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Abstract
Ovarian cancer (OvCa), a lethal gynecological malignancy, disseminates to the peritoneum. Mesothelial cells
(MCs) act as barriers in the abdominal cavity, preventing the adhesion of cancer cells. However, in patients
with OvCa, they are transformed into cancer-associated mesothelial cells (CAMs) via mesenchymal transition
and form a favorable microenvironment for tumors to promote metastasis. However, attempts for restoring
CAMs to their original state have been limited. Here, we investigated whether inhibition of mesenchymal transition and restoration of MCs by vitamin D suppressed the OvCa dissemination in vitro and in vivo. The effect
of vitamin D on the mutual association of MCs and OvCa cells was evaluated using in vitro coculture models
and in vivo using a xenograft model. Vitamin D restored the CAMs, and thrombospondin-1 (component of the
extracellular matrix that is clinically associated with poor prognosis and is highly expressed in peritoneally
metastasized OvCa) was found to promote OvCa cell adhesion and proliferation. Mechanistically, TGF-b1
secreted from OvCa cells enhanced thrombospondin-1 expression in CAMs via Smad-dependent TGF-b signaling. Vitamin D inhibited mesenchymal transition in MCs and suppressed thrombospondin-1 expression via
vitamin D receptor/Smad3 competition, contributing to the marked reduction in peritoneal dissemination in
vivo. Importantly, vitamin D restored CAMs from a stabilized mesenchymal state to the epithelial state and
normalized thrombospondin-1 expression in preclinical models that mimic cancerous peritonitis in vivo. MCs
are key players in OvCa dissemination and peritoneal restoration and normalization of thrombospondin-1
expression by vitamin D may be a novel strategy for preventing OvCa dissemination.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

0945-053X/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Matrix Biology. (2022) 109, 7090

Peritoneal restoration by repurposing vitamin D inhibits ovarian cancer

Introduction
Among gynecological cancers, ovarian cancer
(OvCa) is associated with the highest mortality rate,
as most patients are diagnosed at an advanced
stage with peritoneal dissemination [1]. Unlike other
cancers that tend to metastasize to solid organs
such as the lungs and liver, OvCa is more likely to
cause peritoneal dissemination and rarely metastasizes hematogenously, as the ovary is directly
exposed to the abdominal cavity [2]. Complete
resection of peritoneal dissemination is difficult, as it
forms numerous metastases in the peritoneum,
omentum, mesentery, and diaphragm. Therefore,
for achieving complete remission, physicians rely on
chemotherapy, mainly using anticancer drugs (e.g.,
cisplatin and paclitaxel). However, even though
recently developed novel agents such as molecular
targeted drugs prolong progression-free survival,
they do not prolong overall survival [3,4], and effective treatment for peritoneal dissemination of OvCa
has not yet been established.
It is believed that controlling peritoneal dissemination may play an important role in improving the
refractory nature of OvCa. However, the mechanism
underlying dissemination and adhesion of metastasized cancer cells must be understood to control
peritoneal dissemination. Soon after OvCa cells
detach from the primary site, they are carried by
ascites to secondary implantation sites, including
the peritoneal wall, diaphragm, mesentery, and
omentum, which are the most common sites of
OvCa metastasis. These sites are covered with
mesothelial cells (MCs) in a monolayer, which protect internal organs from pathogens and cancer cells
[5]. Many studies, including ours, have suggested
that MCs play cancer-promoting functions in the
tumor microenvironment [6,7].
Many other non-cancer cells help cancer cells survive, metastasize, and grow. Cancer-associated
fibroblasts (CAFs) are well-known tumor-promoting
cells present in the tumor stroma [8]. They are the
most abundant cellular component of the tumor
stroma and produce various factors that promote the
growth of cancer cells. Recent studies have reported
that in addition to fibroblasts, CAFs originate from
various cells, including MCs [9]. In our previous
study, we confirmed the presence of many MCderived CAFs in the stroma of peritoneally disseminated OvCa [7]. During the peritoneal dissemination,
MCs are transformed to a mesenchymal state via a
process called epithelial-mesenchymal transition
(EMT) induced by TGF-b1 secreted by cancer cells.
Thus, EMT-induced MCs are called cancer-associated mesothelial cells (CAMs), and are an important
cellular component of the tumor microenvironment
that facilitates OvCa progression [6,10].
We have shown that CAMs promote OvCa cell
adhesion and proliferation by decreasing the
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expression of the miR200 family [11], enhancing
angiogenesis by secreting VEGF [12], and migration
and invasion of OvCa cells by secreting CCL2 [13],
IL-8, and CXCL5 [14]. In addition, CAMs contribute
to resistance to platinum-based chemotherapies,
key drugs used for treating OvCa, by increasing
fibronectin secretion [7]. Other groups have also
reported that CAMs play a tumor-promoting role in
gastric [15], pancreatic [16], and colorectal cancers
[17], by modifying the normal stroma to tumor-promoting stroma. Therefore, we believe that inhibiting
the activities of CAMs is a worthwhile option for the
treatment of OvCa.
Vitamin D binds to the vitamin D receptor (VDR)
and plays a key role in calcium homeostasis and
bone metabolism via non-genomic pathways [18].
VDR also acts as a transcription factor and regulates
the expression of various genes. Clinically, VDR
overexpression is associated with favorable prognosis in various carcinomas. For example, in patients
with colorectal cancer, higher VDR expression in
tumor and stromal cells, is associated with better
prognosis [19]. Moreover, vitamin D replacement
therapy reduces cancer-related mortality [20]. Functionally, vitamin D inhibits cell cycle, proliferation,
and angiogenesis [21]. Vitamin D also enhances the
therapeutic effect of pancreatic cancer by reprogramming the stroma [22]. Therefore, we hypothesized that restoration of cancer-associated MCs
(CAMs) by administering vitamin D may be a new
strategy for treating peritoneal dissemination that
can simultaneously target cancer cells and tumor
stroma, including MCs. Significantly, no study has
investigated the clinical potential of MCs as therapeutic targets so far.
To determine whether vitamin D exerted an antitumor effect by inhibiting EMT in MCs, the adhesion
and proliferation properties of OvCa cells on the
mesothelial monolayer were evaluated. Furthermore, the mechanisms and key molecules underlying vitamin D-mediated suppression of cancer
dissemination were investigated. We also analyzed
vitamin D-induced mesenchymal-epithelial transition
(MET) and normalization of MCs using preclinical
models that mimic the peritoneum of patients with
advanced OvCa.

Results
MCs express VDR in peritoneal dissemination
sites
Our previous studies have shown that MCs promote cancer cell invasion [7] and that OvCa cells
induce apoptosis in MCs, disrupting its barrier function [23]. Here, we investigated whether vitamin D
can maintain the integrity of the mesothelial layer.
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To test this hypothesis, we checked whether MCs or
CAMs expressed VDR.
First, we performed immunohistochemistry (IHC)
with calretinin, a specific marker of MCs, to confirm
the localization of MCs in omental metastasis, the
most common metastatic site of OvCa (Fig. 1A and
1 B). MCs lining the peritoneal surface were positive
for calretinin (Fig. 1B, black arrowheads). Moreover,
in the region where cancer cells had invaded the
omentum (Fig. 1B, red arrowheads), many calretinin-positive MCs (Fig. 1B, black arrows) infiltrated
the omentum with cancer cells (black arrows), while
no calretinin-positive MCs in the OvCa primary site
were observed (Fig. S1A). Second, we examined
the existence of VDR in MCs. MCs lining the surface
of the omentum were positive for VDR (Fig. 1C). The
stroma within the omental metastasis also contained
many VDR-positive MCs (Fig. 1D). Surprisingly,
tumor cells were VDR-negative in most cases
(Fig. 1E, P < 0.05). We have previously reported the
presence of EMT-induced MCs, which are called
CAMs, within OvCa peritoneal dissemination using
IHC of serial sections. To confirm that MCs express
VDR, we performed multiplex IHC for VDR and calretinin (Fig. 1F). Calretinin-positive cells also
expressed the VDR (70.8§11.2%, Fig. 1G).
Although MCs did not originally express a-smooth
muscle actin (SMA), they, as well as MCs lining the
surface of the omentum (Fig. S1B), expressed it in a
mesenchymal state (Fig. 1C and 1F). This result
was consistent with those of our previous report [7].
Data from a public microarray database revealed
that VDR expression level was a significant prognostic factor in patients with OvCa. The hazard ratio
of VDR expression was 0.75 in all stages (n = 1,207,
P = 0.0013) and 0.75 in stage III (n = 876,
P = 0.0056) (Fig. 1H and 1I). Furthermore, we found
that the expression of VDR in stromal cells was
higher than that in cancer cells (Fig. 1E and Fig.
S1C). These results suggested that high VDR
expression in the stroma, including in MCs, was
associated with better prognosis in patients with
OvCa. Therefore, we hypothesized that vitamin D
can be a good candidate for developing a new treatment for OvCa, which will involve modification of
MCs and the tumor microenvironment in peritoneal
dissemination.
Vitamin D inhibited epithelial to mesenchymal
transition induced by TGF-b1
We have earlier demonstrated that malignant
ascites of OvCa induced EMT in MCs, and that
TGF-b1 is the principal inducer of EMT in MCs [7].
OvCa cell lines secrete TGF-b1 [24] and TGF-b1 is
overexpressed during omental metastasis [25].
Hence, we investigated the effect of vitamin D on
MCs in the presence of TGF-b1 in vitro. Although
MCs are originally bound to each other by tight

