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Abstract

Ovarian cancer (OC) is characterized by frequent widespread peritoneal metastasis.
Cancer-associated fibroblasts (CAFs) represent a critical stromal component of meta-
static niche and promote omentum metastasis in OC patients. However, the role of
exosomes derived from omental CAFs in metastasis remains unclear. We isolated ex-
osomes from primary omental normal fibroblasts (NFs) and CAFs from OC patients
(NF-Exo and CAF-Exo, respectively) and assessed their effect on metastasis. In mice
bearing orthotopic OC xenografts, CAF-Exo treatment led to more rapid intraperito-
neal tumor dissemination and shorter animal survival. Similar results were observed
in mice undergoing intraperitoneal injection of tumor cells. Among the miRNAs
downregulated in CAF-Exo, miR-29¢c-3p in OC tissues was associated with metastasis
and survival in patients. Moreover, increasing miR-29c-3p in CAF-Exo significantly
weakened the metastasis-promoting effect of CAF-Exo. Based on RNA sequencing,
expression assays, and luciferase assays, matrix metalloproteinase 2 (MMP2) was
identified as a direct target of miR-29¢-3p. These results verify the significant contri-
bution of exosomes from omental CAFs to OC peritoneal metastasis, which could be
partially due to the relief of MMP2 expression inhibition mediated by low exosomal
miR-29¢c-3p.
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1 | INTRODUCTION

There were more than 207,000 deaths worldwide related to OC in
2020, making OC the fifth most common cause of cancer-related
death for women and the second most common among gynecologic
cancers.! Ovarian cancers are prone to disseminate intraperitoneally,
which is tightly associated with poor prognosis in patients.? Thus,
molecular mechanisms underlying OC metastasis need to be clarified,
which may fuel new strategies to improve the treatment of OC.

In recent years, increasing attention has been given to tumor
stromal cells in addition to tumor cells in the field of OC metastasis.>
The omentum, where OC metastases most often occur,” is rich in
various stromal cells, including adipocytes, mesenchymal stem cells,
fibroblasts, and macrophages.” These activated stromal cells can
promote omental metastasis of OC cells, and among them, CAFs are
the main active components. Increasing evidence shows that CAFs
play pivotal roles in tumor metastasis, growth, metabolic reprogram-
ming, immunosuppression, and angiogenesis.® In OC, tumor cells can
induce the activation of CAFs, and the activated CAFs can also pro-
mote tumor cell metastasis by secreting cytokines, growth factors,
or exosomes.” Cancer-associated fibroblasts have been reported to
secrete prometastatic cytokines in a paracrine manner to promote
OC cell metastasis.? In addition to cytokines, exosomes play an im-
portant role in the communication between CAFs and tumor cells.*®
It has been reported that exosomes derived from CAFs promote
breast cancer and esophageal squamous cell cancer metastasis.'>*?
However, the effects of CAF-Exo on OC metastasis remain poorly
understood.

Exosomes are extracellular vesicles measuring between 30 and
150nm in diameter that can deliver bioactive molecules of differ-
ent kinds, for example, nucleic acids and proteins, and are reported
to be vital mechanisms of communication between the tumor mi-
croenvironment (TME) and tumor cells.”® MicroRNAs are small
noncoding regulatory RNAs, 17-25nt in size, that cause transla-
tional repression or target degradation by binding to the 3'-UTR
of genes.14 As important components in exosomes, miRNAs can
be delivered into recipient cells, thereby finetuning the cross-talk
between cancer cells and noncancer cells in the TME. For example,
CAF-derived exosomal miR-500a-5p could promote breast can-
cer metastasis by targeting USP28, and exosomal miR-34a-5p de-
rived from CAFs promoted oral cancer growth and metastasis.*'*®
In OC, it has been reported that exosomes derived from CAFs
could promote OC cells to develop drug resistance by delivering
miR-21 or miR-98-5p.1%'7 Nevertheless, the mechanisms through
which CAF-Exos promote OC metastasis remain elusive. To clarify
whether CAF-derived exosomal miRNAs can be used as therapeu-
tic targets for OC, their mechanistic role in OC metastasis has to
be understood.

In our study, we showed that omental CAF-Exos promoted
OC cell invasion and migration. In orthotopic xenograft mouse
models and intraperitoneal transplanted mouse models of OC,
CAF-Exos could promote OC metastasis in vivo. Mechanistically,
high-throughput miRNA sequencing and qRT-PCR revealed that

miR-29c-3p was significantly downregulated in CAF-Exos, and miR-
29c-3p-reduced CAF-Exos facilitated OC metastasis by disinhibiting
MMP2 expression in cancer cells both in vivo and in vitro. Our find-
ings indicate that loss of omental CAF-derived exosomal miR-29¢c-3p
promotes OC metastasis, providing a new viewpoint into the mech-
anism of OC metastasis and new ideas for OC treatment.

