performed in accordance with the Guide for the Care and Use of
Laboratory Animals of Tongji Hospital. Female, 8 weeks old NOD/SCID mice, Balb/c-null,
and C57BL/6 mice were purchased from Beijing HFK Bioscience and housed in laminar
flow cabinets under specific pathogen-free conditions. MCP1~/~ (004434-B6.12954-
Ccl2tmRol/3) and CCR-27/~ (004999 - B6.129S4-Ccr2tM1Ifc/3) mice were purchase from
Jackson Labs.
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Ovarian cancer peritoneal metastasis mouse model

SKOV3-ERFP (3x106) cells were injected intraperitoneally into NOD/SCID mice. 35 days
later, mice were sacrificed for fluorescence stereozoom microscope examination.

Ovarian cancer peritoneal metastasis model after omentectomy

Omentectomies and sham-operations were performed in NOD/SCID mice. One week later,
SKOV3 cells (3x10%) were injected intraperitoneally. 35 days later, mice were sacrificed for
evaluation.

Ovarian cancer peritoneal metastasis model after MCP-1 neutralization antibody treatment

MCP-1 neutralization antibodies (5mg/kg body weight) were injected intraperitoneally
(twice a week) after SKOV3 tumor-bearing model was established as mentioned above. 35
days later, mice were sacrificed for evaluation.

C13 xenograft model with or without adipocytes

C13 cells (3x106) alone or in combination with adipocytes (1x10%) were subcutaneously
injected into the right and left flank of Balb/c-null mice respectively. Tumor sizes were
determined every 2 days and calculated as length x (square of width)/2.

Ovarian cancer allograft models in WT, MCP1~/~ mice and CCR-27/~ mice

The 1D8 cells (5x10°) were injected intraperitoneally to C57 WT, MCPY~~ and CCR-27/~
female mice (n=8). WT mice and all target gene knockout mice were C57BL/6 background.
For metformin efficacy experiments, 1D8 cells (5x10°) were injected intraperitoneally to
C57 WT mice. Weight and abdominal girth of mice were monitored every two days. After
sacrifice, tumor size was measure by a caliper as W2*L/2. Tumor from WT and MCP1~/~
was collected and infiltrated in RNA Later (Thermo) for RNA microarray analysis, and
paraformaldehyde for further hematoxylin-eosin (H&E) staining and immunohistochemical
studies. In order to adequately power biological validation experiments, five to eight
knockout and WT mice were used throughout.

Ovarian cancer peritoneal metastasis model after metformin treatment

Metformin (100 mg/kg/day, Beyotime, s1741-1g) was given by oral gavage for 4 weeks
after ID8 tumor-bearing model was established as mentioned above. Tumors were collected
and infiltrated in paraformaldehyde for further hematoxylin-eosin (H&E) staining and
immunohistochemical studies. In order to adequately power biological validation
experiments, five to eight mice for each group were used throughout.

Adipocytes derived conditional medium

Human adipocytes were acquired from fresh omentum of ovarian cancer patients undergoing
surgery. Fresh omentum was minced with scissors, digested by gentleMACS (Miltenyi) [45]
to obtain single cells. After centrifuge with condition of 100rpm, the suspension separated
into 4 layers, which are cell pallets, conditional medium, adipocytes and free fat oil. And
then we carefully isolated adipocytes, counted and cultured in six-well plates with DF12
(Gibco) supplemented with 2% FBS (Gibco) for 1x106 adipocytes. 48 hours later, the

Oncogene. Author manuscript; available in PMC 2021 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 10

supernatant was harvested as conditioned medium of human primary cultured adipocytes
(hCM). hCM were filtered through 200-mesh sieves to remove cell debris before use.

