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The primary site of metastasis for epithelial ovarian cancer (EOC) is the peritoneum, and it occurs through a multistep process that
begins with adhesive contacts between cancer cells and mesothelial cells. Despite evidence that Notch signaling has a role in
ovarian cancer, it is unclear how exactly it contributes to ovarian cancer omental metastasis, as well as the cellular dynamics and
intrinsic pathways that drive this tropism. Here we show that tumor cells produced the Notch ligand Jagged2 is a clinically and
functionally critical mediator of ovarian cancer omental metastasis by activating the Notch signaling in single-layered omental
mesothelial cells. In turn, Jagged2 promotes tumor growth and therapeutic resistance by stimulating IL-6 release from mesothelial
cells. Additionally, Jagged?2 is a potent downstream mediator of the omental metastasis cytokine TGF-$ that is released during
omental destruction. Importantly, therapeutic inhibition of Jagged2-mediated omental metastasis was significantly improved by
directly disrupting the Notch pathway in omental mesothelial cells. These findings highlight the key role of Jagged2 to the
functional interplay between the TGF-f and the Notch signaling pathways during the metastatic process of ovarian cancer cells to
the omentum and identify the Notch signaling molecule as a precision therapeutic target for ovarian cancer metastasis.
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BACKGROUND

Ovarian cancer (OvCa), the most lethal form of gynecological
malignancy, is highly heterogeneous and complex with more than
70% of patients diagnosed with metastasis [1, 2]. By contrast to
other solid tumors, high-grade serous ovarian cancer (HGSOC)
rarely metastasizes hematogenously [1, 3]. Indeed, OvCa cell
dissemination is a passive process, during which cancer cells
detach from the primary tumor site, actively disseminate to the
peritoneal fluid, and then anchor to the peritoneal surface
omentum, the most typical and favored OvCa metastatic site
[3-5]. The development of omental tumor growth depends on
cross-communication between ovarian tumor cells and the
omental mesothelial cells microenvironment. Upon contact, the
tumor cells gain the ability to disrupt the omental homeostasis
balance maintained by mesothelial cells and adjacent fibroblast
cells. The tumor microenvironment (TME) in the omentum, mostly
constituted of cancer-associated fibroblasts and adipocytes,
supports the OvCa metastasis through cross-talk signaling [6, 71.
When OvCa cells adhere to and interact with mesothelial cells,
several events take place simultaneously. First, by altering the
expression of surface adhesion molecules and ligands, mesothelial
cells are reprogrammed and stimulated to take on mesenchymal
phenotypes, via a process called mesothelial-to-mesenchymal
transition (MMT), and to promote a variety of tumorigenic
activities, including invasion and migration [3, 8-10]. Previous

studies have shown that several surface molecules, such as CD44
and a5pB-integrin, promote the contact of ovarian cancer cells with
mesothelial cells. Furthermore, secreted transforming growth
factor-p (TGF-B) induces pro-tumorigenic alterations in mesothe-
lial cells [8, 9, 11]. Despite these evidences, the molecular
mechanisms governing OvCa cells’ preference for implantation
into the omentum, and homeostasis, as well as their proactivity to
favor disease progression, remain largely unknown.

The Notch signaling pathway controls several elements of
cancer biology and cell fate determination. Studies have revealed
that the Notch pathway is implicated in ovarian tumor develop-
ment and adhesion [12] and is critical for both cancer cells and
their TME. The Notch signaling pathway is largely activated by
physical cell-cell contact between the signal-sending Notch ligand
and the signal-receiving Notch receptor. The Notch ligands
Jagged and Delta attach to Notch receptors to begin the Notch
pathway'’s signaling process. This releases the Notch receptors’
intracellular domain by a cascade of proteolytic cleavage, which is
partly mediated by y-secretase, and activates the HES and HEY
family members of the Notch signaling pathway.

The epithelial-to-mesenchymal transition (EMT) process, angio-
genesis, and the control of cancer stem cells (CSCs) are all
significantly impacted by the Notch signaling pathway [13-15]. In
ovarian cancer, the Notch ligand Jagged? is associated with and
linked to immune evasion in the microenvironment [16]. Despite
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these remarkable advances, the functional and regulatory
involvement of the Notch signaling pathway in OvCa omental
metastasis remains unknown. Furthermore, in order to develop
effective therapies for the prevention of omental metastasis, a
clear understanding of the complicated molecular and cellular
network governing the interaction between the tumor and
omental mesothelial cells in OvCa omental metastasis remains
to be addressed. In this study, we have investigated the functional
role of Notch signaling in the development of omental metastasis
of ovarian cancer. These findings might pave the way for the
development of novel anti-OvCa metastatic treatment agents that
target the Notch signaling pathway to prevent and manage
ovarian cancer metastasis.