2 | MATERIALS AND METHODS

2.1 | Isolation and culture of primary omental
fibroblasts from OC patients

Omental specimens were collected from 18 OC patients who un-
derwent surgery at our hospital from January 2017 to January 2019.
No patients received chemotherapy or radiotherapy before surgery.
The pathological information of these OC patients and the use of fi-
broblasts are shown in Table S1. Primary human NFs and CAFs were
isolated from metastasis-negative and metastasis-positive omental
tissues, respectively.’® In primary fibroblast cultures, DMEM/F12,
10% FBS (Gibco), and 1% penicillin-streptomycin were used in a hu-
midified 37°C incubator (5% CO,). All the primary fibroblasts were
passaged fewer than five times.

2.2 | Exosome isolation

As previously described, fibroblast exosomes were isolated by serial
centrifugation.”?° In sequence, the supernatant was centrifuged at
300 g for 10 min and 2000 g for 20min at 4°C. Then 0.22 mm filters
(Millipore) were used to filter the supernatant from the centrifuge at
4°C for 70min. The supernatant was then dissolved in PBS for later

use or storage at -80°C.

2.3 | Orthotopic xenograft mouse model of OC
Four-week-old female nude mice were purchased from Beijing Hua
Fukang Biological Polytron Technologies, Inc. All the orthotopic
xenograft models of OC were established using a previously de-
scribed method.?? For these models, ES2 cells transfected with the
lentiviral luciferase reporter gene (ES2-Luc) were used, which allow
bioluminescence in vivo imaging of the tumors. Fifty micrograms of
CAF-Exos, 50 ug NF-Exos, or an equal volume of PBS were injected
intraperitoneally every 3days. The first bioluminescence in vivo
imaging was undertaken once a week from 1 week after modeling
until the first nude mouse died naturally. The malignant progression
of mice was observed, and the time of death was recorded. To de-
tect the effects of the exosomal miR-29¢c-3p, 50 pg CAF-Exo, 50 g
miR-29c-3p-Exos, or 50 ug NC-Exos were injected intraperitoneally
every 3days. The in vivo imaging procedures were consistent with
those described above. Mice were killed together when the first
mouse was dying.
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2.4 | Dualluciferase reporter assay

SKOVS cells were transfected with plasmids containing WT or mu-
tant MMP2 3’-UTR inserts, and cotransfected with miR-29¢-3p or
NC mimics. Cells were harvested and lysed after transfection for
48h, and the Dual-Luciferase Reporter Assay System (Promega) and
GloMax 20/20 Luminometer (Promega) were used to detect the lu-
ciferase activity under the constructions. The normalized luciferase
reporter activity was determined by comparing the activity of the

luciferase reporter to that of Renilla luciferase.

2.5 | Statistical analysis

GraphPad Prism 8.0 software and SPSS 23.0 statistical software
were used for statistical analyses. Numerical data are shown as the
mean=+SD. Differences between subgroups were analyzed by Student's
t-test and considered statistically significant at a threshold of p<0.05.
K-M Plotter was used to investigate the prognostic significance of miR-
29¢-3p and MMP2 in pancancer datasets and OC datasets.??

Additional materials and methods are provided in Appendix S1.

3 | RESULTS

3.1 | Characterization of omental CAF-derived
exosomes from OC patients

To analyze the role of CAF exosomes in the metastasis of OC, we
isolated primary CAFs and NFs from the omentum tissues of OC pa-
tients, as the omentum represents the most common metastatic site
(Figure 1A). The fibroblasts showed a typical morphology of long spin-
dle shape, arranged in a spiral, and a vimentin-positive and cytokera-
tin 8-negative expression pattern (Figure S1A,B). The CAFs displayed
strong a-SMA staining, whereas the NFs showed only modest a-SMA
staining (Figure S1C), which agreed with the a-SMA level in the omen-
tal tissues from which they were isolated (Figure S1C). Exosomes were
isolated from the culture medium of CAFs and NFs and character-
ized a double-layer membrane structure (Figure 1B), with a particle
size distribution predominantly ranging between 80 and 200nm
(Figure 1C), and their positive markers CD63, CD9, and CD81 were
accompanied by negative calnexin (Figure 1D). To determine whether
fibroblast-derived exosomes can be internalized by OC cells, PKH67-
labeled exosomes were incubated with FM4-64-labeled SKOV3 and
CAOV3 cells for 24h. After the incubation, both CAF-Exos and NF-
Exos were observed in most recipient OC cells (Figures 1E,F and S1D).