junctions and form a monolayer of cobblestone-like
structure, TGF-b1 stimulation drastically changed
their morphology to an elongated spindle shape
(Fig. 2A), as reported previously [7]. In contrast, the
simultaneous addition of vitamin D and TGF-b1 partially maintained the original morphology. Immunofluorescence revealed that TGF-b1-stimulated MCs
expressed low levels of E-cadherin and high levels
of actin stress fibers in the cytoplasm, which was
reversed by the addition of vitamin D. Western blot
analysis (Figure 2, B and C) demonstrated that Ecadherin expression was drastically reduced to 8.7§
0.7% of its original level after TGF-b1 stimulation (P
< 1 £ 106), which was alleviated to 43.6§11.0% of
its original level after the addition of vitamin D (P <
0.05). Furthermore, aSMA expression increased to
236.0§90.0% of the original level after TGF-b1 stimulation, but decreased to 115.5§30.4% of the original level after the addition of vitamin D. aSMA
expression in TGF-b1-stimulated and vitamin Dtreated MCs did not differ significantly (Fig. 2C,
P = 0.27) due to variation among clinical samples.
aSMA expression is known to increase in a scaffolddependent manner in stromal cells such as fibroblasts [26,27]. Therefore, we used collagen gel to
remove the effects of scaffold stiffness. aSMA
expression increased to 204% of its original expression level after TGF-b1 stimulation (P < 0.05), but
did not increase after the addition of vitamin D (P <
0.05, Fig. S1D). Furthermore, we investigated the
repression of other EMT markers by vitamin D using
quantitative reverse-transcription PCR (qRT-PCR).
The results demonstrated that vitamin D mitigated
the TGF-b1 stimulation-induced increase in EMT
marker levels, such as N-cadherin, MMP2, MMP9,
and Slug (Fig. 2D). These data suggested that vitamin D attenuated TGF-b1-induced EMT in MCs by
altering the morphology and expression of EMT
markers.
MCs have numerous microvilli on their surface [5].
We have previously shown that TGF-b1 secreted
from OvCa can damage the microvilli of MCs in vivo
[7]. Therefore, here we performed scanning electron
microscopy (SEM) to investigate the effect of vitamin
D on the microstructure of MCs in vitro. Vitamin D
maintained the microvilli of MCs in their original
state, even in the presence of TGF-b1 (Fig. 2E).
This suggests that vitamin D may alleviate the adhesion of tumor cells to MCs by preventing the loss of
microvilli after TGF-b1 treatment.
Vitamin D downregulated the expression of EMTand focal adhesion-related genes
Vitamin D inhibits EMT in MCs by modulating the
oxidative stress and the NLRP3 inflammasome [28],
and by regulating histone deacetylase 3 (HDAC3)
and VDR via Wnt/b-catenin signaling [29]. However,
transcriptome analysis following vitamin D treatment
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Figure 1. VDR positive fibroblasts derived from MCs are present in peritoneal dissemination of OvCa.
(A) Representative image of computed tomography in patients with OvCa omental metastasis. The closed area highlights omental metastasis. (B) H&E staining and IHC for calretinin (purple) in the omental metastasis of patients. Black
arrowheads, normal MCs in a monolayer; red arrow heads, OvCa cells; arrows, infiltration of MCs. Scale bars, 100 mm.
The IHC image is adjusted with tone curve. (C) IHC for calretinin, aSMA, and VDR in the peritoneal surface of a patient
with stage Ⅲ OvCa. Scale bar, 20 mm. (D) H&E staining and IHC for VDR in the peritoneal dissemination of OvCa. Black
arrowheads represent VDR-positive fibroblastic cells surrounding tumor cells (red arrowheads). Scale bars, 100 mm. (E)
Quantitative analysis of the VDR positive cells from IHC images (P < 0.05). The number of VDR positive stromal cells
and tumor cells were counted from 10 images that were randomly selected per case. *P < 0.05. Pairwise two-tailed t-test;
n =10 patients. (F) Using multiplex IHC, the mesothelial marker; calretinin (purple), myofibroblast marker; aSMA (teal
green), VDR (yellow) were positively identified on same fibroblastic cells in peritoneal dissemination of OvCa. Scale bars,
50 mm. (G) VDR positivity rate of calretinin-positive cells. n = 3. (H and I) KaplanMeier analysis for the probability of overall survival (OS) in patients with OvCa according to the expression of VDR. Hazard ratios (HRs) and P-values (log-rank P)
are shown for each survival analysis. OvCa: ovarian cancer, VDR: vitamin D receptor, MCs: mesothelial cells, IHC:
immunohistochemistry.
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Figure 2. Vitamin D inhibited epithelial to mesenchymal transition induced by TGF-b1
(A) Representative images of phase contrast microscopy and immunofluorescence of MCs treated with vehicle
(DMSO; Ctrl), TGF-b1 (10 ng/ml) þ vehicle, vitamin D (10 mM), and TGF-b1 þ vitamin D for 72 h. Immunofluorescence
for E-cadherin (green), F-actin (green), and calretinin (magenta) with nuclear DAPI staining (blue). Scale bars, 50 mm.
n = 3. (B) Western blot analysis of EMT markers in MCs treated with (þ) or without (-) TGF-b1 and with (þ) or without (-)
vitamin D. (C) The intensity of the bands was measured using the ImageJ software. The background intensity was subtracted from all samples and corrected using GAPDH. *P < 0.05, NS: P = 0.27. Pairwise two-tailed t-test; n = 3. (D) Realtime PCR of EMT markers in MCs treated with TGF-b1 þ vehicle or TGF-b1 þ vitamin D. *P < 0.05, **P < 0.01, unpaired,
two-tailed Student’s t-test; n = 3. (E) Representative SEM images of MCs treated with vehicle (DMSO; Ctrl), TGFb1 þ vehicle, vitamin D and TGF-b1 þ vitamin D. n = 2. The surface of the MCs was covered with numerous microvilli.
Scale bars, 5 mm (upper three images: £ 500; lower three images: £ 5,000). Error bars indicate the meanþSEM. MCs:
mesothelial cells, VD: vitamin D, VDR: vitamin D receptor, EMT: epithelial-mesenchymal transition, SEM: scanning electron microscope.

is lacking. Therefore, to identify key molecules
involved in mediating the effects of vitamin D on
MCs, we comprehensively examined the transcriptome (total RNA) of TGF-b1-stimulated MCs with or
without vitamin D treatment using RNA sequencing
analyses (Fig. 3A). As shown in the heat map, genes
were differentially expressed among the TGF-b1stimulated-MCs treated with or without vitamin D
(Fig. 3B and 3C). Gene set enrichment analysis
(GSEA) was performed to examine the effect of vitamin D on MCs and showed that the most significant
hallmark gene set enriched in MCs stimulated with
TGF-b1 alone was involved in signaling pathways of
EMT, TGF-b, and PI3K-Akt-mTOR (Fig. 3D, Fig. S2
and S3).