MATERIALS AND METHODS/EXPERIMENTAL PROCEDURES
Tissue samples

A total of six (n=4) metastatic high-grade serous ovarian
carcinomas omental tissues and four (n=4) normal non-
metastatic omentum tissues were obtained from patients who
underwent surgery for benign conditions or cytoreductive surgery
at King Faisal Specialist Hospital and Research Center. The
institutional review board has approved the acquisition of tissue
specimens and patient clinical information and all patients’ consent
was duly obtained before the collection of samples (RAC#2170034).

Reagents, cell lines, and cell culture

Ovarian cancer cell lines OV2774, SKOV3, OVCAR3, and HEK293T
were obtained from the American Type Culture Collection (ATCC,
USA). The highly metastatic SKOV3-ip variant was derived from
parental SKOV3 cells from ascites arising in a nude mouse given
an i.p. injection. All cells were cultured in DMEM/F12 medium
supplemented with 10% fetal bovine serum (FBS; Invitrogen, USA).
For the transwell coculture model, OvCa cells were seeded on the
lower chamber of the 6-well plate, and a culture insert with 0.4 um
pore size (Corning, USA) was placed on the top of each well
followed by seeding 2x10°> mesothelial cells in the upper
chamber of the transwell.

Cell viability assay

OvCa cells were seeded in 96 well plates were treated with
cisplatin, paclitaxel, or doxorubicin. After 48 hours, cell viability
was analyzed by the WST-1 (Sigma, USA) assay. The percentage of
cell viability was expressed as relative to that of untreated control
in each group.

Cell labeling with DiD dye

Cells were stained with PHK26 dye (Invitrogen, USA) according to
the manufacturer's protocol. Briefly, 1x10° cells/ml were incu-
bated with PHK26 dye (0.5 uM) in serum-free medium at 37 °C for
45 minutes, washed with serum-free medium three times, and
resuspended with PBS.

Primary mesothelial cells isolation and culture

Human primary omental mesothelial and fibroblast cells were
obtained from patients undergoing surgery for either benign
peritoneal effusion or from primary tumor tissues or omental
mesothelium containing metastatic tumors. The purification of
mesothelial cells was performed as previously described [3] and was
confirmed by positive staining of >99% calretinin (a mesothelial cell
marker) by immunofluorescence. The 3D omental culture system
was designed by plating 5000 human primary fibroblast cells per
well and 0.5 pg of collagen type 1 [3]. After 45 minutes, human
mesothelial cells were plated at a density of 20,000 cells.

Primary omental mesothelial - OvCa cells coculture system

Human primary omental mesothelial cells were seeded at 2 x 10°
cells/well in a 24-well plate. At 80% confluency, luciferase/GFP+
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(GFP-labeled) control and Jag20E cells were added at 1x10°
cells/well in triplicate and treated with DMSO or MRK-003 (1 puM).
The spent medium supplemented with drugs was changed every
3-days. After 1-week of co-culture, cells were subjected to a
luciferase assay to selectively quantify the number of tumor cells.
The values were normalized against luciferase quantification
seeded with tumor cells alone. For gene expression analysis,
primary human mesothelial cells were grown to 80% confluency
in a cell culture plate. GFP-labeled control (2x 10> cells) and
Jag20E cells were seeded onto the plates in mesothelial cell-
derived media. After 5 days in co-culture, cells were sorted to
collect the GFP-negative mesothelial cells.

Tumor xenografts and mouse omentectomy model

All procedures pertinent to mice and related experimental
protocols were approved by The King Faisal Specialist Hospital
and Research Center Animal Care and Use Committee
(RAC#2170034). For omental metastatic studies, 1x10° tumor
cells were injected i.p. in female athymic nu/nu mice, and the
development of metastasis/tumor burden was assessed by
weighing the mice every 3 days and comparing the mice weight
with the initial weight and at the end of the experimental
endpoint before sacrificing the animals. Omental metastasis-free
survival represents the time points at which each mouse
developed omental metastasis by the difference in mouse weight.
For omentectomy surgery on mice, general anesthesia protocols
were followed. Briefly, laparotomy was performed through a 1-cm
incision in the region of the stomach, and the omentum was
carefully removed. The abdominal wall was then closed in two
layers with a fine surgical suture. The sham surgery was performed
as described above with the omentum carefully lifted before
being placed back in the abdominal cavity. Once mice recovered
from surgery-related trauma (1 week after surgery), 1x 10° cells
were injected i.p. in 300 pl of sterile PBS. Tumor burden was
monitored as described above. To establish the co-injected
xenograft model, 1x10° cells were mixed with or without
1x10° mesothelial cells immediately before injection. Cell
suspension was injected subcutaneously into mice. For cisplatin
treatment, cisplatin is administered intraperitoneally at 5 mg/Kg
body weight twice a week for a total of 3 weeks. Tumor size was
measured every 2 and 3 days and tumor volumes were recorded.

