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Abstract

Epithelial ovarian cancer (EOC) is the leading cause of gynecological cancer death in women,
mainly because it has spread to intraperitoneal tissues such as the omentum in the peritoneal cavity
by the time of diagnosis. In the present study, we established in vitro assays, ex vivo omental
organ culture system and syngeneic animal tumor models using wild type (WT) and vitamin D
receptor (VDR) null mice to investigate the effects of 1a,25-dihydroxyvitamin D3 (1,25D3) and
VDR on EOC invasion. Treatment of human EOC cells with 1,25D3 suppressed their migration
and invasion in monolayer scratch and transwell assays and ability to colonize the omentum in the
ex vivo system, supporting a role for epithelial VDR in interfering with EOC invasion.
Furthermore, VDR knockdown in OVCARS cells increased their ability to colonize the omentum
in the ex vivo system in the absence of 1,25D3, showing a potential ligand-independent
suppression of EOC invasion by epithelial VDR. In syngeneic models, ID8 tumors exhibited an
increased ability to colonize omenta of VDR null over that of WT mice; pre-treatment of WT, not
VDR null, mice with EB1089 reduced 1D8 colonization, revealing a role for stromal VDR in
suppressing EOC invasion. These studies are the first to demonstrate a role for epithelial and
stromal VDR in mediating the activity of 1,25D3 as well as a 1,25D3-independent action of the
VDR in suppressing EOC invasion. The data suggest that VDR-based drug discovery may lead to
the development of new intervention strategies to improve the survival of patients with EOC at
advanced stages.
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This article is part of a Special Issue entitled “Vitamin D Workshop”.
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1. Introduction

EOC is the deadliest among all gynecologic cancers and causes more deaths than cervical
and uterine cancers combined. Despite the overall advancement in cancer research and
clinical development over recent decades, there has been little improvement in EOC
mortality rates. The poor prognosis is mainly due to the disease reaching an advanced stage
before it is discovered. Primary cytoreductive surgery followed by chemotherapy with
cisplatin and paclitaxel is the standard treatment regimen for patients with advanced EOC,
yielding high response rates and improving both short and medium-term survivals.
However, most patients will eventually relapse and die of their cancer [32]. Intervention
strategies that suppress EOC invasion would retain the cancer inside ovaries, allowing
simple surgery to suffice as a cure.

Omentum is a sheet-like tissue attached to the greater curvature of the stomach. It is the
most common site for EOC metastatic spread [19,20,36]. The spread happens rather quickly
and, in 80% of EOC patients, the cancer usually has spread to this tissue at the time of
diagnosis. The composition and function of omenta are similar between mice and human.
They contain primarily adipose tissue and islands of compact immune cells called milky
spots, which is a lymphoid organ controlling peritoneal cavity immune response [33]. A
recent study has reported that omental adipocytes promote EOC metastasis by providing
energy for rapid tumor growth [30]. Nevertheless, the mechanisms underlying EOC invasion
into the omentum are largely unknown and key molecular events controlling the process
remain to be defined.

1,25D5 is a fat-soluble seco-steroid hormone best known for its role in calcium and
phosphate homeostasis. Effects of 1,25D3 are mediated through the VDR that belongs to the
steroid/thyroid hormone receptor superfamily [9,39]. In addition, 1,25D3 and its analogs
elicit anti-tumor effects in a wide variety of cancer cell types through the induction of cell
death, cell cycle arrest, differentiation, angiogenesis, etc. [3,6,7,11,12,37,38,40,41,45],
suggesting that 1,25D3 holds great promise in cancer intervention. In EOC cells, 1,25D3
causes cell cycle arrest at the G2/M transition through p53-independent induction of
GADD/45 [16]. Further studies have identified p27 as the key mediator of 1,25D3-induced
growth arrest in G1/S checkpoint [23] and defined a decrease in hTERT mRNA stability
through microRNA as the mechanism underlying 1,25D3-induced cell death [15,17].
However, a role for 1,25D3 and VDR in EOC invasion and metastasis has not been
investigated.