Furthermore, pathway analysis revealed that vitamin D was markedly involved in focal adhesion and
EMT pathways (Fig. 3E and Fig. S4A). Gene Ontology analysis highlighted a strong association
between extracellular matrix (ECM) organization
and cell adhesion (Fig. 3F). We have previously
reported that TGF-b1 secreted from OvCa cells
induces EMT in MCs and promotes cell adhesion to
the peritoneum [11]. Therefore, we performed RNA
sequencing analysis of non-stimulated and TGF-b1stimulated MCs. Our results showed that the genes
related to focal adhesion, such as ITGA11, FN1, and
THBS1, in TGF-b1-stimulated MCs were significantly upregulated compared to those in non-stimulated MCs, which confirmed our previous results of
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Figure 3. THBS1 is the key ECM protein for adhesion whose expression is downregulated by vitamin D.
(A) Schematic protocol for gene expression analysis in TGF-b1 (10 ng/ml) -stimulated MCs treated with vehicle
(DMSO) or vitamin D (10 mM) for 72 h. (B) Heat map depicting 549 differentially expressed genes (change > two-fold, P
< 0.05) in TGF-b1-stimulated MCs treated with or without vitamin D. (C) Principal component analysis (PCA) map illustrating similarities in gene expression between each sample group. (D) Gene Set Enrichment Analysis (GSEA) in TGFb1-stimulated MCs without vitamin D compared to those cultured with vitamin D. NES: Normalized enrichment score. (E)
Pathway analysis was performed with significantly differentially expressed genes in MCs stimulated by TGF-b1 with or
without vitamin D. (F) Gene Ontology (GO) analysis was performed with proteins that were coded by significantly differentially expressed genes in MCs stimulated by TGF-b1 with or without vitamin D. (G) Volcano plot of 7,864 identified genes
encoding proteins. The colored dots show each pathway related genes, which were significantly differentially expressed;
green dots show focal adhesion related genes, purple dots show TGF-b pathway related genes, and orange dots show
both pathway related genes. (H) List of 13 genes whose differential expression changed significantly and were involved in
either the focal adhesion or TGF-b pathway, indicating the specific fold-change and P -value for each gene. (I) Interactome analysis was performed using the 13 genes shown in Figure 3H showing significant changes on expression levels
in MCs stimulated by TGF-b1 with or without vitamin D. MCs: mesothelial cells, VD: vitamin D, EMT: epithelial-mesenchymal transition, THBS1: thrombospondin-1.

microarray analysis (Fig. S4, BF) [7]. Although
cancer cell adhesion to MCs has been reported to
be enhanced by fibronectin (encoded by FN1)
secreted by MCs [24], the inhibitory effect of vitamin
D on FN1 was not significant (1.9-fold change, data
not shown). To identify the key molecule involved in
the focal adhesion of MCs, we focused on the ECM
protein, thrombospondin-1(THBS1), as it was highly
upregulated (27.90-fold change from the non-stimulated MCs) in TGF-b1-stimulated MCs and was the
most downregulated gene (14.53-fold change from
the TGF-b1-stimulated MCs) related to focal

adhesion after vitamin D treatment (Fig. 3G and 3H,
Fig. S4B and S4GH). The changes in THBS1
expression in the RNA sequence analyses were validated using qRT-PCR with independent sample
sets (Fig. S4I) and confirmed using interactome
analysis. We speculated that THBS1 acts as an
effector in both the focal adhesion pathway and
TGF-b pathways (Fig. 3I and Fig. S5). To determine
its clinical significance, we examined THBS1
expression in patients with OvCa. THBS1 expression level was 1.66 times higher in stage IIIC than
that in stage I in 541 samples and was significantly
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higher in omental metastasis than that in primary
sites in 18 matched samples from 9 patients
(P = 0.012) in The Cancer Genome Atlas database
(TCGA, Fig. S6A and S6B) [30]. Furthermore, using
a public database, Kaplan-Meier analysis of 1,207
patients with OvCa indicated that THBS1 was a
poor prognostic factor for overall survival (HR, 1.35;
log-rank test, P = 0.0018; Fig. S6C). Although these
data did not show the expression level of THBS1 in
MCs alone, they supported our hypothesis that
THBS1 plays an important role in OvCa, particularly
in peritoneal dissemination, as MCs are involved in
this process.
Vitamin D inhibited adhesion and proliferation of
OvCa cells enhanced by TGF-b1-stimulated MCs
Our RNA sequencing analyses demonstrated that
vitamin D was involved in ECM organization and
focal cell adhesion. Hence, we hypothesized that an
increase in THBS1 expression in MCs may promote
OvCa cell adhesion to the peritoneum and that vitamin D exerts an adhesive inhibitory effect on MCs
via suppressing THBS1 expression. To verify this
hypothesis, we investigated the effects of vitamin D
on OvCa cell adhesion to MCs. In MCs, EMT was
induced by 72h TGF-b1 stimulation (Fig. 4A). Consistent with the results of RNA sequencing, THBS1
expression in TGF-b1-stimulated MCs was significantly upregulated (79.0-fold change, P < 0.0001),
which was significantly suppressed by the addition
of vitamin D (2.5-fold change, Fig. 4BD). The
expression pattern of THBS1 in ECM extracted from
MCs following induction by TGF-b1 and vitamin D
treatment was comparable to that in the whole cell
lysate (Fig. S7A). To determine whether THBS1
from OvCa cells affects the adhesion of OvCa cells
to MCs, we examined the expression of THBS1 in
OvCa cells. TGF-b1-stimulated MCs overexpressed
THBS1 compared to the OvCa cell lines (46.1-fold
of ES-2 and 78.0-fold of HEY, Fig. S7B). As reported
[11], TGF-b1-stimulated MCs enhanced the adhesive and proliferative properties of OvCa cells when
co-cultured on their monolayer. However, vitamin D
inhibited both adhesive (Fig. 4E and 4F) and proliferative (Fig. 4G and 4H) properties of OvCa cells in a
concentration-dependent manner. These results
were replicated in other OvCa cell lines (Fig. S7C).
Moreover, we have previously reported that CAM
invasion precedes OvCa cell invasion during peritoneal dissemination [31]. Therefore, we investigated
alternations of invasive properties of MCs by TGFb1 stimulation and vitamin D treatment. Vitamin D
suppressed the invasive property of MCs (P <
0.05), which was enhanced by TGF-b1 stimulation
(P < 0.01, Fig. S7D). Furthermore, TGF-b signaling
reportedly induces apoptosis in proximal tubular
cells in acute kidney injury [32]. Hence, we evaluated whether TGF-b1 stimulation can induce