3.2 | Cancer-associated fibroblast-derived
exosomes promote OC metastasis

To confirm the impact of CAF-Exos on OC cell mobility, SKOV3
or CAOV3 cells were incubated with CAF-Exos, NF-Exos, or

CAF-ExoDP-CM, and Transwell assays were used to detect the in-
vasion and migration properties of tumor cells in vitro. Compared to
the blank control, the invasion and migration of tumor cells were sig-
nificantly enhanced by CAF-Exo treatment but not the NF-Exo; the
promoting effects were largely reduced in the CAF-ExoDP-CM group
versus the CAF-Exo group, indicating a predominant role of exosomes
in CAF-tumor cell interactions (Figures 2A,B and S2A,B). To further
investigate the effects of CAF-Exos on OC metastasis, nude mice har-
boring ES2-luc orthotopic xenografts were intraperitoneally injected
with PBS, NF-Exos, or CAF-Exos, and luciferase signals were monitored
by in vivo imaging. The mice undergoing CAF-Exo treatment showed
significantly increased tumor burden with earlier contralateral metas-
tasis than those in the PBS and NF-Exo groups 21 days after inocula-
tion, suggesting that CAF-Exos accelerate tumor growth and spread
(Figure 2C,D). Moreover, CAF-Exo treatment significantly shortened
the survival time of nude mice (Figure 2E). Immunohistochemical
analysis revealed decreased E-cad and increased N-cad, Vimentin,
and Ki-67 in xenografts of the CAF-Exo group, when compared with
the NF-Exo and PBS groups (Figure 2F,G), suggesting that CAF-Exos
induce an epithelial-mesenchymal transition in cancer cells in vivo.
To further confirm the EMT-inducing effect of CAF-Exos, OC cells
were treated with PBS, NF-Exos, or CAF-Exos in vitro. Western blot
analysis showed that the E-Cadherin level was downregulated and N-
Cadherin and Vimentin levels were upregulated in OC cells treated
with CAF-Exos compared to those treated with NF-Exos (Figure S2C).
Moreover, in the mouse models intraperitoneally transplanted with
ES2-luc cells, both the CAF-Exo group and the NF-Exo group showed
higher fluorescence intensity and a larger range of abdominal metas-
tasis compared to the PBS group, with more intensive metastasis in
the CAF-Exo group (Figure 2H,1). Collectively, these data indicate that

CAF-Exos promote OC metastasis.

3.3 | MicroRNA-29c-3p is downregulated in CAF-
Exos and related to poor survival in OC patients

Given that miRNAs are frequently involved in exosome functions,
we analyzed the miRNA sequencing datasets of NF-Exos from nor-
mal ovarian fibroblasts and CAF-Exos from OC CAFs in the GEO
public database. The data analysis identified five upregulated miR-
NAs and six downregulated miRNAs with at least two-fold changes
in CAF-Exos versus NF-Exos (Figure 3A,B). Subsequently, we veri-
fied the decreased expression of several downregulated miRNAs
(miR-135a, miR-328, miR-29¢-3p, miR-345, miR-99a, and miR-203) in
the CAF-Exos compared to the NF-Exos obtained from three sets
of primary CAFs and NFs by using qRT-PCR (Figure 3C, Table S1).
Among these miRNAs, miR-29¢-3p and miR-345 expression were
positively related to OS in OC patients (Figure 3D). As the down-
regulation of miR-29¢-3p in CAF-Exos was more remarkable, we
focused on this miRNA in subsequent experiments. Bioinformatics
analysis of GSE83693 from the GEO database showed that, com-
pared with normal ovarian tissue, the miR-29c-3p expression level
was significantly lower in OC tissue and it was further lower in
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FIGURE 1 Isolation of exosomes. (A) Schematic illustration of exosome isolation from primary omentum fibroblasts. (B) Electron
micrograph of cancer-associated fibroblast (CAF)-derived exosome (CAF-Exo) and normal fibroblast (NF)-derived exosome (NF-Exo). Scale
bar, 100 nm. (C) Western blot analysis of CD63, CD9, CD81 and calnexin in CAFs and CAF-Exo. (D) Nanoparticle tracking analysis of CAF-
Exo and NF-Exo. (E) Schematic illustration of the uptake of PKH67-labeled exosome by FM4-64-labeled SKOV3 cells. (F) Representative
immunofluorescence images show the uptake of CAF-derived exosomes (labeled with PKH67, green) by SKOV3 cells (labeled with FM4-64,
red). Scale bar, 20 um. a-SMA, a-smooth muscle actin; OC, ovarian cancer