In the present studies, a series of experiments employing in vitro, ex vivo and in vivo EOC
tumor models were conducted to assess the possible involvement of 1,25D3 and VDR in
suppressing EOC invasion into the omentum. These studies have revealed a novel role for
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1,25D3 in suppressing EOC invasion through both epithelial and stromal VDR. The findings
suggest that VDR-based drug discovery may lead to a new intervention strategy to improve
the clinical outcomes of patients with advanced EOC.

2. Materials and methods

2.1. Cell culture and reagents

OVCAR3 human ovarian carcinoma cells (American Type Culture Collection, Manassas,
VA) were cultured in RPMI 1640 medium supplemented with 15% calf serum (CS), 2 mM
L-glutamine, 50 units/ml penicillin, 50 ug/ml streptomycin, 10 mM HEPES,1 mM sodium
pyruvate, 4.5 g/l glucose, 1.5 g/l sodium bicarbonate and 10 pg/ml bovine insulin. SKOV3-
Luc cells, human ovarian carcinoma cell line, (Cell Biolabs, San Diego, CA) were
maintained in DMEM containing 584 mg/l L-glutamine and 4.5 g/l glucose, supplemented
with 5% CS, 100 units/ml penicillin, 100 pg/ml streptomycin and 500 pg/ml geneticin. 1D8-
VEGF murine ovarian cancer cells have been described elsewhere in detail [42]. The cells
were generated by transfecting ID8 cells with a retroviral vector containing green
fluorescent protein (GFP) and VEGF164, which accelerated tumor growth and ascites
formation, significantly enhanced tumor angiogenesis, and substantially promoted the
survival of tumor cells in vivo [35]. Cells were maintained in DMEM supplemented with 5%
CS, 100 units/ml penicillin, and 100 pg/ml streptomycin.

1,25D3 (calcitriol) was purchased from Calbiochem (La Jolla, CA). EB1089 (seocalcitol)
was generously provided by Leo Pharmaceutical Products (Ballerup, Denmark). They were
reconstituted in 100% ethanol (EtOH) and stored protected from light at —20 °C. All
handling of 1,25D3 and EB1089 was performed with indirect lighting.

2.2. Stable transfections with luciferase and VDR short hairpin RNA (shRNA)

To establish cells stably expressing luciferase, OVCAR3 and ID8-VEGF cells were
transfected with 1 pug of pGL3-control plasmid (Promega, Madison, WI) using
Lipofectamine 2000 (Invitrogen, Grand Island, NY) following the protocol from Invitrogen.
Stable transfectants were established after selection in medium containing 400 pg/ml (for
OVCAR3-Luc) or 800 pg/ml (for ID8-VEGF-Luc) G418 for a period of about 4 weeks.

For the establishment of OVCARS cells stably expressing control or VDR shRNA, cells
were transfected with 2 pg of control pFIV-H1-Puro vector or shVDR [26] using the
Lipofectamine 2000 in 2 ml of Opti-MEM medium (Invitrogen, Grand Island, NY). 4 h post
transfections, the cell were re-plated in RPMI medium containing 10% CS and 2 pg/ml
puromycin for 48 h. Cells were then split and placed at low density. Stable clones were
achieved through selection with 2 pg/ml puromycin for a period of about 4 weeks.
Individual clones were isolated using glass cylinders. Two independent clones were
analyzed and representative data were presented for each study.

2.3. Migration and invasion assays

Cell motility of OVCAR3 cells was assessed by the monolayer scratch assays. Cells were
plated in 6-well plates in RPMI medium containing 5% CS. When the cells had reached
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confluence, the cell monolayer was scraped with a P200 pipette tip and rinsed with
phosphate buffered saline (PBS) to dislodge cellular debris. The cells were then cultured in
the medium containing EtOH, 10~ or 1078 M 1,25D5 for 0,1 and 2 days. Pictures were
taken at different time points and cell motility was analyzed using the NIH image software
(http://rsb.info.nih.gov/nih-image/Default.html) and presented as percentage of the change
in distance between the edges of the scratch (relative to time zero). All assays were
performed in triplicate and pictures from each culture were taken at 5 randomly chosen
areas.