Limiting dilution assay (In vivo)

For the HPOMC co-culture model, tumor cells were monocultured
or co-cultured with HPOMC cells for 10 days, and 1000, 5000, and
10,000 tumor cells suspension were injected subcutaneously in
female athymic nu/nu mice in PBS. Mice were monitored every
week for the appearance of tumor growth.

Sphere formation assay

OV2774 and SKOV3 single cells were cultured in 6-well ultra-low
attachment plates at a density of 5000 viable cells/well,
supplemented with 0.4% BSA, 1% penicillin and streptomycin,
B27, 20 ng/ml hEGF, 5pug/ml insulin, 20 ng/ml FGF, 50 ng/ml
hydrocortisone and 4 pg/ml heparin. Spheres were treated with
cisplatin, eugenol, and a combination of both. The number and
size of spheres were viewed under the microscope and counted
the number of spheres (> 50 pm) every 3 days.

Ex-vivo human omentum culture

For the ex-vivo omental culture experiment, a fresh surgically
removed full human omentum was cut into small pieces with
equivalent weight. All omental pieces were placed on a 24-well
plate. The omentum pieces were cultured with 1x 10° cells and
incubated at 37 °C for 2 days. Next, omental pieces were digested
with 0.2% trypsin-EDTA for 10 minutes at 37 °C and scraped with a
spatula. The trypsin was deactivated, and collected cells were
pelleted. For the analysis of Jagged2 expression, fluorescently
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labeled OvCa cells and omental surface cells were sorted by FACS
(Fluorescence activated cell sorting).

Invasion assays

Jag20E OV2774 or control cells were resuspended at 1 x 10° cells
in a serum-free medium and placed in an 8-um-pore transwell
(Corning, USA) with Matrigel. The top inserts were placed in wells
that contained media with serum (10% FBS). 24 hours after
seeding cells in inserts, serum-containing media was aspirated,
and 500 pL 0.2% trypsin-EDTA was added to the wells to trypsinize
the cells that had passed through the 0.8 pum pores. Trypsin
activity was neutralized with a complete serum-containing
medium and then cells were pelleted by 5-minute centrifugation.
The cell pellet was resuspended with 1 ml of complete medium
and the number of invaded cells was counted.

Gene set enrichment analysis

For gene set enrichment analysis, we used GSEA v4.1.0 [17]. We
used a normalized large panel of microarray expression data [18]
of normal and high-grade metastatic and non-metastatic ovarian
cancer patients’ tumors that were ranked ordered by expression
using the provided signal-to-noise metric. TGF-B-responsive gene
sets were generated by considering the top 50 genes from TGF-
[B-response signatures among the metastatic and non-metastatic
groups. The upregulated pathways were defined by a normalized
enrichment score (NES)>0 and down-regulated pathways were
defined by an NES<O. Finally, gene sets were tested for
enrichment in a rank-ordered list via GSEA using weighted
statistics and compared to enrichment results from 1000 random
permutations of the gene set to obtain P-values. Pathways with an
FDR-P-value < 0.05 were chosen as significantly enriched.

Notch reporter, Hes1-siRNA, and Smad3-siRNA

transfection assays

For mesothelial cell transfection experiments, cells were seeded at
1x10° cells/well in a 12-well plate and grown until the cell
reached 80% confluency. For reporter assay, the firefly luciferase
Notch reporter (BPS Bioscience, USA) and/or Renilla luciferase
control vector (Promega, USA) plasmids were transfected using
Lipofectamine 2000 at the concentration described by the
manufacturer’s instructions. After 24 hours, the transfection
medium was changed to a regular growth medium containing
1% 10° vector control or Jag20E tumor cells/well and plated in
triplicate in the presence of DMSO or MRK-003. After two days, the
coculture was lysed and subjected to a luciferase assay in which
firefly counts (Notch reporter activity) were divided by renilla
counts to normalize for transfection efficiency. Mesothelial cells
were transfected with scrambled or Hes1 and Smad3 siRNAs
(cat#4390828; Ambion, USA) using Lipofectamine 2000 following
the manufacturer’s instructions. After 24 hours, the transfection
medium was changed to a regular growth medium. After 1 week,
the coculture was lysed and subjected to luciferase assay to
selectively quantify the number of tumor cells.

RNA from GFP-labeled omental culture or primary human
mesothelial cells

GFP-labeled OvCa cells were cocultured on freshly resected full
human omentum, in a 3D omental culture, or primary human
mesothelial cells. After co-culture, cells were sorted by FACS in
PBS. This FACS sorting procedure separated labeled OvCa cells
from mesothelial cells after co-culture. A lysis buffer was used to
isolate RNA as described above.