apoptosis in MCs. TGF-b1 stimulation induced apoptosis in MCs, while the simultaneous addition of
vitamin D alleviated TGF-b1-induced apoptosis (Fig.
S7E).
To further investigate the effect of vitamin D on
adhesion under more natural conditions, we performed ex vivo experiments using human omental
tissues. We co-cultured OvCa cells on full human
omental tissue without metastasis, which was pretreated with TGF-b1 or TGF-b1 þ vitamin D
(Fig. 4I), and assessed the number of adhesive
OvCa cells. Human omental tissue pre-treated with
TGF-b1 enhanced adhesive properties of OvCa
cells. In contrast, OvCa cells adhered less to human
omental tissue pretreated with TGF-b1 þ vitamin D
(Fig. 4J and 4K). This clearly demonstrated that vitamin D attenuated the adhesion and proliferation of
OvCa cells, which was enhanced by co-culture with
TGF-b1-stimulated MCs.
To confirm whether THBS1 plays an important
role in the interaction between MCs and cancer
cells, we examined the effect of siRNA suppression
of THBS1 alone on the interaction. Twenty-four
hours after transfecting the siRNA targeting THBS1,
MCs were stimulated with or without TGF-b1 for 24
h (Fig. 4L and 4M). THBS1 knockdown significantly
reduced the adhesion of OvCa cells on the monolayer of TGF-b1-stimulated MCs (CAMs, P < 0.001,
Fig. 4N). To determine whether THBS1 itself was
able to promote OvCa cell adhesion on the mesothelial layer, MCs were treated with THBS1 for 5 h
(Fig. 4O). THBS1 enhanced adhesive property of
OvCa cells in a concentration-dependent manner
(Fig. 4P and S7F).
Next, we examined the molecular mechanism
underlying vitamin D-mediated suppression of
THBS1. TGF-b signaling is initiated upon ligand
binding to a complex of TGF-b receptors expressed
on the cell surface, which then activates the signaling effectors, Smad2 and Smad3, via phosphorylation [33]. Activated Smad2/3 forms complexes with
Smad4 and regulates target gene expression by
binding to DNA as a transcription factor. Vitamin D
can inhibit the phosphorylation of Smad3 via VDR
[34]; however, the significance of this inhibition
remains controversial [35]. Hence, we examined
whether the addition of vitamin D inhibited Smad3
phosphorylation, which was enhanced by TGF-b1 in
MCs. The Smad3 phosphorylation level in MCs was
slightly reduced by the simultaneous addition of vitamin D, although it was not statistically significant
(Fig. S7G).
Furthermore, VDR antagonizes Smad3 and inhibits collagen production and liver fibrosis in HSCs
[35]. Therefore, we performed ChIP-PCR to determine whether VDR competes with Smad3 in MCs.
We found that vitamin D treatment inhibited TGFb1-induced-binding of Smad3 to the promoter region
of THBS1. In contrast, TGF-b1 exposure inhibited
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Figure 4. Vitamin D inhibited adhesion and proliferation of OvCa cells by suppressing of THBS1 via VDR/Smad3
competition.
(A) Schematic showing the protocol used for investigating the effect of vitamin D addition on TGF-b1-stimulation to
MCs. (B) Representative immunofluorescence of MCs treated with vehicle (DMSO; Ctrl), TGF-b1 (10 ng/ml) þ vehicle,
and TGF-b1 þ vitamin D (10 mM) for 72 h. Immunofluorescence for THBS1 (magenta) and calretinin (green) with nuclear
DAPI staining (blue). Scale bars, 50 mm. n = 3. (C and D) TGF-b1 increases THBS1 expression, which is alleviated by
vitamin D (10 mM). Results of representative western blotting and real-time PCR. n = 3. (E) Representative images of
GFP-labeled ES-2 cells adhering to treated MCs. Scale bars, 100 mm. (F) Results of luciferase activity measurements
representing cancer cells adhering to treated MCs. n = 3. (G) Representative images of GFP-labeled ES-2 cells, which
proliferated on treated MCs. Scale bars, 100 mm. n = 3. (H) Results of luciferase activity measurements representing cancer cells which proliferated on treated MCs. n = 3. (I) Schematic protocol to investigate the effect of vitamin D addition on
TGF-b1-stimulation of human omental tissues without malignant tumor. (J) Representative images of GFP-labeled ES-2
cells adhering to omental tissues treated as in Figure 4I. Scale bars, 500 mm. n = 3. (K) Results of luciferase activity measurements representing cancer cells adhering to treated omentum. (L) Schematic protocol showing siRNA suppression to
investigate the effect of THBS1 in the interaction between CAMs and cancer cells. (M) Relative expression levels of
THBS1 mRNA in CAMs after siRNA treatment and representative western blot showing THBS1 expression. n = 3. (N)
Representative images of GFP-labeled ES-2 cells adhering to treated CAMs. Scale bars, 100 mm. n = 3. Luciferase
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vitamin D-induced binding of VDR to the promoter
region of THBS1 (Fig. 4Q). These findings suggest
that VDR competes with Smad3 binding to the promoter region of THBS1, suppressing THBS1 transcription. Thus, vitamin D suppresses THBS1
expression in MCs by inhibiting Smad3-binding to
DNA, thereby suppressing OvCa cell adhesion to
MCs.
Vitamin D restored MCs from mesenchymal to
epithelial-like state
MCs have been reported to be in the mesenchymal state during peritoneal repair and return to an
epithelial-like state after the intact peritoneum is
regenerated [36,37]. Thus, EMT in MCs is believed
to be reversible. In contrast, chronic TGF-b1 stimulation stabilizes the mesenchymal state in breast
cancer cells [33]. Peritoneal MCs of patients with
advanced OvCa are expected to be in a stable fixed
mesenchymal state after chronic TGF-b1 stimulation
from OvCa cells. IHC can be performed on clinical
samples to confirm whether peritoneal MCs are in
the mesenchymal state (Fig. 1C), although whether
they are in a fixed mesenchymal state is difficult to
ascertain. To address this issue, we conducted in
vitro experiments using a tumoroid model established from omental metastatic tissues of patients
with OvCa, which mimics the intra-abdominal environment of patients with OvCa (Fig. 5A).
Immunofluorescence of the tumoroid showed a
mixture of calretinin-positive MCs and EpCAM-positive cancer cells surrounded by MCs (Fig. 5B). MCs
from the omental metastatic tumoroid assumed a
spindle shape in the mesenchymal state. Even after
repeated removal of the supernatant, which was
expected to contain TGF-b1, these MCs maintained
the spindle shape with a higher aspect ratio of 5.3§
0.3 for any duration of time (Fig. 5B and 5D). The
tumor-promoting microenvironment can be changed
to a tumor-suppressive state if vitamin D can reverse
the fixed mesenchymal state of MCs to the epithelial
state in the peritoneal environment. Thus, vitamin D
may be an effective treatment option for advanced
OvCa. We investigated if vitamin D could induce
mesenchymal-epithelial transition (MET) in MCs.
After vitamin D treatment, MCs returned to an epithelial-like state with a cobblestone appearance and
low aspect ratio of 1.4§0.1 (Fig. 5B and 5D). Moreover, immunofluorescence of the tumoroid showed

that addition of vitamin D increased E-cadherin level
and decreased actin stress fiber and THBS1 expression in MCs (Fig. 5C). These results indicated that
vitamin D can partially reverse the stabilized mesenchymal state of MCs, in which MET cannot be
induced spontaneously or independently to an epithelial-like state. Surprisingly, vitamin D induced
MET in MCs, even in the presence of cancer cells
(Fig. 5B). These results suggested that it may be a
good candidate to improve peritoneal environment
in patients with advanced or recurrent OvCa who
have residual peritoneal dissemination and the peritoneal MCs of whom are exposed to TGF-b1. Furthermore, to confirm whether THBS1 expression
was altered by MET, we performed flow cytometry to
sort MCs, excluding endothelial cells and cancer
cells using CD31 and EpCAM markers, respectively
(Fig. 5E). We confirmed that the mRNA levels of
THBS1 and MMP9 in the epithelial-like state were
significantly lower than those in MCs (P < 0.0001,
Fig. 5F).
We next examined how gene expression levels
related to EMT and THBS1 were altered during EMT
and MET induced by vitamin D. MCs isolated from
human omental tissue without metastasis were stimulated for 5 d with TGF-b1 (long exposure) to obtain
a fixed mesenchymal state. The supernatant was
removed and cells were washed thoroughly, followed by the addition of vitamin D (Fig. 5G). The
morphology of MCs changed from a spindle shape
(aspect ratio of 4.3§0.3) to a cobblestone appearance (aspect ratio of 1.6§0.2, Fig. 5H and 5I). The
results of the qRT-PCR showed that the removal of
TGF-b1 alone did not decrease expression levels of
EMT markers such as N-cadherin, Snail, Slug,
MMP2, and MMP9. Furthermore, the removal of
TGF-b1 alone did not decrease aSMA expression
and restore E-cadherin expression (Fig. S8A).
These results supported that MCs exposed to TGFb1 for long periods of time cannot induce MET, even
after the removal of TGF-b1. In contrast, the addition
of vitamin D significantly decreased the expression
of EMT markers (for example, Snail: P < 0.001,
Fig. 5J; the other markers shown in Fig. S8B). Consequently, we performed western blot analysis to
examine MET-related changes in the expression of
THBS1 (Fig. 5K). The expression level of THBS1
increased markedly when MCs were stimulated with
TGF-b1 for 10 d and remained high (26.1-fold of its
original expression level shown as Ctrl, P < 0.05)

activity of the attached cells was measured. (O) Schematic protocol to investigate the effect of recombinant human
THBS1 (rhTHBS1) on cancer cell adhesion to MCs. (P) Adhesive GFP expressing cancer cells were quantitatively evaluated using a fluorescence microscope. n = 3. (Q) ChIP-qPCR at THBS1 regulatory region #1 co-bound by VDR and
Smad3 in treated MCs. n = 3. In all experiments, the vitamin D control group was administered an equivalent amount of
vehicle (DMSO). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired, two-tailed Student’s t-test. Error bars in
all data indicate mean§SEM. MCs: mesothelial cells, VD: vitamin D, CAMs: cancer-associated mesothelial cells, THBS1:
thrombospondin-1.
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Figure 5. Vitamin D restored TGF-b1-induced EMT and THBS1 expression in MCs.
(A) Omental metastasis tumoroids were established from OvCa tissues. (B) Phase-contrast images of tumoroids at 5
and 15 days after culture initiation. The tumoroids were treated with vehicle (DMSO; Ctrl) or vitamin D (10 mM) for 10 d. T:
tumor cells, scale bars, 50 mm. Representative immunofluorescence on day 5 for EpCAM (magenta) and calretinin(green)
along with nuclear DAPI staining (blue) without addition of vitamin D. Scale bars, 50 mm. n = 3. (C) Representative immunofluorescence for calretinin (green), E-cadherin (magenta), F-actin (green), and THBS1 (magenta) with nuclear DAPI
staining (blue) on day 15 with addition of vehicle (DMSO; Ctrl) or vitamin D (10 mM). Scale bars, 50 mm. n = 3. (D) Measurements of the aspect ratio (longest axis/perpendicular axis). n = 10. (E) Flow cytometry schematic protocol for sorting
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even after the removal of TGF-b1. However, when
vitamin D was added after the removal of TGF-bl,
THBS1 expression was markedly reduced (up to
0.22-fold of its remaining high expression level, P <
0.05). The addition of a TGF-b receptor inhibitor
(TGFb-RI) also decreased THBS1 expression
(0.10-fold of its remaining high expression level, P <
0.05). These data indicated that TGF-b1-simulated
MCs (CAMs) maintained high expression of THBS1
via an autocrine mechanism involving TGF-bl.
Taken together, vitamin D can induce MET in MCs
in a fixed mesenchymal state, even in the presence
of cancer cells, and normalize THBS1 expression.
Vitamin D maintained the epithelial-like state of
MCs and suppressed peritoneal metastasis of
OvCa
To confirm whether these observations also occur
in vivo, we used a mouse model of peritoneal dissemination. First, to evaluate the effect of TGF-b1
with or without vitamin D on the peritoneal surface of
mice, vehicle, TGF-b1 þ vehicle, or TGFb1 þ vitamin D were intraperitoneally injected into
the abdominal cavity of mice once a day for 3 d
(Fig. 6A). We evaluated morphological differences
and THBS1 expression level on the surface of the
peritoneum. Western blot analysis revealed that
THBS1 expression level on the peritoneal surface
was lower in mice treated with TGF-b1 þ vitamin D
than in those treated with TGF-b1 alone (Fig. 6B).
These results were confirmed by immunofluorescence analysis of the mouse peritoneum (Fig. 6C,
Fig. S9A). We then examined the microstructure of
the peritoneum using SEM. Similar to the human
peritoneum (Fig. S9B and S9C), the peritoneal surface of the control mice was covered with numerous
microvilli. While mice intraperitoneally injected with
TGF-b1 lost considerable amount of their microvilli,
mice treated with TGF-b1 þ vitamin D retained their
microvilli (Fig. 6D). Quantitative analysis showed
that the area of defective microvilli was significantly
lower with TGF-b1 þ vitamin D than that with TGFb1 alone (P < 0.001, Fig. 6E).
We next investigated whether vitamin D inhibited
peritoneal dissemination of OvCa by suppressing
THBS1 expression and protecting microvilli on the
abdominal wall. We intraperitoneally injected