Cell migration and invasion assays using the transwell system from BD Bioscience (San
Jose, CA) were performed following the manufacturer’s instructions. In brief, cells were
added to each transwell insert in serum-free media containing EtOH or 1077 M 1,25D3
whereas, the medium in the lower chamber contained 10% CS. After incubation for 18 h at
37 °C, cells remaining in the insert were removed using cotton swabs. Cells migrated across
the insert and attached to the under surface were fixed with 4% paraformaldehyde for 10
min and stained with 0.5% crystal violet. The amount of migrated cells was quantitatively
assessed by reading the absorbance at 560 nm after re-dissolving the crystal violet staining
in 10% acetic acid. Transwell cell invasion assays were performed similarly except that
transwell inserts were pre-coated with growth factor-reduced Matrigel (BD Biosciences, San
Jose, CA).

2.4. Animal breeding and maintenance

VDR*'~ mice of C57B16 background (The Jackson Laboratory, Bar Harbor, ME) were
mated to produce VDR** (WT), VDR*/~ (HET) and VDR~ (KO) mice. Twelve to sixteen-
week old female mice were used for the experiments. Mice were weaned at 3 weeks of age
and fed with a vitamin D — deficient rescued diet for VDR null mice (TD87095, Teklad,
Madison, WI). The diet has been shown to normalize serum mineral homeostasis, bone
growth and body weight in VDR null mice [21,24]. Mice were genotyped by PCR
amplification of DNA isolated from tail snips. Three pairs of primers were used (5-CAC
GAG ACT AGT GAGACGTG-3,5-CTCCATCCCCATGTGTCTTT-3,5-TTC
TTC AGT GGC CAG CTC TT -3’) to amplify a 382 bp fragment for WT, 382 and 500 bp
fragments for HET and a 500 bp fragment for KO mice. All procedures were reviewed and
approved by the Institutional Animal Care and Use Committees at the University of South
Florida.

2.5. Ex vivo co-culturing of mouse omenta with luciferase-marked human EOC cells

Cells were grown to 80% confluence and harvested. Harvested cells were washed twice with
PBS and re-suspended at a concentration of 2 x 106 cells/ml in DMEM/F-12 (1:1)
supplemented with 20% CS. Omenta were excised from eight to twelve-week old female
mice and immediately attached to the membrane of Milicel culture inserts using Cell-Tak
cell and tissue adhesive (BD Biosciences, San Jose, CA) as previously described [20].
Briefly, 6 pl of Cell-Tak was spread evenly on the transwell membrane. The membrane was
then air-dried and washed twice with 500 pl of sterile water. One omentum per transwell
was placed on the dried Cell-Tak coated membrane for 1 min without media. The transwell
inserts with attached omenta were placed in a 12-well plate. 500 pl of cell suspension was
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transferred onto each omentum and 2.5 ml of DME/F-12 media was placed around the
transwell. After co-culturing with the cell suspension for 24 h at 37 °C in a 5% CO,
incubator, the omenta were then removed and washed three times with PBS. Omental tissue
extracts were prepared and protein concentrations were determined using Bio-Rad protein
assays (Bio-Rad Hercules, CA). Luciferase activity was measured using the Luciferase-
Reporter Assay System (Promega, Madison, WI) according to the manufacturer’s
instructions in a luminometer (LMax Il 384, Molecular Devices).

2.6. In vivo tumor inoculation and bioluminescence imaging

Sub-confluent ID8-VEGF-Luc cells were trypsinized, washed twice and collected by
centrifugation at 1000 x g for 5 min. A single-cell suspension was prepared in PBS. 5 x 106
cells in a volume of 100 ul were inoculated into the mouse by intraperitoneal (i.p.) injection
at time points indicated in the figure legends.