Establishment of stable knockdown and overexpression cells
JAG2 (cat#TL303860) human 4-unique shRNA constructs in
lentiviral GFP vector were purchased from Origene (OriGene
Technologies, USA). Stable shRNA-mediated JAG2 knockdown was
obtained with the pGFP-C-shLenti and pGFP-V-RS plasmid vector
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system. shRNA vectors were inserted into 293 T packaging cells.
After 48 hours viruses were collected, filtered, and used to infect
target cells in 4 pg/mL polybrene. For stable overexpression of
JAG2 human tagged ORF clone in human OV2774 OvCa cell line,
packaging cells (293 T cell line) were transiently transfected with
JAG2 or empty pLenti-C-mGFP-P2A-Puro vector using Lipofecta-
mine 2000 (Invitrogen). The viral particle/supernatants were
harvested 48 hours later and passed through a 0.45 pum filter.
The filtered viral supernatant was resuspended in 4 pg/mL
polybrene and added to the desired target cell cultures. Twenty-
four hours after infection, cells were harvested and used for
assays. Control cells contain the parental lentivirus vectors alone.
The infected cells were selected and maintained in a 2 pg/ml
puromycin-containing medium.

Quantitative RT-PCR

Total RNA was extracted with a RNeasy mini kit (Qiagen, USA).
cDNA was synthesized using superscripts Ill First-Strand (Invitro-
gen, USA). After reverse transcription, quantitative gRT-PCR was
performed using the SYBR Green PCR master mix (Applied
Biosystems, USA). Values were normalized against GAPDH in each
sample. The reactions were run in triplicate. Relative levels of
mRNA gene expression were calculated using the 22T methods.
Differences between treatments were evaluated using an
unpaired two-tailed Student’s t-test. Supplementary Table S1
contains information on the primers used in this study.

Immunofluorescence and Image Analysis

The immunofluorescence staining was performed as described
previously [19]. In short, cells were cultured on a glass coverslip,
washed with PBS, and fixed in ice cold methanol. Permeabilized with
0.1% Triton X for 3 minutes, blocked with 5% BSA for thirty minutes.
Afterwards incubated with primary antibodies [1;100, Sigma, USA]
overnight at 4 °C. Finally, washed with PBS and blocked secondary
antibody and mounted the coverslips with mounting medium
(Vecta Shield, USA) with DAPI (4,6-diamidino-2-phenylindole).

Immunoblot analysis

Cells were lysed with SDS lysis buffer, and an equal amount of
heat-denatured proteins was loaded in each blot, separated on an
SDS-PAGE gel, and transferred to a PVDF membrane. Once
transferred, the membrane was blocked with 5% milk. The
following antibodies and dilutions were applied overnight at
4°C: rabbit anti-Jag2 (1: 1000, cat#MA5-37895; Thermo Fischer
Scientific, USA), rabbit anti-Smad3 (1:1000, sc-101154, Santa Cruz,
USA), rabbit anti-phosphoSmad3 (1:1000, sc-517575, Santa Cruz,
USA), rabbit anti-GAPDH (1:1000, sc-32233, Santa Cruz, USA) for
loading control. The blots were incubated with horse radish
peroxidase-conjugated anti-rabbit secondary antibody for an hour
at room temperature and visualized with enhanced chemilumi-
nescence detection reagents.

Human IL-6 ELISA assay

Human IL-6 in the conditioned medium of cultured or cocultured
cells were quantified in triplicate using an ELISA kit (Human ELISA
kit, Abcam, USA, cat# ab-178013).

Pharmacological inhibitor MRK-003

The preclinical use, pharmacokinetics, and pharmacodynamics of
MRK-003 (Merck Research Laboratories) have been well-reported
previously [20]. In our in vivo experiments, mice were given 0.5
percent methylcellulose as a vehicle or MRK-003 at a dose of
100 mg/Kg, both freshly prepared before usage. Before adminis-
tering each dose, the MRK-003 was well mixed to ensure that it
was uniformly dispersed in the solution. The MKR-003 dosing cycle
consisted of two days on and five days off. For in vitro
experiments, MRK-003 was dissolved in DMSO and was adminis-
tered at 1 and/or 5 pM.
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Cell cycle analysis

Cell cycle analysis was carried out using the Cell Cycle Detection
Kit (Invitrogen, USA) following the manufacturer’s instructions
after the cells had been co-cultivated with mesothelial cells in a
transwell plate, cultured with the conditioned media, or treated
with DMSO or MRK-003. Trypsinization was used to collect OvCa
cells, which were then washed in ice-cold PBS and fixed in a 75%
ice-cold ethanol solution. Before labeling, cells were gently
resuspended in ice-cold PBS. Next, propidium iodide (PI) was
incubated with the cells for 30 minutes at room temperature.
Following that, data were examined by NovoExpress software and
the Novo Express flow cytometer (Agilent, USA).