3T3-L1 cells were chemically induced by DMEM with 10% FBS (Gibco), 0.5mM IBMX
(TOPSCIENCE, T1713), 1uM Dexamethasone (TOPSCIENCE, T1076), 5ug/ml insulin
(Bovine, Sigma 1-5500) for 2 days and DMEM with 10% FBS (Gibco), 10pg/ml insulin
(Bovine, Sigma 1-5500) for 2 days to differentiate into adipocyte-like cells. Then the
supernatant of induced adipocyte-like 3T3-L1 cells was collected at 24 hours as mouse
conditioned medium (MCM). After pretreatment with metformin (1 mM, Beyotime, catalog
number s1741-1g) for 12 hours, the induced adipocyte-like 3T3-L1 cells were cultured with
complete medium for 24 hours, and the supernatant collected as CM (MET).

In vitro migration and invasion assays

Transwell inserts (6.5 mm diameter, 8.0 um pore size) were placed in each of 24-well plates
with or without matirgel (dilution with McCoy’s 5A 1:5, BD, #354230) for migration and
invasion assays respectively according to previously reported procedures [46]. 1x104
SKOV3 or 4x10% ID8 cells, respectively, were seeded on the upper chamber, while complete
medium with or without adipocytes (1x10%), human/murine MCP-1 recombinant protein
(50ng/L, 500ng/L, 5ug/L or 20 pg/L, Peprotech, #300-04 or 250-10), mCM or hCM, CCR-2
antagonist (RS 102895 hydrochloride, 2 pg/L, Tocris, #2089) or human/murine MCP-1
neutralization antibody (1 mg/L, R&D, #MAB679 and AF-479-NA) as indicated were
placed in the lower chamber. 12 hours later, the inserts were removed and migrated cells
were stained with 0.05% crystal violet.

Cytokine protein arrays

1x10°% primary adipocytes were cultured by complete medium with or without 1 mM
metformin for 12 hours. SKOV3 cells were cultured by complete medium for 48 hours.

Cytokine protein analysis of the supernatant mentioned above was performed according the
protocol provided in the Raybio C-Series Human Obesity Antibody Array C1 (Raybio,
catalog number AAH-ADI-1-4). The estimated protein concentrations were normalized by a
median polish method and corrected for protein loading using the average expression levels.
The label of all cytokines were displayed in supplementary table.

Tissue Samples

47 paired primary ovarian cancer tissue and omentum metastases, 2 normal ovary tissue and
3 borderline tumor samples were acquired in Tongji Hospital of Huazhong University of
Science and Technology (Wuhan, China) prior to preoperative radiotherapy or
chemotherapy. The study was approved by ethical committee of Tongji Hospital and signed
informed consent were obtained from all of patients.

Enzyme-linked immunosorbent assay (ELISA)

MCP-1 levels were quantified by Human CCL-2/MCP-1 Quantikine ELISA Kit (R&D,
DCPO00) in the supernatant of 1x10° primary adipocytes, SKOV3 G3, C13, SKOV3, A2780,
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0OV2008 cell lines and primary ovarian cancer cells. MCP levels in the supernatant of ID8
cells treated by 1mM metformin for 12 hours, 24 hours, 48 hours or 72 hours.

Immunohistochemical analysis

Immunohistochemical staining was performed according to previously reported procedures
[47]. Sectioned ovarian cancer slices were heated, deparaffinization, rehydrated and antigen
retrieved. After blocking the slices with BSA (5%, Solarbio), we applied primary antibodies
against CCR-2 (dilution 1:50, catalog humber 176390, Abcam), phosphorylated AKT
(dilution 1:100, catalog number 4060, Cell Signaling Technology), phosphorylated mTOR
(dilution 1:50, catalog number 109268, Abcam), HIF-1a (dilution 1:50, catalog number
20960-1-AP, Proteintech), VEGF-A (dilution 1:50, catalog number 19003-1-AP,
Proteintech) and CD34 (dilution 1:50, catalog number 8536, Abcam). Then, the slices were
exposed to the conjugating secondary antibody at the recommended concentrations followed
with DAB+ chromogen. Subsequently following a final dehydration, images were acquired.

GTEx and National Cell Institute 60 (NCI60) analysis

Gene expression data of different tissue in abnominal cavity was downloaded form
GTExPortal (https://www.gtexportal.org/home/gene/CCL2). mRNA expression data of
NCI160 was downloaded from Cellminer (http://discover.nci.nih.gov/cenminer/). Cell lines
were assigned into high or low CCR-2 groups using median expression as the cutoff value.
Gene ontology (GO) analysis of whole transcriptional expression was performed between
the two groups.