For imaging, mice were anesthetized with 2.5% isofluorene and administered an i.p.
injection of 150 mg/g D-luciferin (Xenogen, Hopkinton, MA). 10 min after the luciferin
injections, the omenta were dissected and placed in the Xenogen CCD imaging apparatus of
the IVIS system (IVIS-200 series, Xenogen). Images were acquired and analyzed using
Living Image Software (version 3,2, Xenogen).

2.7. Haematoxylin and eosin (H&E) stain, immunoblotting and immunohistochemical

analyses

For immunoblotting analyses, proteins were separated in 10% SDS-PAGE and transferred
onto immobilon membranes. Antibodies against VDR (S1882) (Epitomics, Burlingame,
CA), a-actinin (sc-17829) (Santa Cruz Biotechnology, Dallas, Texas) and B-actin
(sc-130300) (Santa Cruz Biotechnology, Dallas, Texas) were used at 1:1000, 1:1000 and
1:5000, respectively. Bound antibodies were detected using Pierce Chemiluminescent
Detection Kit (Thermo Scientific, Rockford, Illinois).

For standard paraffin wax histology, tissues were excised and fixed overnight in 4%
paraformaldehyde buffered in PBS (pH 7.4). Sections were cut and stained with
hematoxylin and eosin using standard protocols. Stained sections were examined under light
microscopy and images captured using CellSens™ system (Olympus America, Center
Valley, PA). For immunohistochemistry, sections were deparaffinized and subjected to
antigen retrieval. Endogenous peroxidase activity was quenched by incubation with 3%
H»0, for 5 min. VDR staining was performed using 9A7 antibody (ab8756) (Abcam,
Cambridge, MA) diluted at 1:200. Visualization of the immunohistochemical reactions was
carried out according to the DAKO EnVision+ system protocol (Dako North America,
Carpinteria, CA).

2.8. Statistical analyses

The data are presented as means + standard deviation (SD) with the number of observations
(n) being indicated in the figure legends. Statistical comparisons were performed using the
Student t-test. A value of p <0.05 was considered to be statistically significant.
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3. Results

3.1. Suppression of human and mouse EOC migration and invasion by 1,25D3 through

epithelial VDR and its translation into in vivo suppression of EOC omental invasion in

mice
In published microarray studies performed in OVCAR3 cells [44], a group of genes with
known functions in regulating invasive behavior of cancer cells, including genes encoding
extracellular matrix proteins and chemokines/cytokines, were identified as 1,25D3 target
genes, indicating a role for the hormone in controlling EOC invasion. To test this potential
role, OVCARS cells were treated with vehicle or 1,25D3 and the migration and invasion of
the treated cells were assessed by monolayer scratch (Fig. 1A) and transwell (Fig. 1B)
assays. It is clear from these studies that 1,25D3 treatments suppressed OVCAR3 invasion
and migration. More suppression was observed with 1,25D3 at 10~ than 1078 M, showing a
concentration-dependent effect of 1,25D3 on EOC invasion through the VDR in epithelial
cancer cells.

A recent study documented a technique to culture mouse omenta and visualize the omental
colonization of cancer cells marked with GFP into the omentum [20]. To test whether the
suppressive effect of 1,25D3 on OVCAR3 cells can be translated into the suppression of
EOC invasion into the omentum, the ex vivo system was employed and adapted to use
OVCARS cells marked with luciferase to facilitate the accurate quantitation by simple
luciferase assays (Fig. 2A and B). As shown in Fig. 2C, pre-treatments with 10~/ M 1,25D5
significantly decreased the ability of OVCAR3-Luc cells to colonize mouse omenta in the ex
vivo co-culture system as compared to vehicle treated cells. In this experiment, OVCAR3-
Luc cells, not omenta, were treated with 1,25D3, supporting the data from in vitro migration
and invasion assays indicating that 1,25D3 works through the VDR in the epithelial cancer
cells to suppress EOC invasion.