Neutralizing inhibitor and recombinant proteins
TGF-B-receptor 1 (EMD616451; EMD Bioscience, USA) was
resuspended in DMSO. For in vitro studies, OvCa tumor cells were
seeded on a 6-well plate and treated with either DMSO or
EMD616451. Cells were then treated with recombinant TGF-{31
(R & D Systems, USA) was dissolved in PBS, and administered at a
concentration of 50 pM for various time points. Proteins and RNA
were collected and analyzed for gene expression by gqRT-PCR as
described above. Recombinant human IL-6 (R & D Systems, USA)
was dissolved in sterile PBS containing 0.1% FBS and administered
at 10 and 100 ng/mL concentrations.

Statistical analysis

All statistical analysis was performed using R-Statistical (version
4.0.3) software. All graphs were generated from the R-package
“ggplot2”. The significance of data in vitro and in vivo assays was
assessed by unpaired or paired (where indicated) two-tailed
Student t-test. Results are presented as average +/- standard
deviation (SD) or as average +/- standard error of the mean (SEM).
The significance of data between groups was assessed by Mann-
Whitney U-test or ANOVA. Comparisons between Kaplan-Meier
curves were performed using the log-rank test from R-packages
“survival” and “survminer”. P-values of < 0.05 were considered
significant.

RESULTS

Mesothelial cells from omentum promote OvCa cell growth,
invasion, and chemoresistance

The omentum is the most prevalent location of ovarian cancer
metastases in women with serous high-grade ovarian cancer,
which is composed of mesothelial cells that secrete fibronectin in
the presence of OvCa cells and promote tumor growth [3]. These
findings imply that the omentum contributes to tumor cell
proliferation and invasion in the omentum, which enables tumor
cells to colonize the tumor-stromal microenvironment niche
during the early metastatic stage. Therefore, we started the
present investigation by exploring whether the growth of OvCa
cells is induced when co-cultured with primary mesothelial cells
and to determine the role of omental mesothelial cells in OvCa cell
growth and colonization. The microscopical analysis allowed us to
identify the metastasis-free or disease-free omentum, from which
we were able to separate primary mesothelial cells. In order to
confirm that the cells were mesothelial, human primary omental
mesothelial cells (henceforth referred to as HPOMC) were grown
in vitro, and stained with the calretinin-specific mesothelial cell
marker (Figs. STA, B). We next co-cultured OvCa cells (SKOV3 and
OVACR3 cells) with HPOMCs on a transwell plate for five days
(Fig. 1A). When OvCa cells were co-cultured with HPOMCs, their
numbers increased significantly (Fig. 1B-C). In concordance, the
number of OvCa cells was increased when cultured in the
conditioned medium (CM) derived from HPOMCs cultures
(Fig. 1A, C, Figs. S1C, S1D, Table S2). Furthermore, when co-
cultured with HPOMCs or conditioned medium from HPOMCs
(HPOMC-CM), the number of Ki-67 positive OvCa cells and several
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key cell cycle genes (CCND1, CDK1, CDK2, and RB) were also
considerably elevated (Fig. 1D; Figs. S1E, S1F, Table S2). This
demonstrates the role of HPOMCs in enhancing OvCa cell growth.

We have then investigated whether conditioned media from
OvCa-mesothelial cell cultures or direct co-cultures of OvCa cells
with mesothelial cells can enhance OvCa cell invasion using
Matrigel-coated inserts primed with conditioned media from
OvCa-mesothelial cells or co-culture. Figure 1E shows that
HPOMC-CM co-cultured OvCa cells significantly enhanced the
OvCa cell invasion compared to control cells. These findings imply
that co-cultures of tumor and mesothelial cells or HPOMC-CM-
conditioned medium can enhance the proliferative and invasive
capabilities of OvCa cells in vitro.