FIGURE 2 Cancer-associated fibroblast-derived exosomes (CAF-Exos) promote metastasis of ovarian cancer in vitro and in vivo. (A, B)
SKOV3 cells were treated with normal fibroblast-derived exosome (NF-Exo), CAF-Exo, or CAF-Exo-depleted conditioned medium (CAF-ExoDP-
CM). (A) Representative images from migration and invasion assays of SKOV3 cells. Scale bar, 50 um. (B) Histograms showing the number of
SKOV3 cells that underwent migration and invasion. (C-G) Mice bearing ES2-luc orthotopic xenotransplants were injected intraperitoneally
with PBS, NF-Exo, or CAF-Exo. (C) Bioluminescence images of abdominal metastasis in mice bearing ES2-luc orthotopic xenotransplants. (D)
Quantitative radiance values from IVIS imaging of ES2-luc orthotopic xenotransplants. (E) Survival curve of orthotopic xenograft mouse. (F)
Representative images of immunohistochemical staining with anti-E-cadherin (E-cad), anti-N-cadherin (N-cad), anti-Vimentin, and anti-Ki-67

in tumor tissues from orthotopic xenotransplants. Scale bar, 50 um. (G) Histograms showing the Ki-67 index and mean density of E-cad, N-cad,
and Vimentin. (H) Bioluminescence images of abdominal metastasis in mice bearing ES2-luc intraperitoneal transplanted mouse. (l) Quantitative
radiance values from IVIS imaging in metastases on abdominal organs. *p <0.05; **p <0.01. ns, no significance
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FIGURE 3 MicroRNA (miR)-29¢c-3p is significantly reduced in cancer-associated fibroblast-derived exosomes (CAF-Exos). (A) Heatmap
diagram of most differential miRNA expression profiles between CAF-Exo and normal fibroblast-derived exosome (NF-Exo) from the Gene
Expression Omnibus (GEO) public database. (B) Volcano plot showing the differential expression of miRNA between CAF-Exo and NF-

Exo. (C) Histograms showing the relative expression of the six most downregulated miRNAs in CAF-Exo and NF-Exo by real-time PCR. (D)
Kaplan-Meier analysis of miR-29¢-3p in ovarian cancer (OC) in pancancer analysis with K-M Plotter. (E) Bioinformatics analysis GSE83693
from the GEO database to validate the expression of miR-29¢c-3p in normal ovarian tissues and OC, and primary OC and recurrent OC. (F) In
situ hybridization (ISH) of miR-29¢-3p in normal ovarian tissues and OC tissues (scale bar, 20 um). Arrow indicates ovarian surface epithelium;
violet indicates positive staining. (G) Histograms showing the expression of miR-29¢-3p in epithelium and stroma of normal ovarian tissues

(n = 33) compared to OC (n = 66). (H) Kaplan-Meier survival curves of overall survival in 63 OC patients based on miR-29¢-3p ISH stains

(log-rank test). **p<0.01; ***p<0.01. FC, fold change

recurrent OC than in primary OC (Figure 3E). To confirm the correla-
tion between miR-29¢c-3p and the OS of OC patients, we assessed
miR-29¢c-3p in 66 frozen OC specimens and 33 normal ovary tis-
sues by ISH (Figure 3F). The ISH staining showed that miR-29¢-3p
was significantly higher in normal ovary tissues than in OC in both
epithelial cells and stroma cells (Figure 3G). Twenty-nine OC speci-
mens showed a high miR-29¢c-3p level, and higher miR-29¢c-3p levels
in OC indicated better OS (p = 0.0209) (Figure 3H). Furthermore,
a higher miR-29¢-3p level (ISH score>3) was negatively associated
with tumor metastasis in patients (p = 0.0171; Table 1). These results

suggest that miR-29¢c-3p could act as a cancer suppressor.