To test whether the suppressive effects of 1,25D3 on human EOC invasion are conserved in
mouse ovarian tumor cells, ID8-VEGF mouse ovarian tumor cells were stably transfected
with luciferase and treated with vehicle or 10~ M 1,25D5 for 6 days before being subjected
to transwell migration and invasion analyses. As shown in Fig. 3A, the migration and
invasion of ID8-VEGF-Luc cells were dramatically suppressed by 1,25D3 treatments as
compared to vehicle controls. More importantly, 1,25D3 pre-treatments decreased the ability
of ID8-VEGF-Luc cells to colonize mouse omenta after i.p. injection into intact mice (Fig.
3B). These studies show that the suppressive effects of 1,25D3 on human EOC invasion
observed in in vitro studies can be translated into in vivo suppression of omental
colonization in syngeneic mouse ovarian tumor models.

3.2. 1,25D3z-independent suppression of EOC omental invasion by the VDR in the epithelial
cancer cells

The finding that 1,25D3 treatments suppress EOC invasion into the omentum raises the
possibility that the VDR in the epithelial cancer cells may be a suppressor of EOC invasion.
Indeed, SKOV3 cells which express little VDR as compared to OVCARS cells (Fig. 4A)
exhibited a much stronger ability to invade mouse omentum in the ex vivo co-culturing assay
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system (Fig. 4B). The data suggest, though does not prove, a possible inverse correlation
between VDR expression and EOC invasion.

To validate the suppressive role of the VDR in epithelial cancer cells, OVCAR3-Luc cells
were stably transfected with control or VDR shRNA and the ability of the transfected cells
to invade the omentum was compared in the ex vivo assay system. Immunoblotting analyses
validated that the VDR shRNA decreased VDR protein expression as expected (Fig. 4C). In
the ex vivo assay system, the luciferase activity in the omentum incubated with OVCAR3-
Luc cells expressing VDR shRNA was significantly higher than that of cells incubated with
the cells expressing control shRNA (Fig. 4D). The data provide the proof that the epithelial
VDR in EOC cells is a suppressor of ovarian tumor invasion into the omentum. Since the ex
vivo assays were performed in the absence of 1,25D3, the studies also reveal the existence of
a 1,25D3-independent effect of the VDR in suppressing EOC invasion.

3.3. Suppression of EOC invasion by stromal VDR in the omentum

VDR is widely expressed in a number of cell types, including immune cells, adipocytes,
microvascular cells and fibroblasts, which are the main components of omental stroma.
Thus, the VDR in omental stroma may also play a role in suppressing EOC invasion and
metastasis. To test this idea, the ability of OVCAR3-Luc and SKOV3-Luc to invade omenta
isolated from WT and VDR null mice was first tested in the ex vivo assay system, followed
by in vivo analyses using syngeneic mouse ovarian tumors established with ID8-VEGF-Luc
cells. For each mouse used in the studies, the VDR status was validated by genotyping
analyses (Fig. 5A). Immunoblotting (Fig. 5B) and immunohistochemical (Fig. 5C) analyses
were also performed to validate that VDR protein expression levels were completely absent
in omenta of VDR null mice.

In the ex vivo co-culturing assays, OVCAR3-Luc and SKOV3-Luc cells exhibited stronger
ability to colonize omenta of VDR null mice than that of the WT (Fig. 5D), supporting a role
of stromal VDR in the omentum in suppressing EOC invasion. Interestingly, the difference
in the ability to colonize omenta of WT and VDR null mice was bigger for VDR-positive
OVCAR3-Luc cells than VDR-negative SKOV3 cells, indicating the existence of a possible
crosstalk between epithelial and stromal VDR.

Similar results were obtained in in vivo experiments in which 1ID8-VEGF-Luc cells were i.p
injected into WT and VDR null mice and omenta removed for imaging analyses 18 h later.
As shown in Fig. 6A, more ID8-VEGF cells colonized omenta of VDR null mice than that
of the WT. H&E staining showed that the ID8-VEGF cells established metastatic tumors in
the omentum in areas called milky spots (Fig. 6B). The data demonstrated that omenta in
VDR null mice were more susceptible to EOC colonization as compared to that of the WT.