Next, we assessed the cisplatin sensitivity of OvCa cells grown
with HPOMC-CM or OvCa cells directly co-cultured with HPOMC
cells. Cisplatin sensitivity of OvCa cells was decreased when co-
cultured with HPOMC cells or HPOMC-CM (Fig. 1F). Consequently,
cisplatin-induced cell death in OvCa cells was also significantly
reduced as compared to controls (Fig. 1G). Given that the majority
of OvCa patients exhibit multidrug resistance, we examined
chemosensitivity with two additional chemotherapeutic drugs.
HPOMCs reduced the sensitivity of OvCa cells to paclitaxel and
doxorubicin, (Figs. S1G-J). The next step was to see if HPOMCs
obtained from individuals without omental metastases had
comparable antitumor effects on OvCa cells. OvCa cells co-
cultured with HPOMCs or omental metastatic mesothelial cells
(OMMGs) had no discernible impact on the OvCa cells’ suscept-
ibility to cisplatin (Figs. STK-M). To confirm these results, we have
evaluated the impact of HPOMCs on OvCa cells’ sensitivity to
cisplatin in tumor xenografts. To this end, SKOV3 cells (@ human
ovarian cancer cell line obtained from ascites) were first either
cultured alone or co-cultured with freshly isolated HPOMC cells,
and then were injected into mice. When tumors reached reason-
able volumes, animals were treated with or without cisplatin every
three days for 3 cycles. In contrast to tumors formed with SKOV3
cells grown without HPOMC cells, tumors formed with co-cultured
cells showed resistance to cisplatin (Fig. 1H). These findings
indicate that mesothelial cells derived from omentum promote the
chemoresistance capacities of OvCa cells.

Ovarian cancer cells secret the Notch ligand Jagged2 to
promote tumor growth in the omentum

Bidirectional communication and nutrient exchange between
cancer cells and stromal cells in the tumor microenvironment
(TME) appears to be a key step in promoting metastatic tumor
development [21]. The peritoneal dissemination of OvCa has been
mimicked in mice using numerous cell lines, including ID8 and
SKOV3 [3, 22, 23]. Thereby, we employed the SKOV3-ip cell line to
track the tumor growth and progression following intraperitoneal
(i.p.) injection (Fig. 2A). Two weeks later, we spotted tumor cells
throughout the peritoneal cavity, including the omentum, primary
ovary site, and diaphragm (Fig. 2B). In humans, the omentum is an
adipose tissue created from a fold of the peritoneal mesothelium
that covers the greater omentum in the majority of the abdomen,
while in mice it is merely a narrow stretch of adipose tissue found
between the stomach, pancreas, and spleen [23] (Fig. 2B). We
transplanted SKOV3-ip cells into omentectomized mice (for details
in removing omentum, please refer to materials and methods
section) and tracked tumor development for 4-weeks following i.p.
injection to determine the requirements of the omentum and
omental metastasis. Mice-bearing cells with nonomentectomized
(control) and the sham-operated group showed a comparable
course of tumor growth and progression with the accumulation of
ascitic and omental tumors after 7-10 days (Fig. 2C). On the other
hand, tumor growth is absent in omentectomized mice, and the
near complete absence of ascitic cells is the evidence that the
omentum is a crucial premetastatic niche for tumor growth and
progression (Fig. 2C). The histological investigation in mice
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omentum demonstrated tumor cell infiltration into the omentum
(Fig. 2B, C), supporting the idea of a tumor cell’s ability to implant
into the omentum. We have next investigated if Jagged2
expression in metastatic OvCa is functionally significant, and
whether early OvCa cell metastasis could be mimicked in vivo
(Fig. 2A) and ex vivo (Fig. 2G, H) with human omental tissue.
Following the ip. injection of OvCa cells, immunofluorescence
labeling revealed a significant increase in Jagged2 expression in the
mouse omentum (Fig. 2D). Additionally, the levels of the Jagged?2
protein and mRNA were lower in OvCa cell-free omentum (Fig. 2B,
D-F). In an ex-vivo model, OvCa cells were fluorescently leveled to
distinguish them from HPOMCs, and then overlaid in a freshly
excised human omentum for 24 hours (Fig. 2G, H). We found that
the Jagged2 protein and mRNA levels were considerably higher in
the PHK25-labeled surface cells that had interacted with cancer
cells compared to controls, whereas the expression of Jagged2 in
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the cancer cells remained unaltered (Fig. 2I, J). Collectively, our
results suggest that tumor cell-derived Jagged2 promotes ovarian
cancer metastatic tumor growth in the omentum.