Western blot

Western blot assays were performed as previously reported[48]. After blocking with 5%
BSA for 1 hour, the membranes were incubated with primary antibodies against
phosphorylated phosphatidylinositol 3-kinase PI3Kp85 (dilution 1:1000, catalog number
4228, Cell Signaling Technology), PI3Kp85 (dilution 1:1000, catalog number 4257s, Cell
Signaling Technology), phosphorylated AKT (dilution 1:1000, catalog number 4060, Cell
Signaling Technology), AKT (dilution 1:1000, catalog number 4691, Cell Signaling
Technology), phosphorylated mechanistic target of rapamycin (mTOR, dilution 1:1000,
catalog number 109268, Abcam), mTOR (dilution 1:500, catalog number A2445,
ABclonal), HIF-1a (dilution 1:500, catalog number 20960-1-AP, Proteintech), VEGF-A
(dilution 1:500, catalog number 19003-1-AP, Proteintech), CCR-2 (dilution 1:500, catalog
number A2855, ABclonal), Cleaved-caspase 3 and caspase 3 (dilution 1:500, catalog
number A11319) overnight at 4°C. Then, the membranes were incubated with the
corresponding 1:2000 horseradish peroxidase (HRP)-linked secondary antibodies (Antigen),
and the signals were detected by the enhanced ECL system (Pierce).

Whole transcript expression array and GEO dataset analysis

Total RNAs of metastases from WT mice or MCP-1~"~ mice (3:3) were submitted for
analysis with Affymetrix MTA2.0 chips, original graphics were scanned with Affymetrix
Scanner 3000. For GEO datasets of TCGA ([49], n=489), PMID17290060 ([50], n=114),
GSE17260, GSE26193, GSE9891, GSE32062, data were downloaded from Gene
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Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo). Raw data were subjected
to intensity normalization using affy package in R (Bioconductor), followed by log
transformation and quantile normalization. Normalized data were checked for quality and
determined to be free of outliers by analysis using box plots, density plots and MA plots.
Differential expression genes between high or low CCR-2 expression tumors (medium
expression as the cutoff value) were calculated using a linear model provided by the limma
package, then a preranked gene list of all expressed genes ordered by log2 fold change were
constructed. To identify the potentially altered pathways in the high CCR2 patients, we
performed gene set enrichment analysis (GSEA) using the package “clusterProfiler” in R. P-
values<0.05 were used as significant.

Human phospho-RTK array kit

RPPA

Phospho-kinase Assay Kit (ARY003B, R&D System) was used to detect levels of protein
phosphorylation after culture with MCP-1 for 24 hours in C13 and SKOV3 cells according
to the manufacturer’s instructions.

SKOV3 cells were culture with or without MCP-1 (10 ug/L or 20ug/L) for 24. Protein
lysates were analyzed by RPPA in MDACC CCSG (The Cancer Center Support Grant)
supported RPPA Core. Antibodies and approaches are described at the RPPA website
(https://lwww.mdanderson.org/research/research-resources/core-facilities/functional-
proteomics-rppa-core.html).

Statistical analysis

All data are presented as the mean = SEM. Prism software (GraphPad, La Jolla, CA, USA)
was used to display all graphics. SPSS (version 17.0) was used for all statistical analysis.
Two-sided Student’s t test was used to compare differences between two groups of cells in
vitro. P<0.05 is considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Adipocytes from the omentum facilitate ovarian cancer metastasis and chemother apy
resistancein ovarian cancer.