fluorescently labeled human OvCa cells, named ES2 cells, into mice after stimulation with either TGFb1 þ vehicle or TGF-b1 þ vitamin D (Fig. 6F). Using
this experimental model, we could observe metastatic OvCa cells on the peritoneal surface using stereoscopic microscopy. Peritoneal dissemination of
OvCa cells in mice treated with TGF-b1 þ vitamin D
was lower than that in mice treated with TGF-b1
alone (Fig. 6G-I).
Finally, we assessed whether vitamin D can
restore the peritoneal environment in vivo. After
TGF-b1 stimulation for 3 d, vitamin D was administered for 5 d (Fig. 6J) and THBS1 expression on the
peritoneal surface was determined. Western blotting
and immunofluorescence analysis showed that
THBS1 expression on the peritoneal surface was
restored along with MET induction after vitamin D
treatment (Fig. 6K).
Taken together, vitamin D inhibited EMT in MCs
and protected microvilli on the peritoneum, thereby
preventing peritoneal dissemination. Mechanistically, vitamin D blocked pro-metastasis feedback
between TGF-b1 and THBS1 via VDR/Smad3 competition in TGF-b signaling (Fig. 6L). Furthermore,
vitamin D induced MET and normalized THBS1
expression in fixed mesenchymal MCs. These findings suggest that restoration of the peritoneal environment can be used for preventing OvCa
peritoneal dissemination (Fig. 6M).

Discussion
In this study, we showed that vitamin D inhibited
the TGF-b1-induced mesenchymal state of MCs to
suppress tumorigenesis, and identified THBS1 as a
key protein that enhanced adhesion and proliferation
of OvCa cells on CAMs. In vivo, vitamin D blocked
the interaction of CAMs with cancer cells by inhibiting Smad-dependent TGF-b signaling via VDRSmad3 competition, thereby suppressing peritoneal
dissemination. We also showed that vitamin D
restored the mesenchymal state fixation of CAMs
induced by chronic exposure to TGF-b1, which
involved an autocrine mechanism, and that vitamin
D-normalized CAMs reduced THBS1 secretion.
CAMs respond to TGF-b1 in an autocrine manner
[38], and therefore, prolonged exposure of MCs to
TGF-b1 results in a stabilized mesenchymal state.

MCs. (F) Real-time PCR to evaluate THBS1 and MMP9 expression in sorted MCs treated with or without vitamin D. n = 3.
(G) Schematic protocol for the detection of MET in TGF-b1-stimulated MCs. (H) Phase-contrast images of MCs isolated
from normal human omentum at 0, 5, and 12 d after the start of TGF-b1 stimulation. After TGF-b1 exposure for 5 d, MCs
were incubated with vehicle (DMSO; Ctrl) or vitamin D (5 mM) for 7 d. Scale bar, 100 mm. (I) Measurements of aspect ratio.
n = 10. (J) Representative real-time PCR results of EMT markers. n = 3. (K) Western blot analysis of THBS1 expression in
non-stimulated MCs and MCs treated with vehicle (DMSO; Ctrl), with the indicated concentration of vitamin D or TGFb-RI
for 7 d after EMT induction by TGF-b1-stimulation (1 ng/ml, 10 d). n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, unpaired, two-tailed Student’s t-test. Error bars indicate the mean§SEM. MCs: mesothelial cells, VD: vitamin D,
CAMs: cancer-associated mesothelial cells, THBS1: thrombospondin-1.
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Figure 6. Vitamin D protected peritoneal microvilli and decreased peritoneal dissemination in vivo.
(A) Schematic protocol used for in vivo mouse experiments for investigating the peritoneal protective effect of vitamin
D. (B and C) Western blot analysis and immunofluorescence for THBS1 (magenta) and F-actin (green) expression on the
mice peritoneal surface treated with vehicle (DMSO: Ctrl), TGF-b1 þ vehicle or TGF-b1 þ vitamin D. Scale bars, 100 mm.
(D) Representative SEM images of the peritoneal surface treated with vehicle (DMSO; Ctrl), TGF-b1 þ vehicle or TGFb1 þ vitamin D. n = 6. Scale bars, 5 mm. (E) Quantitative analysis of the damaged microvilli areas of SEM images using
the ImageJ software. n = 4. (F) Schematic protocol to confirm the reduction of OvCa cell adhesion to the peritoneum in
response to vitamin D treatment. (G) Representative images from fluorescence stereoscopic microscope of the mesenterium and omentum treated with TGF-b1 þ vehicle or TGF-b1 þ vitamin D. Scale bars, 1 mm. (H) The number of metastatic tumors (3 0.2 mm) were determined 2 d after injection. n = 3. (I) Peritoneal dissemination to the mesenterium was
evaluated using stereoscopic microscopy images using the ImageJ software. n = 4. (J) Schematic protocol to confirm the
peritoneal restoration effect of vitamin D. (K) Western blot analysis and immunofluorescence showing THBS1 expression
on the mice peritoneal surface treated with vehicle (DMSO; Ctrl) or vitamin D after TGF-b1 stimulation. Scale bars,
100 mm. (L) Model of the VDR suppression mechanism of THBS1 transcription in MCs. (M) Hypothetical model describing
the effect of vitamin D for plasticity of MCs in the tumor microenvironment during peritoneal dissemination of OvCa. *P <
0.05, ***P < 0.001, ****P < 0.0001, unpaired, two-tailed Student’s t-test. Error bars in all data indicate mean§SEM. MCs:
mesothelial cells, VD: vitamin D, VDR: vitamin D receptor, THBS1: thrombospondin-1, EMT: epithelial-mesenchymal transition, MET: mesenchymal-epithelial transition.
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In a preclinical model cultured from omental metastasis of patients with OvCa, MCs maintained their
mesenchymal state with low expression of E-cadherin and high expression of THBS1, which enhances cancer cell adhesion, even after repeated
removal of the supernatant. In particular, the addition of vitamin D induced MET partially in CAMs in
the stable mesenchymal state, restoring them to the
original state with epithelial-like properties, markedly
reducing THBS1 expression. These results imply
that the peritoneum of patients with OvCa, which is
susceptible to cancer cell adhesion due to THBS1
secretion, can be restored to the normal state that
prevents cancer cell adhesion and growth. Although
many studies have investigated EMT inhibition in
MCs, including those in the field of peritoneal dialysis, to the best of our knowledge, this is the first
report of successful MET induction in MCs, which is
an important step toward peritoneal restoration of
advanced OvCa. Recent studies have reported the
presence of CAMs in peritoneal dissemination of
gastric [15], colorectal, and pancreatic cancers [16].
Therefore, normalization of CAMs demonstrated in
this study can be used for the treatment of various
cancers.
We identified THBS1, secreted by CAMs, as a key
molecule that promoted the adhesion and proliferation of OvCa onto the peritoneum. We further
showed that vitamin D inhibited THBS1 secretion by
CAMs. THBS1 is an ECM protein that was first identified in platelets as an anti-angiogenic factor [39].
THBS1 mediates cancer cell adhesion via various
integrins and CD36 [40]. THBS1 also promotes
tumor invasion by stimulating the expression of
MMPs via integrin signaling [41]. Although THBS1
suppresses the growth of OvCa cells [42], no such
effect was observed in the OvCa cell lines used in
this study (Fig. S10A); moreover, TCGA database
supports our findings that THBS1 promotes OvCa
progression (Fig S6C). Furthermore, THBS1 acts as
a major regulator of TGF-b activation via directly
binding to the TGF-b1-LAP complex [43]. Furthermore, THBS1 promotes TGF-b1 secretion in MCs
(cell line: Met-5A) [44], while TGF-b1 promotes
THBS1 secretion in MCs, as shown in this study.
These observations raise the possibility of the existence of a positive feedback loop where active TGFb1 induces THBS-1 expression, which in turn further
activates TGF-b1. Our results provide evidence that
vitamin D-VDR can block the positive feedback loop
of TGF-b1-THBS1 that accelerates EMT and facilitates the formation of the tumor microenvironment,
thereby suppressing cancer progression.
Smad-dependent TGF-b signaling induces EMT
by stimulating the production of EMT master transcription factors such as Snail and ZEB1, which bind
to E-cadherin promoter regions and repress its transcription [45]. The results of ChIP-PCR suggested
that VDR competed with Smad and regulated EMT