3.4 | MicroRNA-29c-3p downregulation in CAF-
Exos promotes OC metastasis

To detect the role of miR-29¢c-3p in OC metastasis, SKOV3-GFP
cells were cocultured with CAFs transfected with Cy3-tagged miR-
29¢-3p mimics (CAFs-miR-29¢c-3p-cy3) (red), and red fluorescence
was observed in SKOV3-GFP cells (green) (Figure 4A,B). Similarly,
SKOV3-GFP cells were incubated with exosomes isolated from
CAFs-miR-29¢-3p-cy3 (CAF-miR-29¢c-3p-Exo), and red fluores-
cence was also observed in the recipient cells (green), indicating
that miR-29c-3p can be transferred from CAFs to OC cells through
exosomes (Figure S3). As expected, miR-29¢c-3p expression was in-
creased in CAF-miR-29¢-3p and CAF-miR-29c-3p-Exos compared
to CAFs transfected with NC mimics (CAF-NC) and their exosomes
(CAF-NC-Exos) by gRT-PCR (Figure 4C). In addition, miR-29¢-3p in
SKOV3-GFP cells was upregulated after indirect cocultured with
CAF-miR-29¢-3p (Figure 4D).

To confirm the impact of miR-29¢c-3p on OC metastasis, CAF-
Exos, CAF-NC-Exos, and CAF-miR-29c-3p-Exos were injected in-
traperitoneally into orthotopic xenograft model mice and luciferase
signals were monitored by in vivo imaging. The mice undergoing
CAF-miR-29¢c-3p-Exo treatment every 3days showed a significantly
lower tumor burden with later contralateral metastasis and fewer
metastases on abdominal organs than those in the CAF-Exo and
CAF-NC-Exo groups 21days after inoculation, suggesting that
CAF-miR-29¢c-3p-Exo inhibits tumor spread (Figure 4E-G). SKOV3
and CAOV3 cells were then transiently transfected with miR-
29c-3p mimics, NC mimics, miR-29¢c-3p inhibitors, or NC inhibitors
(Figure S4A,B). Transwell assays indicated that upregulation of
miR-29¢c-3p restrained SKOV3 and CAOV3 cell migration and in-
vasion (Figures 4H and S4C-E), whereas inhibition of miR-29¢c-3p

TABLE 1 Relationship between microRNA (miR)-29¢c-3p and
clinical parameters in ovarian cancer (N = 66)

miR-29c-3p expression

Characteristic Low High p valuet

Age (years)
<49 13 12 0.6037
49 24 17

FIGO stage
1=l 9 11 0.2326
-1V 28 18

Histological type
Non-HGSOC 11 10 0.6807
HGSOC 26 19

Intraperitoneal metastasis
No 2 8 0.0171
Yes 35 21

Lymph node metastasis
No 28 23 0.7266
Yes 9 6

Abbreviations: FIGO, International Federation of Gynecology and
Obstetrics 2009 staging criteria; HGSOC, high-grade serous ovarian
cancer.

sz-test.

significantly promoted OC cell migration and invasion (Figures 4l
and S4F-H).

3.5 | MMP2is a target gene of miR-29¢-3p in
OC cells

To explore the mechanism by which miR-29c-3p regulates tumor cell
metastasis, differentially expressed genes in the SKOV3 and CAOV3
cells transfected with NC mimics or miR-29¢c-3p mimics were
analyzed through RNA sequencing. Overall, compared to the NC
group, 91 genes were identified as downregulated in both SKOV3
and CAOV3 cells that were transfected with miR-29¢c-3p mim-
ics (Figure 5A,B). The GO enrichment analyses showed that these
downregulated genes were mainly enriched in ECM organization,
extracellular structure organization, and collagen fibril organiza-
tion, which are related to tumor metastasis (Figure S5A). To con-
firm the results of RNA sequencing, we assessed the expression of
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FIGURE 4 MicroRNA (miR)-29¢c-3p downregulation in cancer-associated fibroblast-derived exosomes (CAF-Exos) promotes metastasis
of ovarian cancer in vitro and in vivo. (A) Schematic illustration of the indirect coculture of CAFs transiently transfected with cy3-

tagged miR-29¢-3p mimics (CAFs-miR-29¢-3p-cy3) with GFP-labeled ovarian cancer cells SKOV3 (SKOV3-GFP). (B) The representative
immunofluorescence images show the uptake of cy3-tagged miR-29¢-3p (red) by SKOV3-GFP cells (green). Scale bar, 20 um. (C) Histograms
showing the relative expression of miR-29¢-3p in CAF transfected with miR-29c-3p mimics and their exosomes detected by quantitative RT-
PCR (gRT-PCR). (D) Histograms showing the relative expression of miR-29¢c-3p in SKOV3 cells indirectly cocultured with CAFs transfected
with miR-29¢c-3p mimics or negative control (NC) mimics in detected by gRT-PCR. (E-G) Mice bearing ES2-luc orthotopic xenotransplants
were injected intraperitoneally with PBS, CAF-NC-Exo, or CAF-miR-29¢c-3p-Exo. (E) Bioluminescence images of abdominal metastasis in
mice bearing ES2-luc intraperitoneal transplanted mouse model injected with PBS, CAF-NC-Exo, or CAF-miR-29¢-3p-Exo. (F) Quantitative
radiance values from IVIS imaging in metastases on abdominal organs. (G) Quantitative radiance values from IVIS imaging of ES2-luc
intraperitoneal transplanted mouse. (H, I) Histograms showing the number of migration and invasion SKOV3 cells transfected with miR-29c-