(A) Representative images of omental metastases of ovarian cancer as shown by the red
fluorescent in SKOV3-ERFP cells. (B) Diagram of the NOD/SCID mice challenged with the
SKOV3 cells after a sham-operation and omentectomy. (C) Tumor burdens of ovarian
metastases in NOD/SCID mice with a sham-operation and omentectomy. Tumors are
marked by the arrowheads. The quantification bar graph of tumor weights is displayed on
the right panel. (D) Gross morphology of the tumors sizes and quantification of tumor
weights were shown. (E) Representative H&E staining of the tumor in (D). Tumor border is
marked by a white dotted line. Magnified images are displayed at right. (F) Representative
images of the migration and invasion of the SKOV3 cells toward complete medium,
adipocytes (Adip) and the conditional medium from the primary adipocytes (hCM).
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Quantifications of migrated cells are displayed on the lower panel. (h=3 technical replicates
for three independent experiments) (G) Bar graph of the C13, SKOV3 and 1D8 cell viability
after treatment with cDDP in F12 medium, conditional medium of primary adipocytes
(hCM), or diluted hCM (CM: F12 = 2:1, or = 1:2). (n=3 technical replicates from three
independent experiments). Date are presented as the mean £ SEM, Student’s t test. *P<0.05,
***p< 0.001.
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Figure 2: MCP-1 secreted by omental adipocyte induces an aggressive phenotype of ovarian
cancer cells

The cytokine protein array analysis of the hCM and SKOV3 cells. Heat map of the
expression levels of adipokines is displayed on the right panel. (B) Bar graph of the MCP-1
expression levels in the adipocytes, SKOV3-G3, C13, SKOV3, A2780 and OV2008 cells, as
detected by ELISA. (n=3 replicates for three independent experiments) (C) Bar graph of
MCP-1 levels in the paired omental adipocytes and ovarian cancer cells from ovarian cancer
patients (OvCa) by ELISA. (n=3 technical replicates) (D) Representative images of
migration and invasion of SKOV3 cells toward complete medium with or without with
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MCP-1 (20pg/L). (n=3 technical replicates for three independent experiments) (E) Bar graph
of the C13, SKOV3 cell viability after treatment with cDDP as indicated for 48 hours in
completed medium with or without MCP-1 (20pg/L). (n=3 technical replicates for three
independent experiments) (F) Representative images of migration and invasion of SKOV3
cells toward complete medium, and conditional medium from primary adipocytes (hCM),
and conditional medium from primary adipocytes with neutralization antibody of MCP-1
(Ab, 1 mg/L). (n=3 technical replicates for three independent experiments) (G) Tumor
burdens of ovarian metastases in NOD/SCID mice with 1gG or MCP-1 neutralization
antibodies. Tumors are marked by the dotted circles. The quantification bar graph of tumor
weights is displayed on the right panel. Date are presented as the mean £ SEM, Student’s t
test. ***p< 0.001.
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Figure 3. CCR-2in ovarian cancer cells, but not in microenvironment cells, interact with the of
MCP-1 and then promote tumor growth and metastasis

(A) Gross anatomy of tumor burdens in WT, MCP-17-, and CCR-27/~ mice. The liver,
omentus, and mesentery metastases in WT mice were enlarged. The white arrows indicated
micrometastases in CCR-2~/~ mice. (B) Bar graph of tumor weights. (C) Bar graph of the
ascites volumes in WT, MCP-17/-, and CCR-27/~ mice. Date are presented as the mean
SEM, Student’s t test. ***p< 0.001. n.s. no siginificancy. (D) The K-M survival curves of
the overall survival of WT, MCP-17/~, and CCR-2"/~ mice. The statistical significance (P
value) was test by log-rank test.
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Figure 4. CCR-2 expressed in ovarian cancer cellsisassociated with metastasis.
(A) Western blot of CCR-2 in the C13, A2780, ID8, OV2008 and SKOV3 cells.The