by inhibiting Smad-dependent TGF-b signaling.
However, in vitamin D-induced MET induction in
MCs, Snail expression was reduced, and E-cadherin
expression was only partially restored, suggesting
that other pathways, such as PI3K/Akt, Hedgehog,
and NF-kB, were involved in EMT. Thus, inhibition
of other pathways may be necessary to achieve
complete MET, which warrants further investigation.
Vitamin D exhibits multiple functions, which may
exert favorable effects on MCs [21]. CAMs secrete
various pro-inflammatory cytokines, such as IL-8
and CCL2 [13]. Inflammation is a key mechanism of
ovarian cancer dissemination [46]. Vitamin D exerts
anti-inflammatory effects in hepatic stellate cells and
pancreatic stellate cells due to competition between
VDR and Smad [35,47]. Therefore, the anti-inflammatory effect of vitamin D may contribute to the suppression of peritoneal dissemination. As the
suppression of postoperative inflammation can
inhibit micrometastasis, intraperitoneal administration of vitamin D during debulking surgery may
inhibit peritoneal dissemination [48]. Furthermore,
CAMs contribute to the stemness of OvCa via CD44
by secreting osteopontin and development of platinum resistance of OvCa via PI3K/Akt signaling by
secreting FN1 [7,49]. Vitamin D can restore these
effects by normalizing the CAMs. In contrast, blocking of TGF-b signaling enhances the efficacy of
immune checkpoint inhibitors (ICIs) [50]. We have
shown that vitamin D decreases MMP9 secretion in
CAMs (Fig. 2D, 5F and 5J). PD-L1 cleavage by
MMP9 can desensitize tumors to anti PD-1 and
weaken the effect of ICIs [51]. Collectively, vitamin D
may exert a synergistic effect with ICIs by inhibiting
TGF-b signaling and suppressing MMP9. Thus, the
combination of vitamin D and chemotherapy may
enhance the therapeutic efficacy of OvCa.
Considering that vitamin D has been used clinically for many years and does not have any serious
side effects, it may be worthwhile to repurpose it as
an effective treatment for peritoneal dissemination of
OvCa. Most foods contain negligible amount of vitamin D, and therefore, humans depend on ultraviolet
(UV) radiation in sunlight to synthesize it in the skin.
However, several people develop vitamin D deficiency as they avoid sunlight due to concerns about
skin cancer risk or have dark skin that inhibits UV
absorption in skin [52]. Therefore, it is reasonable to
supplement human diet with vitamin D using drugs.
In this study, the TGF-b1 concentrations used for in
vitro and in vivo experiments were higher than the
generally used concentration (1-5 ng/ml) because
some patients with advanced OvCa have higher
TGF-b1 concentrations in their ascites (maximum
22.3 ng/ml), as reported by us earlier [7]. Thus, the
vitamin D concentration required to counteract the
increased TGF-b1 concentration needs to be higher
than the commonly used concentration of 0.1-1 mM
[28]. Hence, the dose of vitamin D used in vivo was
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50150-fold higher than that used in clinical trials for
cancer patients or treatment and prevention of vitamin D deficiency (2,000 IU/day) [53,54]. Furthermore, long-term administration of vitamin D (1,2004,000 IU/day for one year) has been effective in
improving the survival of lung and prostate cancer
patients [55,56]. Therefore, the dose of administered
vitamin D was higher than the clinical dose due to
the short duration of treatment (3-7 d). Based on
these reports and our observations, we believed that
long-term administration of lower doses of vitamin D
could be effective in advanced OvCa. Further studies are required to investigate the appropriate dose
and duration of vitamin D.
Taken together, our results highlight MCs as key
determinants of dissemination, and provide a possible mechanism for reducing peritoneal dissemination by inhibiting the interaction of OvCa cells and
MCs. We suggest that peritoneal restoration and
normalization of THBS-1 expression by repurposing
vitamin D may be a novel strategy for OvCa dissemination. Research on the tumor microenvironment is
fascinating, and it may soon reach the next step of
clinical application as therapeutics. We therefore
believe that these findings can improve the prognosis of patients with advanced OvCa.

Experimental procedures
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peritoneal MCs from different patients and repeated
these experiments multiple times.
Clinical samples
Primary human omental samples, including normal omentum or omental metastases, which were
confirmed pathologically, were collected from
patients with OvCa or ovarian borderline tumors. All
omental tissues were used on the day of surgery.
The human omental metastasis tissues were
washed with sterile PBS and minced into small
pieces. Minced tissue pieces were incubated on collagen-coated plates in RPMI-1640 media supplemented with 10% FBS and penicillin/streptomycin at
37°C with 5% CO2.
IHC
Histological samples were collected from patients
with OvCa (n = 40), in accordance with the guidelines established by the Ethics Committee of
Nagoya University. Sections from paraffin-embedded tissue blocks (4-mm thick) were probed with
anti-VDR (catalog 12550, Cell Signaling Technology
(CST), MA, USA, 1:100), anti-calretinin (catalog
ab702, 1:100), and anti-aSMA (catalog ab7817,
1:100) antibodies (Abcam, Cambridge, UK). A blocking buffer without a primary antibody was used as a
negative control.
Multiplex IHC

Cell cultures
ES-2 (RRID: CVCL_3509), HEY (RRID:
CVCL_0297) and OV90 (RRID: CVCL_3768),
SKOV3 (RRID: CVCL_0532), A2780 (RRID:
CVCL_0134), OVCAR3 (RRID: CVCL_0465),
CAOV3 (RRID: CVCL_0201) cell lines were maintained in RPMI-1640 medium supplemented with
10% FBS and penicillin/streptomycin. All cell lines
were obtained from ATCC and authenticated using
short tandem repeat profiling (BEX, Tokyo, Japan)
within the last 3 years. All the experiments were performed using mycoplasma-free cells. To generate
stable cell lines expressing GFP or luciferase, a
recombinant retrovirus was used as previously
described [11]. Human peritoneal MCs were isolated
[57], from the tumor-free omentum of patients with
malignant ovarian tumors. Peritoneal MCs were cultured on collagen-coated plates or collagen 1 gel
coated plates (3mg/ml, catalog KP-2100, KP-7600,
KP-8000, Nitta Gelatin, Osaka, Japan) in RPMI1640 media supplemented with 10% FBS and penicillin/streptomycin until confluence and then
exposed to TGF-b1 (10 ng/ml, catalog AF-100-21C,
Peprotech, NJ, USA) with vehicle (DMSO) or vitamin
D (calcitriol, 10 mM, catalog 71820, Cayman Chemical, MI, USA) in low-serum (1% FBS). We used