3.4. Suppression of EOC colonization to the omentum by EB1089 through the stromal VDR

To assess the effects of EB1089 on EOC colonization omenta through the stromal VDR, WT
and VDR null mice were treated with vehicle (sesame oil) or EB1089 at 0.5 ug/kg every
other day for 10 days prior to the i.p injection of ID8-VEGF-Luc cells. At 18 h post cell
injection, luciferin was injected by i.p. and omenta were excised and subjected to luciferase
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imaging analyses. As shown in Fig. 7A, pre-treatment of WT mice with EB1089
significantly suppressed the colonization of ID8-VEGF-Luc cells into omenta. However,
pre-treatments of VDR null mice with EB1089 did not suppress the colonization of 1D8-
VEGF-Luc cells into omenta in parallel analyses. The studies show that the 1,25D3 analog
works through the stromal VDR to suppress EOC invasion.

4. Discussion

Understanding the mechanisms by which tumor cells become metastatic is of great
significance in cancer biology and medicine for the simple reason that cancer mortality is
often caused by metastatic rather than by primary tumors. The metastatic process requires
that cells gain the ability to migrate and invade adjacent tissues to reach the vasculature and
lymphatic system. In this study, we have investigated the potential role of 1,25D3 and VDR
in suppressing EOC invasion into the omentum, the primary site for EOC invasion in
patients. Our studies support the concept that 1,25D3 and its analog EB1089 suppress EOC
invasion into the omentum through the cooperative actions of the VDR present in both the
epithelial cancer cells and the stromal cells in the tumor microenvironment (Fig. 7B). This
suppression is conserved between human and mouse EOC cells and is translatable into in
vivo suppression of EOC invasion in mice. More importantly, the VDR exhibits a
suppressive activity in the absence of 1,25D3, indicating the potential existence of a ligand-
independent activity of the receptor in suppressing EOC invasion. Although it remains to be
defined whether the suppressive activity of the VDR in the absence of 1,25Dj3 is truly ligand
independent, the studies suggest that 1,25D3 and its synthetic analogs can be exploited to
suppress EOC invasion and improve the survival of patients with EOC at advanced stages.

Our published studies have documented an important role for 1,25D3 and EB1089 in
suppressing EOC growth in multiple human EOC cell lines both in vitro [15,16,23] and in
vivo in mouse tumor models [17,18,43]. This study is the first to reveal a role for 1,25D3 in
suppressing EOC invasion. The mechanisms underlying EOC growth suppression by 1,25D3
are relatively well-characterized. However, the molecular mechanisms by which 1,25D3
suppress EOC invasion remains to be defined. Our microarray analyses in OVCAR3 cells
have identified a large number of genes encoding proteins with known functions in motility,
tumor immunity, cell-cell and cell-extracellular matrix adhesion as 1,25Ds target genes [44].
It is rational to affirm that the suppression of EOC invasion by 1,25D3 would be mediated
through one or more of these target genes. It would be important to define the essential
genes that drive the suppression by small interference RNA approaches. In this regard, the
ex vivo omental organ co-culturing system should provide a valuable assay system to
validate the role of these identified target genes in EOC invasion.

The present studies with VDR null mice are also the first to define a role for the stromal
VDR in mediating the suppression of EOC invasion by 1,25D3. The omentum is mainly
comprised of adipocytes, immune cells, microvascular cells and fibroblasts, all of which are
known to contribute to the EOC microenvironment. A role of omental adipocytes in
supplying energy for EOC growth has been supported by a direct relationship between
cancer cell growth and adipocyte depletion [30]. The peritoneal cavity is a unique
immunological microenvironment. Numerous studies have demonstrated that EOC cells
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preferentially go to the milky spots [10,13,20,34], suggesting that the immune cells in the
milky spots may provide a favorable microenvironment for the establishment of ovarian
tumor metastasis. Furthermore, cancer associated fibroblasts (CAFs) are one of the most
crucial components of the tumor microenvironment that promotes cancer invasion by
various mechanisms. As shown in Fig. 5C, all of the cell types display the VDR and thus
may be responsible for the suppression of omental metastases by 1,25D3.1,25D3 actions in
adipocytes [28], fibroblasts [5] and immune cells [14,27] have been reported in the
literature. Elucidation of the molecular mechanism underlying the suppression of EOC
invasion mediated through stromal VDR relies on the identification of the main cell types in
omental tumor microenvironment that mediate the 1,25D3 action through the stromal VDR.