3p mimics, NC mimics, or miR-29¢-3p inhibitors and NC inhibitors. *p <0.05; **p <0.01; ***p <0.01. ns, no significance

eight genes with the highest expression multiples (BMF, CD93, COL-
1, COL-2, LOX, MMP2, NID1, and SPARC) in the SKOV3 and CAOV3
cells transfected with NC or miR-29¢c-3p mimics using qRT-PCR. We
found that all these genes were significantly downregulated in the
miR-29¢c-3p mimics groups compared to the NC groups (Figures 5C
and S5B). Among these genes, MMP2 has been reported to play an
important role in metastasis in various cancers,?® and high expres-
sion of MMP2 in OC indicates poorer OS (p = 0.0015) based on The
Cancer Genome Atlas datasets (Figure 5D). Therefore, MMP2 was
selected for further investigation. The IHC analysis verified that
CAF-Exo treatment increased MMP2 but not MMP9 in the xeno-
grafts from the CAF-Exo group compared with the NF-Exo and PBS
groups (Figure 5E,F). Western blot analysis indicated a decrease in
MMP2 protein levels in SKOV3 cells overexpressing miR-29c-3p,
whereas MMP2 protein expression increased when miR-29¢-3p was
downregulated (Figure 5G). Gelatin zymography assays showed that
MMP2 activities were also attenuated by miR-29¢c-3p in OC cells
(Figure 5H). Moreover, miR-29¢c-3p and MMP2 were assessed by ISH
and IHC in 66 frozen or paraffin-embedded OC specimens, respec-
tively, and a negative correlation between miR-29c-3p and MMP2
was found (r = -0.4139, p = 0.0006; Figure 51,J).

3.6 | MicroRNA-29c-3p directly targets MMP2 to
suppress OC cell invasion

To clarify whether MMP2 is a direct target of miR-29c-3p, the bind-
ing site was analyzed using TargetScan bioinformatics tools. The
predicted interaction between miR-29c-3p and the target site in the

MMP2 3'-UTRisillustrated in Figure 6A. To validate the direct target-
ing, the MUT and WT luciferase reporters were generated by clon-
ing the mutated or WT binding sites in the 3'-UTR of MMP2 into the
luciferase reporter plasmid. After cotransfection with miR-29¢c-3p
mimics in SKOV3 cells, a marked decrease in luciferase activity was
observed in the WT group but not in the MUT group, indicating that
MMP2 is a direct target gene of miR-29¢c-3p (Figure 6B). To further
determine whether miR-29¢-3p exerts its impact by targeting MMP2
in OC cells, MMP2 was knocked down with siRNA in SKOV3 and
CAOQV3 cells and cotransfected with miR-29¢c-3p inhibitors or NC in-
hibitors (Figure S6). Western blot analysis showed that inhibition of
miR-29¢-3p could partly rescue the expression of MMP2 in OC cells
transfected with siRNA (Figure 6C). Moreover, the enhanced inva-
sion ability of OC cells caused by miR-29¢c-3p inhibition was attenu-
ated by MMP2 downregulation in vitro (Figure 6D,E). Overall, these
findings indicated that miR-29¢-3p can directly target MMP2, which
could contribute to the effects of miR-29¢-3p on OC metastasis.