Notch ligand Jagged2 is associated with a high risk of omental
metastasis

Recent genomic profiling of OvCa revealed that the Notch pathway
alterations are among the most prevalent genomic changes [24, 25].
Given the importance of Notch signaling in ovarian cancer
development and adhesion [12], we first investigated the endogen-
ous expression of the Notch ligands, receptors, and several
downstream targets in a series of OvCa cell lines with the potential
of metastatic abilities [26, 27]. Notably, all the OvCa cell lines that
form primary tumors in mice had identical growth patterns.
However, SKOV3 and SKOV3-ip cells are capable of developing
omental metastases [28, 29]. We examined gene expression of the
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Fig. 1 Mesothelial cells induce the growth of OvCa cells. A A schematic model of OvCa cells cocultured with primary mesothelial cells in a
transwell plate (co-culture, top) or cultured in mesothelial cells-conditioned media (CM) (bottom). B SKOV3 and OVCAR3 cells were co-cultured
with mesothelial cells or incubated with mesothelial cell-derived conditioned medium (Meso-CM) in the co-culture transwell system for the
indicated time periods followed by trypan blue staining and counting cells. SKOV3 and OVCAR3 cells alone served as control. Error bar
represent Mean +/- SD; ns - not significant; *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA for repeated measures. C OvCa cells were cultured in
the conditioned medium with a different ratio of culture medium and supernatants from mesothelial cells (ratios 1:1, 1:2, 1:4, 2:1, and total
supernatants from the mesothelial cell culture, respectively) followed by quantitation of cells. Error bar represent Mean SD + /-, *P < 0.05 by
repeated measures of ANOVA. D OVCAR3 and SKOV3 cells were used for immunofluorescence staining of Ki-67 on day 5 (post-culture) in the
indicated three groups. The bar graph below shows the quantification of the proportion of Ki-67-positive cells in each group. Scale bar 100 pm,
Error bar represent Mean +/- SD; *P < 0.05, **P <0.01 by one-way ANOVA. E Matrigel invasion assay of SKOV3 and OVCAR3 cells in the
indicated three groups. Scale bar 100 pm, n = 3. The graph below represents the quantification of the number of invaded cells per field, Error
bar represents Mean +/- SD; *P < 0.05, **P < 0.01 by one-way ANOVA. F Assessment of the effect of Meso-CM or mesothelial cell co-culture on
the sensitivity of SKOV3 and OVCAR3 cells to cisplatin. Cell viability is normalized to the untreated control group and statistical analysis was
compared with SKOV3 and OVCAR3 monoculture group (n = 3), Error bar represents Mean +/- SD; ns= not significant, *P < 0.05, **P < 0.01 by
one-way ANOVA. G SKOV3 and OVCARS3 cells were treated with the indicated concentrations of cisplatin for 48 hours and the proportion of
apoptotic cells was determined by Annexin V-PI flow cytometry. Quantification of percentages of apoptotic cells in the indicated groups. Each
group was statistically analyzed and compared to the untreated control group (n = 3), Error bar represents Mean +/- SD; *P < 0.05, **P < 0.01
by one-way ANOVA. H Effects of mesothelial cell co-culture on cisplatin treatment resistance of SKOV3 cells in vivo. SKOV3 cells were either
cultured alone or were co-cultured with human mesothelial cells in vitro, and then were injected subcutaneously into immunocompromised
mice. Once tumors were palpable, mice were treated with cisplatin (5 mg/kg body weight) or DMSO twice a week for 3 cycles. Representative
of resected tumor images and tumor weight (bar graph) at the end point is shown (n = 1, 2, 3 mice per group). ns = not significant; ***P < 0.01
by two-way ANOVA. Data in the figure represent average and +/-SEM; P- values were determined using the Student’s t-test unless otherwise
indicated.
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Fig.2 OvCa cells induce Jagged2 expression early in metastasis to the omentum. A Schematic diagram of SKOV3-ip cell injection in mouse
peritoneum. B Locations of (i) ascites, (ii) omentum, (iii) primary ovary, and (iv) diaphragm tumor progression 3- weeks after i.p. injection (left
panel). H & E staining of omentum without (top right panel) and with tumor (right bottom panel). C Endpoint analysis of malignant ascites and
total number of tumor nodules in omentectomized mice 4 weeks after intraperitoneal cell injection of SKOV3-ip cells. Data are shown as Mean
+/-SEM (n = 3). Statistical significance was calculated using Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple comparison test.
**P < 0.01, ****P < 0.0001. D-F Jagged?2 protein and RNA expression in whole mouse omentum three weeks following in vivo i.p. injection of
SKOV3-ip tumor cells. Immunofluorescence (D), Immunoblot (E), and gRT-PCR (F) analysis were performed using Jagged2 specific antibody
and probe (**P < 0.01; Scale bars 100 pm). G Diagram of the mesothelium in 3D culture. Primary human omental fibroblasts are plated with
human omental ECM and cultured for 6 hours. The fibroblasts are overlaid with human omental mesothelial cells and cultured for an
additional 24 hours before OvCa cells are seeded. The purpose of the use of the 3D culture system was to investigate OvCa cells’ adhesion,
invasion, and proliferation. H Ex-vivo human omentum adhesion, invasion, and proliferation assay with PHK25 labeled OvCa cells and the
schematic of cell sorting by FACS. | Western blot analysis of Jagged2 protein in the surface cells of the human omentum in two culture
conditions. Cells were cultured in human omentum without fluorescently labeled cells (unattached) or PHK25 labeled SKOV3-ip cells
(attached) after FACS sorting. J qRT-PCR mRNA analysis of Jagged2 following the same methods described in H (**P < 0.01).
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Fig. 3 Notch ligand Jagged2 is associated with a high risk of omental metastasis. A Heat map showing the qRT-PCR gene expression of the
Notch pathway ligands and downstream targets in four ovarian cancer cell lines. B qRT-PCR analysis of the Jagged2 gene expression in ovarian
cancer cell lines with distinct metastatic abilities. C Heat map showing the microarray data analysis [30] of the Jagged2 mRNA expression in
ovarian cancer cell lines with metastatic ability. D-F Kaplan-Meier progression-free survival curves of ovarian cancer patients from Gentric
(GSE26193) [31], Denkert (GSE14764) [32], and TCGA [33] data sets representing high and low expression of Jagged2. G Western blot analysis of
the Jagged?2 protein in control and Jagged2 knockdown (KD) in OVCAR3 and SKOV3-ip cells. H (Top) Representative images of tumor nodules
in mouse metastatic omentum (right) and tumors developed in the primary ovary (left). (Bottom) quantification of tumor area from each group.
Scale bar 100 pm. ***P <0.001. I-L Kaplan-Meier survival and omental metastasis- free curves of mice injected with control or Jagged2
knockdown (Jag2KD) OVCAR3 and SKOV3-ip cells (n =5 mice per/group). M (Left panel) Representative immunohistochemical images of Ki-67
and H & E histological images of primary omentum from representative mice for each experimental group. (Right panel) quantification of Ki-67-
positive cells in the Jag2KD cells compared with the control group. Scale bar 20 pm. P = 0.12 (OVACR3 cells) and 0.44 (SKOV3-ip cells). Data in
the figure represent average and +/-SEM; P-values were determined using the Student’s t-test unless otherwise indicated.