EB1089 is a 1,25D3 analog that is less calcemic than 1,25D3, but more potent than the
natural VDR ligand in suppressing the growth of prostate [2,4,25,29], breast [8], colon
[1,22] and retinoblastoma [31] tumors. Despite the promise of EB1089 shown in pre-clinical
studies, attempts to translate these results to therapy in the clinics for other cancers have
been disappointing to date. While the exact reasons for the disappointment remain unknown,
it is possible that those clinical trials have been carried out with patient subjects whose
tumors are insensitive to growth suppression by 1,25D3 and EB1089. Our published studies
have shown that EB1089 suppressed the growth of OVCAR3 [43] and OV2008 [17] ovarian
tumors in mice without causing hypercalcemia, suggesting that EOC is highly sensitive to
1,25D3 or EB1089 and thus trials with EOC patients may yield positive outcomes despite
the disappointment in other cancers. Furthermore, our recent studies have shown that the
administration of EB1089 suppressed EOC growth induced by a high-fat diet in mice [18].
Thus, selective recruitment of EOC patient subjects who are obese may improve the
outcomes of clinical trials with 1,25D3 or EB1089.

In conclusion, the present studies support a new translational potential for 1,25D3 or its
analogs in suppressing the invasive behavior of EOC. Since a 1,25D3-independent activity
of the VDR in suppressing EOC invasion was also detected, compounds that regulate the
1,25D3-independent activity of the VDR or simply increase VDR expression will be
potential drugs for EOC intervention. It is the ultimate goal of our future studies to fully
define the mechanisms underlying the suppression of EOC invasion by epithelial and
stromal VDR and to advance 1,25D5 or its analogs into clinics for the management of EOC
growth, invasion and metastasis.
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Fig. 1.
Suppression of EOC migration and invasion by 1,25D3 in monolayer scratch and transwell

assays. (A) Invitro monolayer scratch assays. OVCARS3 cells were pre-treated with 1,25D3
at indicated concentrations for 6 days. Ethanol (EtOH) was used as the vehicle control.
Images of cells at 0, 1 and 2 days after wounding are shown (magnification x 10). The
histograms show % cell mobility by imaging analyses as described in Section 2. (B)
Transwell migration and invasion assays. 1 x 10° cells of OVCARS3 cells pretreated with
EtOH or 10~ M 1,25D3 were plated and incubated for 18 h at 37 °C. Cells passing through
the Matrigel-coated membrane were stained (left panels) and quantified using a
spectrophotometer at ODsgq (bar graphs). For each data point, triplicate samples were
analyzed. The experiments were reproduced twice.
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Suppression of EOC invasion into omentum by 1,25D3 through epithelial VDR in ex vivo
assays. (A) A schematic diagram showing the location of the murine omentum in the
peritoneal cavity between the liver (L), stomach (S), pancreas (P) and spleen (Sp). The right
panel shows an enlarged view of the area with the omentum and its position relative to
spleen, stomach and pancreas. The omentum was isolated by cutting the omental/pancreatic
junction with a scissor. (B) Illustration of the ex vivo assay system of co-culturing mouse
omenta and luciferase-marked human EOC cells. The omentum is cultured in the apparatus
shown, consisting of a Millipore transwell insert containing 500 pl media, placed in a 12-
well culture plate containing 2.5 ml media. (C) Suppression of EOC invasion into omenta by
1,25D3. OVCARS3-Luc cells were pretreated with EtOH or 10~/ M 1,25D5 for 6 days. 1 x
108 cells were co-cultured with the omentum for 24 h at 37 °C. For each data point,