4 | DISCUSSION

Implantation metastasis to the peritoneal organs is the most com-
mon form of OC metastasis.?* As the major component of omental
stroma cells, CAFs are accountable for tumor progression, including
tumor cell growth, invasion, metastasis, and other malignant biologi-
cal behaviors.?® Accumulating studies have focused on the cross-talk
between cancer cells and CAFs, which participates in tumor metas-
tasis, but the underlying mechanism for this process remains unclear.
Our previous research found that fibroblasts could be activated

FIGURE 5 MMP2isidentified as a target gene of microRNA (miR)-29¢-3p in ovarian cancer cells. (A) Heatmap diagram of differential
MRNA expression profiles between CAOV3-negative control (NC) and CAOV3-miR-29¢-3p, and SKOV3-NC, and SKOV3-miR-29¢-3p. (B)
Venn diagram illustrating the putative candidate 91 target genes of miR-29¢c-3p in SKOV3 and CAOV3 cells. (C) Histograms showing the
relative expression of eight potential target genes of miR-29¢c-3p in SKOV3-NC and SKOV3-miR-29c-3p cells detected by quantitative
RT-PCR. (D) Kaplan-Meier analysis of MMP2 in ovarian cancer in pancancer analysis with K-M Plotter. (E) Representative images of
immunohistochemical staining with anti-MMP2 and anti-MMP9 in tumor tissues from orthotopic xenotransplants. Scale bar, 50 um. (F)

Histograms showing the mean density of MMP2 and MMP9 in the three groups of orthotopic xenograft mouse model. (G) Western blot
analysis of MMP2 in SKOV3-NC, SKOV3-miR-29¢-3p, and SKOV3-miR-29¢c-3p inhibitor. (H) Conditioned media from SKOV3-NC, SKOV3-
miR-29¢c-3p, or CAOV3-NC, CAOV3-miR-29¢c-3p were subjected to gelatin zymography, to assess gelatinolytic activities of MMP-2. (1)
Representative images of in situ hybridization (ISH) of miR-29¢c-3p and immunohistochemical staining of MMP2. (J) Scatter diagrams show
the negative correlation between miR-29c-3p and MMP2 in ovarian cancer based on miR-29¢c-3p ISH and MMP2 stains scores. Scale bar,
20pm. *p<0.05; **p<0.01; ***p<0.01. ns, no significance
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by OC cells to promote OC metastasis.*® However, the underlying
mechanism by which CAFs promote OC metastasis needs clarifica-
tion. In this research, we highlighted the role of omental CAF-Exos
in OC metastasis, which harbored significantly less miR-29¢-3p than
NF-Exos and could increase MMP2 expression in OC cells, indicating

Expression of miR-29¢-3p

that miR-29¢c-3p supplement could inhibit tumor dissemination in the
peritoneal cavity.

As the dominating cells within the TME, CAFs play key roles in
promoting or suppressing tumor progression and have attracted
more and more attention in studies regarding tumor metastasis. In
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FIGURE 6 MicroRNA (miR)-29c-3p directly targets MMP2 to suppress ovarian cancer metastasis. (A) Schematic diagram of luciferase
reporter plasmid constructed containing WT and mutant (MUT) binding sites in the MMP2 3'-UTR. (B) Luciferase activity of WT or MUT
plasmids after cotransfection with miR-29¢c-3p mimics into SKOV3 cells. Each experiment was conducted at least in triplicate. (C-E) SKOV3
cells after silencing MMP2 were transfected with inhibitors of miR-29¢c-3p or negative control (NC). (C) Western blot analysis of MMP2

in SKOV3 cells. (D) Representative images from invasion assays of SKOV3 cells. Scale bar, 50 um. (E) Histograms showing the number of
invasion cells of SKOV3. *p <0.05; **p <0.01; ***p <0.01. ns, no significance



HAN ET AL.

EARRWATS 2 Cancer SCience

our study, we isolated patient-derived primary NFs and CAFs and
extracted their exosomes. In previous studies, CAFs were shown
to communicate with tumor cells through exosomes in addition to
classical signals such as cytokine secretion.?® Therefore, we iso-
lated exosomes from CAFs and NFs and found that CAF-Exos could
significantly promote OC metastasis compared to NF-derived exo-
somes. Exosomes usually contain various types of bioactive mol-
ecules, such as nucleic acids and proteins, in which miRNAs are
abundant and play an important role in cell communication.?” We
further found that lower miR-29c was present in CAF-Exos than in
NF-Exos and miR-29c could be directly transferred to the recipient
cancer cells from CAFs. Next, we showed that overexpressed miR-
29¢-3p could inhibit tumor cell migration and invasion by targeting
MMP2 both in vitro and in vivo. These findings demonstrated the
effects of the loss of miR-29c in CAF-Exos on OC cells. Yugawa
et al. found that miR-150-3p was significantly reduced in CAF-
Exos and inhibited hepatocellular carcinoma migration and inva-
siveness.?® In another study, miR-148b, which inhibits endometrial
cancer metastasis by directly binding to DNMT1, was significantly
reduced in CAF-Exo0s.%’ In addition to miR-29¢c-3p, miRNAs that
are aberrantly expressed in CAF-Exos require further study to
elucidate their roles in the cross-talk between CAFs and OC cells.