quantification bar graph of Western blot is displayed on the right panel. (n=3 independent
experiments) (B) Correlation between CCR-2 expression level and migration/invasion fold
change of C13, A2780, ID8, OV2008 and SKOV3 cells. (C) Quantification of CCR-2
positive cells in normal tissue, borderline tumor tissue, primary ovarian tumors and paired
omental metastasis. (D) Representative immunohistochemical staining of CCR-2 in primary
ovarian tumor (Ovca 1-3) and paired omental metastasis. (E) Representative
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immunohistochemical staining of CCR-2 in normal ovary tissue and borderline tumor tissue.
(F) Quantification of CCR-2 in primary ovarian cancers and omentum metastases in
GSE2019 database. (G) Migration of the SKOV3 cells toward complete medium, complete
medium with MCP-1 (20 pg/L), and complete medium with MCP-1 (20 pg/L) plus CCR-2
antagonist (RS 102895, 2 ug/L). The corresponding bar graph is displayed on the right side.
(n=3 technical replicates for three independent experiments) (H) The CCR-2 knockdown
efficacy with siRNA was verified with Western blot. (n=3 independent experiments) (1)
Migration of the parental or CCR-2 knockdown SKOV3 cells toward complete medium, or
complete medium with MCP-1 (20 pg/L). The corresponding bar graph is displayed on the
right side. (n=3 technical replicates for three independent experiments). Date are presented
as the mean = SEM, Student’s t test. ***p< 0.001.
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Figure 5. MCP-1/CCR-2 axis enhances VEGF-A expression via HI F-1a following the activation
of the PIBK-AKT-mTOR pathway

(A) GSEA analysis in tumor from MCP-1-/- mice. (B) Heatmap of differentially expressed
proteins cultured with or without MCP-1 for 24 hours in SKOV3 cells detected by RPPA
compared to vehicle. (C) Phosphorylated proteins list after treatment with MCP-1 (20ug/L)
for 24 hours in C13 and SKOV3 detected by Human phospho-RTK array (more thanl.5
folds change were listed) and a \enn diagram of the overlap changing proteins in C13 and
SKOV3 were shown on right panel. (D-F) Western blot of phosphorylated PI3K/AKT/
mTOR pathway, along with HIF-1a and VEGF-A, treated as indicated in 1D8 cells. (n=3
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independent experiments). Wort for wortmannin (a PI3K inhibitor, 100nM for 24h); Peri for
perifosine (an AKT inhibitor, 10uM for 24h); Rapa for rapamycin (a mTOR inhibitor, 5nM
for 24h); 2-Meo for 2-MeOE2 (a HIF-1a inhibitor, 2.5uM for 24h). (G) Representative
immunohistochemical staining of p-AKT, p-mTOR, HIF-1a, VEGF-A and CD34 in tumors
from the WT and MCP-1~ mice. The scale bar corresponds to 50 pm.
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Figure 6. Metformin prevent omentum metastasis by decreasing M CP-1 secretion from
adipocytes.

(A) The cytokine protein array analysis of the mCM from adipocytes and adipocytes pre-
treated with metformin for 12 hours. Heat map of the expression levels of adipocytes is
displayed on the right panel. (B) Quantification of MCP-1 levels in primary omental
adipocytes from ovarian cancer patients with or without metformin treatments. (n=3
technical replicates for three independent experiments) (C) Quantification of MCP-1 levels
in primary omental adipocytes treated with various time-points as indicated. (n=3 technical
replicates for three independent experiments) (D) Western blot of p-PI3K, HIF-1a and
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VEGF-A treated as indicated in 1D8 cells. 1:2 and 2:1 refer to the ratios the conditional
medium mixed with complete medium. (n=3 independent experiments) (E) Western blot of
indicated proteins after treatments with or without metformin in ID8 cells. (h=3 independent
experiments) (F) Dose response curves of metformin in 1D8 cell lines treated with varying
concentrations of metformin for 72 hr. (n=3 technical replicates for three independent
experiments) (G) Bar graph of the migrations of 1D8 cells towards complete medium,
conditional medium from the adipocytes and conditional medium (mCM) from the
adipocytes pre-treated with metformin (CM (MET)). (n=3 technical replicates for three
independent experiments) (H) Gross anatomy of tumor burdens in WT mice treated with or
without metformin for 4 weeks. The white squares show mesentery and omentum
macrometastases in vehicle treated mice, and the white arrows indicated micrometastases in
metformin treated mice. The quantification bar graph of tumor weights is displayed on the
right panel. (I) The Kaplan-Meier (K-M) survival curves of the overall survival of the mice
in (G). (J) Representative immunohistochemical straining of MCP-1, VEGF-A and CD34 in
tumors from mice in (G). Scale bar corresponds to 50 pm.
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