triplicate samples were analyzed. The experiments were reproduced twice.
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Suppression of EOC invasion to the omentum in mice by 1,25D3 through the epithelial
VDR. (A) Suppression of migration and invasion of mouse epithelial ovarian tumor cells in
transwell assays. ID8-VEGF-Luc cells were pre-treated with EtOH or 10~/ M 1,25Ds.
Migration and invasion were measured as in Fig. 1 for OVCARS3 cells. (B) Suppression of
ID8-VEGF cell invasion into omenta in intact mice by 1,25D3 through the epithelial VDR.
ID8-VEGF-Luc cells were pretreated with either EtOH or 1,25D3 (10~/ M) for 6 days. 5 x
106 of treated cells were injected i.p. into mice (n = 5/group). After 18 h, omenta were
isolated. Bioluminescence IVIS images were captured (left panels) and quantified (bar
graphs, p/s = photons/second). The experiments were reproduced twice.

J Seroid Biochem Mol Biol. Author manuscript; available in PMC 2015 June 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lungchukiet et al.

Page 16

A. B. p <0.0001
1
\)&0 & 12.0 1
' N ]
F O -~ 100

04 ‘317 S 8.0 7
X

; 6.0 -

— -VDR 3 4.0 -

0.0 —— .

OVCAR3-Luc SKOV3-Luc
C. D. 10.0 - p =0.0002
: 1
OVCAR3-Luc
Ct VDR shRNA

RLU (x10-%)
W
()

——— e [ -VDR

. 0.0

OVCAR3-Luc

Fig. 4.
1,25D3-independent suppression of EOC invasion to the omentum by epithelial VDR

revealed in ex vivo assays. (A) Immunoblotting analyses showing VDR protein expression
levels in OVCAR3-Luc and SKOV3-Luc cells using p-actin as a loading control. (B)
Normalized luciferase activities of OVCAR3-Luc and SKOV3-Luc cells invaded mouse
omenta. (C) Immunoblotting analyses showing VDR protein expression levels in OVCAR3-
Luc cell stably expressing control (Ct) or VDR (VDR) shRNA using p-actin as a loading
control. (D) Normalized luciferase activities of OVCAR3-Luc cells expressing Ct or VDR
shRNA invaded mouse omenta. For each data point, triplicate samples were analyzed. The
experiments were reproduced twice.
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Suppression of EOC colonization to the omentum by stromal VDR in ex vivo co-culturing
assays. (A) Mouse genotyping for wild type (WT), VDR heterozygous (HET) and VDR null
(KO) mice. (B) VDR protein levels in omental lysates as determined by immunoblotting
analyses. (C) Immunohistochemistry showing VDR protein expression in the omentum and
pancreas of WT and KO mice. (D) Ex vivo assays showing luciferase activities of OVCAR3-
Luc and SKOV3-Luc cells colonized the omentum of WT and KO mice. For each data
point, triplicate samples were analyzed. The experiments were reproduced twice.
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Suppression of EOC colonization to the omentum by stromal VDR in the ID8-VEGF
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syngeneic EOC mouse model. (A) 5 x 10% ID8-VEGF-Luc cells were i.p. injected into WT
(n=5) and KO (n = 5) mice. 18 h later, omenta were isolated and bioluminescence VIS
images of the tumors were captured (left panels) and quantified (bar graphs, p/s = photons/
second). (B) Sections of isolated omenta were subjected to hematoxylin and eosin stain.

Tumors (T) established as metastatic are obvious in the milky spots (M.S.).
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Fig. 7.
Suppression of EOC invasion into omenta of WT and VDR null mice by EB1089 mediated

through the stromal VDR. WT and KO mice (n = 6 per group) received i.p. injections of 0.5
ng/kg EB1089 in sesame oil (final volume 100 pul) or sesame oil alone (vehicle) every other
day for 10 days prior to i.p. injection of 5 x 108 ID8-VEGF-Luc cells. (A) Omenta were
excised 18 h later and bioluminescence IVIS images were captured (left panels) and
quantified (bar graphs, p/s = photons/second). (B) A schematic diagram showing our
working concept that 1,25D3 suppresses EOC invasion in the omentum through epithelial
and stromal VDR, which there may be crosstalk as indicated by dashed lines. See text for
further details.
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