The miR-29 family members have the dual characteristics of
being oncogenic and tumor suppressors.2° There are three mature
members in the miR-29 family, miR-29a, -29b, and -29c, which are
encoded by two gene clusters and share conserved sequences. In
our study, OC tissues showed low levels of miR-29¢c-3p, and poor
outcomes were associated with low levels of miR-29¢-3p. In addi-
tion, the overexpression of miR-29¢c-3p restrained OC cell invasion
and migration in vivo and in vitro. Furthermore, less miR-29¢c-3p was
found in CAF-Exos, which resulted in less miR-29¢-3p transfer to
target OC cells. MicroRNA-29c-3p has been found to play a tumor-
suppressive role in multiple cancers, such as colorectal cancer,®! lung
cancer,®? breast cancer,® gastric cancer,®* and pancreatic cancer.®®

Recent studies have reported that miR-29c plays an important role

in OC. For example, Deng et al. reported that miR-29c improved the
antitumor efficacy of natural killer cells by directly targeting B7-H3
in vitro.3¢ Researchers found that miR-29¢ expression could be used
as a biomarker to predict poor outcomes in OC patients in another
study.¥” Hu et al. reported that the FOXP1/ATG14 pathway was
downregulated when miR-29c was overexpressed, which inhibited
autophagy and cisplatin resistance in part.®®

A precondition of tumor metastasis is to break through the nat-
ural barrier of the ECM. In this study, MMP2 was verified as a target
of miR-29¢-3p. By binding to the 3'-UTR region of MMP2 mRNA,
miR-29¢-3p could directly target MMP2 mRNA, resulting in a de-
crease in MMP2 protein levels and its enzymatic activities, thus
inhibiting OC cell metastasis. Among the MMPs, MMP2 is capable
of cleaving ECM molecules and signal transduction molecules, pro-
moting the spread of tumors. It has been reported that MMP2 is in-
volved in the metastasis of various cancers, such as breast cancer,*’
renal cell carcinoma,*® esophageal squamous cell carcinoma,** and
lung cancer.*? In gastric cancer, MMP2 overexpression might be
a predictive factor for poor prognosis.*®> Another study reported
elevated expression of MMP2 in the placental tissues and serum
of gestational trophoblastic disease patients.44 It is worthy of note
that the MMP2 expression in tumor cells was only partially rescued
by miR-29¢-3p, which could be due to multiple mechanisms involved
in MMP2 expression regulation. At the same time, MMP2 inhibition
could not completely rescue the effects of miR-29¢c-3p inhibitors on
cell invasion, suggesting additional targets of miR-29c-3p might play
a role. For example, Zhang et al.'s study showed that miR-29¢c-3p
could inhibit the proliferation and migration of colorectal cancer by
targeting SPARC.3! Based on our findings, we proposed an omen-
tum metastasis model in which the transformation from NFs to
CAFs causes a reduction in antitumor factors such as miR-29¢c-3p.
In this way, low levels of miR-29¢c-3p promote an aggressive pheno-
type in OC cells (Figure 7).

In recent years, the concept of precision medicine has promoted
the progress of precise tumor diagnosis and treatment and provided
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more possibilities for improving the survival rate of tumor patients.
In this study, we revealed that CAF Exo-miR-29¢c-3p significantly in-
hibited tumor metastasis in orthotopic xenograft mice, and the treat-
ment with CAF-Exos clearly shortened the survival time of these
mice. With their unique characteristics, exosomes are widely used in
tumor diagnosis, prognosis prediction, curative effect prediction and
dynamic monitoring, and accurate targeted drug delivery. A number
of studies have shown that exosome vaccinations stimulate an im-
mune response against tumors, indicating that exosomes can play a
significant role in cancer treatment.*>*¢ Exosomes can also be used
to deliver non-native therapeutics, another exciting application for
therapeutic development.”’ Li et al.*® demonstrated that extracel-
lular vesicles derived from CAF loaded with miR-195 could reduce
tumor size, concentrate within tumors, and improve the survival of
treated rats with cholangiocarcinoma.

In conclusion, our findings indicate the significant contribution
of exosomes from omental CAFs to OC peritoneal metastasis and
the potential role of the miR-29¢c-3p-MMP2 axis in the metastasis-
promoting effect of CAF-Exo, providing novel insights into the
mechanisms underlying OC metastasis by highlighting the roles of
stromal-derived exosomes.
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