IHC assays were performed on a VENTANA
BenchMark Ultra automated staining instrument
(Ventana Medical Systems, AZ, USA), using VENTANA reagents, according to the manufacturer's
instructions. The antibodies used were anti-VDR
(catalog 12550, CST), anti-calretinin (catalog 7904467, Ventana), and anti-aSMA (catalog 760-2833,
Ventana). The chromogens Discovery ChromoMap
DAB (catalog 760159, Ventana), Discovery Yellow
(catalog 760239, Ventana), Discovery Purple (catalog 760229, Ventana) and Discovery Teal (catalog 760247, Ventana) were used for antigen
localization for VDR, calretinin, and aSMA, respectively.
Cell morphology and immunoﬂuorescence
analysis of MCs and patient-derived OvCa cells
MCs cultured with or without TGF-b1 (10 ng/ml)
with vehicle (DMSO) or vitamin D (10 mM) were incubated on glass coverslips for 72 h. After attachment,
the cells were fixed in 4% PFA in PBS, washed with
PBS and treated with blocking buffer (5% goat
serum and 0.3% Triton-X in PBS) at room temperature for 1 h. The coverslips were washed three times
with PBS and stained with phalloidin-594 (catalog
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ab176759, Abcam) and DAPI (catalog ab176759,
Abcam) with or without primary antibodies specific
for E-cadherin (catalog 3195, CST), calretinin (catalog ab133316, Abcam), and THBS1 (catalog sc59887, Santa Cruz Biotechnology Inc., CA, USA).
Mesothelial and OvCa cells derived from human
peritoneal metastasis were stained using phalloidin594 (catalog ab176759, Abcam) and DAPI with or
without primary antibodies specific for E-cadherin
(catalog 3195, CST), EpCAM (catalog 324202, BioLegend, CA, USA), and calretinin (catalog ab133316,
Abcam). After thorough washing, the cells on coverslips were overlaid with mounting medium (catalog
P36980, Thermo Fisher Scientific, MA, USA), and
analyzed using a BZ-X800 fluorescence microscope
(KEYENCE, Osaka, Japan). The aspect ratios of
individual MCs were calculated by manually tracing
cells as the length of the longest axis of each cell
divided by the length of its perpendicular axis.
Western blot analysis
Cells were lysed in sample buffer (40 mM Tris-HCl
[pH 6.8], 2% SDS, 7.5% glycerol, 0.002% bromophenol blue, and 50 mM DTT). These samples were
separated through SDS-PAGE gels and blotted onto
an Immobilon-P membrane (Melk-Millipore). The primary antibodies specific to E-cadherin (catalog
3195, CST, 1:1,000), aSMA (catalog ab7817,
Abcam, 1:200), SMAD3 (catalog 9523, CST,
1:1,000), phospho-SMAD3 (catalog ab52903,
Abcam, 1:1,000), calretinin (catalog ab133316,
Abcam, 1:1,000), VDR (catalog 12250, CST,
1:1,000), THBS1 (1:200, catalog sc-59887; Santa
Cruz Biotechnology Inc.), GAPDH (catalog 2118,
CST, 1:10,000), and b-actin (1:3,000, catalog 28999361, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) were used. Immunoreactive signals
were detected via enhanced chemiluminescence
(catalog RPN2236, GE Healthcare Systems, IL,
USA) using the ImageQuant LAS 4000 mini kit (GE
Healthcare Systems). The intensity of the bands
was measured using the ImageJ software (NIH). All
protein quantification data were normalized to the
expression levels of GAPDH or b-actin.
ECM extraction
For ECM enrichment, same weight pellets of primary human peritoneal MCs were mechanically
homogenized in buffer C. Cellular compartments
were sequentially separated using buffers C, N, M
and CS from the CNMCS compartmental protein
extraction kit (catalog K3013010, BioChain, CA,
USA) as previously described [58]. The resulting
ECM-enriched pellets were solubilized in sample
buffer (62.5 mM Tris-HCl [pH 8.0], 2% SDS, 10%
glycerol, 0.002% bromophenol blue, and 100 mM
DTT).

Scanning electron microscopy
SEM was used to observe the surface of human
peritoneal MCs and the peritoneal membranes of
mice. For analyzing human peritoneal MCs, MCs
cultured with or without TGF-b1 (10 ng/ml) with vehicle (DMSO) or vitamin D (10 mM) were incubated on
glass coverslips for 72 h. For analysis of mice peritoneum, vehicle (DMSO) or TGF-b1 (10 ng/
ml) þ vehicle (DMSO) or TGF-b1 (10 ng/
ml) þ vitamin D (50 mM) in 1 ml PBS were injected
into the peritoneal cavity of 6- to 7-week-old female
BALB/c nude mice (Japan SLC, Shizuoka, Japan)
once per day for 5 d. Samples were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Tissues were treated with 2% osmium tetroxide in
phosphate buffer. Fixed specimens were washed
and dehydrated in a graded series of ethanol and
replaced with tri-butyl alcohol. The samples were
pre-impregnated and freeze-dried with tert-butyl
alcohol (VFD-21S Shinkuu Device Ltd., Ibaraki,
Japan). Samples were coated with Osmium Plasma
Coater (NL-OPC80NC Filgen Ltd., Aichi, Japan) and
analyzed using a JSM-7610F SEM (Jeol, Tokyo,
Japan).
Adhesion assay and cell growth assay
Confluent monolayers of MCs were incubated
with or without TGF-b1 (10 ng/ml) for 72 h with vehicle (DMSO) or vitamin D (10 mM), and the supernatant was removed and washed twice with PBS. For
analyzing cell adhesion following THBS1 treatment,
confluent monolayers of MCs were incubated with or
without recombinant human THBS1 (0.1 nM, 1 nM,
and 10 nM; catalog PKSH033500, Elabscience Biotechnology Inc., TX, USA) for 5 h, after which, the
supernatant was removed and the cells were
washed twice with serum-free medium. OvCa cells
that constitutively expressed luciferase or GFPlabeled OvCa cells were seeded onto the mesothelial monolayers. To analyze cell adhesion, cells
were incubated for 20 min, and washed three times
with PBS. The cells were then lysed and luciferase
activity was measured, or adhesive GFP expressing
cells were quantitatively evaluated using a fluorescence microscope (BZ-X800, KEYENCE) equipped
with an image cytometer module (BZ-H4C, KEYENCE). For cell growth analysis, cells were seeded
on the monolayers of MCs incubated with or without
TGF-b1 (10 ng/ml) for 72 h, and luciferase activity
was measured 48 h later.
Cell proliferation assays
OvCa cells were seeded in triplicate in 96-well
plates at a density of 5,000 cells in a volume of
100 ml of culture media containing 10% FBS. After
incubation for 24 h, the medium was replaced with
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fresh medium with or without various concentrations
of recombinant human THBS1 (0.1 nM, 1 nM, and
10 nM; catalog PKSH033500, Elabscience). Fresh
THBS1 was added every 24 h. After an additional 48
or 72 h, the cell viability was evaluated using the
Cell Titer 96 Aqueous One Solution Cell Proliferation
Assay kit (catalog G3582, Promega Corp., WI,
USA).
siRNA transfection
Cells were transfected with 16 nM of control
siRNA (catalog 4390843, AmbionÒ ) or with siRNA
targeting THBS1 (catalog s14098, s14099, s14100,
AmbionÒ ). All transfections were carried out using
Lipofectamine RNAiMAX (catalog 13778150,
Thermo Fisher Scientific) in accordance with the
manufacturer’s protocol.
MET assay with omental metastasis tumoroid
and MCs
Omental metastasis tissues of patients with OvCa
were minced and incubated in RPMI-1640 medium
supplemented with 10% FBS for 5 d. The supernatant was removed and washed twice thoroughly with
PBS and the cells including mesothelial and OvCa
cells were incubated with vehicle (DMSO) or vitamin
D (10 mM) for 10 d (Fig. 5A-F). Confluent monolayers of MCs were incubated with TGF-b1 (1 ng/ml)
for 5 days. The supernatant was removed and the
cells were washed twice thoroughly with PBS, and
MCs were incubated with vehicle (DMSO) or vitamin
D (5 mM) for 7 d (Fig. 5G-J). Confluent monolayers
of MCs were incubated with TGF-b1 (1 ng/ml) for 10
d. The supernatant was removed and the cells were
washed twice thoroughly with PBS, and MCs were
incubated with vehicle (DMSO) or vitamin D
(100 nM, 500 nM, 1 mM, 5 mM or 10 mM), or 1.0 mM
of TGF-b1 receptor inhibitor (SB-431542, catalog
1614, R&D Systems, Inc., MN, USA), which inhibits
the TGF-b type I receptor, activin receptor-like
kinase 5 [59] for 7 d (Fig. 5K). The medium was
changed every 3 d.
Ex-vivo adhesion assay
Surgically resected omental tissues without tumor
were minced, their weights adjusted, and incubated
with vehicle (DMSO) or TGF-b1 (10 ng/ml) þ vehicle
(DMSO) or TGF-b1 (10 ng/ml) þ vitamin D (10 mM)
for 3 d. OvCa cells that constitutively expressed
luciferase or GFP-labeled cells were seeded onto
the omental tissue. Tissues were incubated for 2 h
after cell seeding, washed twice with PBS,
detached, lysed, and subjected to a luciferase
assay. The omental tissues were observed using a
fluorescence stereomicroscope (Leica M205FA).
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Invasion assay
For the invasion assay, a BioCoat Matrigel Invasion Chamber (8 mm; Corning, NY, USA) was used.
Cells were incubated with or without TGF-b1 (10 ng/
ml) for 72 h with vehicle (DMSO) or vitamin D (10
mM). Briefly, cell suspensions (1 £ 105 cells/ml)
were added to the upper chamber (500 ml/well).
During the 48-h incubation period, the cells moved
through the matrix and adhered to the bottom
membrane of the insert. Motile cells were fixed with
methanol and then stained with MayGrunwaldGiemsa.
qRT-PCR
Total RNA was extracted from MCs using the
RNeasy mini kit (Qiagen, CA, USA). cDNA was synthesized from 1 mg of total RNA using a High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems, CA, USA) with an oligo-dT primer. Fast
SYBR Green Master Mix (catalog 4385612, Thermo
Fisher Scientific) was used for amplification, and the
samples were run on a StepOne system (Applied
Biosystems). The primers were designed to detect
spliced mRNAs, and their sequences are shown in
Supplementary material 1. All primers were synthesized by and purchased from the Hokkaido System
Science Ltd. (Hokkaido, Japan). Expression levels
were normalized to the GAPDH expression levels.
RNA sequence analysis
For RNA sequence analysis shown in Fig. 3, MCs
were stimulated by TGF-b1 (10 ng/ml) with vehicle
(DMSO) or vitamin D (10 mM) for 72 h. For the RNA
sequence analysis shown in Fig. S4B-H, MCs were
stimulated with or without TGF-b1 (10 ng/ml) for 72
h. Total RNA was isolated using the RNeasy mini kit
(Qiagen) and RNA integrity was confirmed using a
NanoDrop spectrophotometer and an Agilent Bioanalyzer 2100. Sequencing was performed using a
NovaSeq 6000 instrument (Illumina, CA, USA). We
mapped the reads to a reference genome (Human,
NCBI GRCh38) using Hisat2 (version 2.2.0) using
the default settings [60]. The relative gene expression levels were estimated by fragments per kilobase of transcript per million mapped reads using
Stringtie (version 2.1.1) using the default settings
[61]. We used Genespring (version 14.9, Agilent) for
the expression analysis. To minimize noise, genes
with a low level of expression were filtered out by
applying a minimum percentile of 20%. Using a bioinformatics web tool, the database for annotation,
visualization, and integrated discovery (DAVID,
http://david. abcc.ncifcrf.gov, and version 6.8), we
performed Gene Ontology analysis and converted
gene ID to protein ID. Interactome analysis was performed with the bioinformatics web tool, STRING
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(http://www.string-db. org/, version 10). GSEA was
performed using a desktop application (http://www.
broadinstitute.org/gsea/index.jsp). Normalized read
counts of genes in human peritoneal MCs treated
with TGF-b1 þ vehicle (DMSO) or TGFb1 þ vitamin D were used as expression datasets.
Gene sets were acquired from the Molecular Signatures Database, including: HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION(M5930)
HALLMARK_TGF_BETA_SIGNALING(M5896)
HALLMARK_PI3K_AKT_MTOR_SIGNALING
(M5293)

ChIP-PCR
ChIP assays were performed as previously
described [62]. Briefly, MCs (1 £ 107) were pretreated with vehicle (DMSO) or vitamin D (10 mM)
for 16 h followed by incubation with TGF-b1 (10 ng/
ml) for an additional 4 h. The cells were treated with
1% formaldehyde for 8 min to crosslink histones to
DNA. Chromatin was sonicated using Covaris S220
(Covaris Inc., MS, USA). Lysates were incubated
overnight with 25 ml of anti-Smad3 (catalog 9523,
CST), anti-VDR (catalog 12550, CST), and normal
rabbit IgG (catalog PM035, Medical and Biological
Laboratories, Ltd., Aichi, Japan) coupled with 2 ml of
Dynabeads Protein G (catalog DB10003, Thermo
Fisher Scientific). After centrifugation, the beads
were washed, and proteinDNA complexes were
eluted and treated with RNase followed by proteinase K treatment. DNA was extracted using the conventional phenol/chloroform method, using 10%
percent of each lysate as an input control. Primer
sets used for ChIPPCR are shown in Supplemental material 1. PCR primers were created from the
exon 1 sequence of THBS1 using the ChIP-Atlas
(http://chip-atlas.org, Supplemental Figure 9D) [63].

Flow cytometry
Flow cytometry was performed to obtain MCs in
tumoroid cultured from peritoneal dissemination
specimens. Fibroblasts were confirmed to be absent
in the culture based on the results of immunofluorescence analysis, which showed only EpCAM-positive
cancer cells and calretinin-positive MCs. Cells were
stained with PE-conjugated anti-EpCAM antibody
(catalog 130-098-115, Miltenyi Biotec, Bergisch
Gladbach, Germany) and FITC-conjugated antiCD31 antibody (catalog 555445, BD Biosciences,
NJ, USA) for 10 min on ice, washed three times with
2% FBS in PBS, and then suspended in 2% FBS in
PBS prior to analysis on a FACS Aria II (BD Biosciences). MCs were identified based on the staining patterns of EpCAMloCD31lo.

Apoptosis detection assay
MCs were cultured on collagen-coated six-well
plates and cultured until 100% confluence was
achieved. MCs were then cultured with or without
TGF-b1 (10 ng/ml) with vehicle (DMSO) or vitamin D
(10 mM) for 72 h. Apoptosis was analyzed using
APC Annexin V Apoptosis Detection Kit with 7-AAD
according to the manufacturer’s instructions (catalog
640930, BioLegend). FACS analysis was performed
(FACS Aria II, BD Biosciences) and the data were
analyzed using FlowJo data analysis software package (BD Biosciences).
In vivo studies
For EMT inhibition, vehicle (DMSO) or TGF-b1
(20 ng/ml) þ vehicle (DMSO) or TGF-b1 (20 ng/
ml) þ vitamin D (50 mM) in 1ml PBS were
injected into the peritoneal cavity of 6- to 7-weekold female BALB/c nude mice (Japan SLC,
Japan) once per day for 3 d. For MET induction,
TGF-b1 (20 ng/ml) in 1 ml PBS was injected
once per day into the peritoneal cavity for 3 d;
then 1 ml PBS with vehicle (DMSO) or vitamin D
(25 mM) were injected once per day for the next
5 d. Twenty-four hours after the last injection, the
mice were sacrificed, and the peritoneum was
extracted for immunofluorescence analysis, or the
peritoneal surface proteins were extracted for
western blot analysis. For the immunofluorescence analysis, the peritoneum was washed with
PBS, fixed with PFA, and stained using DAPI
(catalog ab176759, Abcam), phalloidin-594 (catalog ab176759, Abcam), and an anti-THBS1 antibody
(catalog
sc-59887,
Santa
Cruz
Biotechnology Inc.). The peritoneum was
observed using an Olympus FV1000 laser confocal microscope with a 10 £ UPlanSApo 1, Nikon
A1RMP with objective lens LWD 16 £ W, Nikon
TiE-A1R with objective lens Plan Apol10x
(Tokyo, Japan), and photographs were obtained
using the IMARIS software (Bitplane). For the
peritoneal dissemination mice model, TGF-b1 (10
ng/ml) þ vehicle (DMSO) or TGF-b1 (10 ng/
ml) þ vitamin D (50 mM) in 1 ml PBS were
injected into the peritoneal cavity once per day
for 3 d. Additionally, GFP-labeled ES-2-cells
(6 £ 106 cells) were injected into the peritoneal
cavity of the mice 24 h after the last injection was
administered. After an additional 48 h, the mice
were sacrificed, and the peritoneum was
observed using a fluorescence stereo microscope
(Leica M205FA, Germany). The images were
then analyzed using the ImageJ software (NIH).
The procedure was carried out as described for
the observation, reconstruction, and analysis protocols.
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Statistics

Author contributions

All data are presented as mean § standard error
of mean. The Statistical significance was analyzed
using the two-tailed Student’s t-test as appropriate.
A pairwise two-tailed t-test was used to assess differences between specific data points. The log-rank
test was used to assess differences in survival
between the groups, and the hazard of recurrence
was estimated using Cox regression analyses. The
two-way ANOVA was performed to assess the influences of two variables, followed by Bonferroni’s multiple-comparison test, when appropriate. Statistical
significance was set at P < 0.05.
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