Notch pathway receptors, and several notable downstream Notch
target genes, which showed the least to moderate associations with
the metastatic ability (Figs. S2A, S2B), nonetheless, the Notch ligands
Hey1, Hes1, DLL1, and Jagged?2 levels were noticeably increased in
the SKOV3-ip cells (Fig. 3A; Fig. S2C). Additionally, the expression of
the Jagged2 gene in OvCa cell lines revealed that SKOV3 and
SKOV3-ip cells with aggressive metastatic ability expressed high
levels of Jagged2 (Fig. 3B, G ref. [30]). These findings point to
Jagged? as a clinically significant driver and suggest a possible link
to OvCa omental metastasis.

The clinical importance of Jagged2 expression in OvCa
metastases was then assessed using previously reported data

sets. The Gentric [31] and Denkert [32] datasets revealed that the
expression of Jagged2 was significantly higher in patients with
relapse (Log-rank P =0.0089; P=0.0029), and the incidence of
relapse was significantly linked with the Jagged2 expression level
(Fig. 3D, E). Compared to the Gentric and Denkert data sets, the
TCGA data set [33] differs in that it includes more patient sample
data and a wider variety of clinical criteria. The TCGA data showed
that patients with high Jagged2 expression exhibited considerably
more OvCa metastases than patients with low Jagged2 expression
(Fig. 3F; log-rank P =0.0035). The incidence of progression-free
survival, however, did not differ substantially amongst patients
with differing Notch ligands and Hes1 expression (Figs. S2D-S2H).
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These results further support the notion that Jagged2 plays an Jagged2 knockdown (Fig. 3M), indicating that Jagged2-deficient

important role in OvCa omental disease progression, in contrast to cells might grow during omental metastasis. Importantly, these

Notch receptors or other Notch pathway components. findings imply that tumor-derived Jagged2 has a functional role in
To assess the functional role of Jagged2 for ovarian cancer cells’ omental metastasis, primarily through creating and sustaining a

capacity to undergo omental metastasis, we stably knocked down robust microenvironmental niche.

Jagged2 in two metastatic OVCAR3 and SKOV3-ip cell lines

(Fig. 3G), which express high levels of Jagged2 (Fig. 3B, Q). Ectopic expression of Jagged2 in ovarian cancer cells

Following the i.p injection of tumor cells, the formation of tumors promotes omental metastatic tumor growth

and the progression of omental metastasis were monitored. To confirm the role of Jagged2 in OvCa omental metastasis, we
Jagged2 knockdown dramatically reduced omental metastasis of overexpressed the Jagged2 gene in the poorly metastatic OV2774
tumor cells in the mouse omentum (Fig. 3H), with an improve- cells (Fig. 4A). Following i.p. injection, mice bearing tumors with

ment in survival (Fig. 31, K), and a marked delay in the initiation of Jagged2 overexpression (Jag20E) showed implants on the
omental metastasis in mice (Fig. 3J, L). In OVCAR3 and SCOV3-ip omentum (Fig. 4B). To further analyze the omental metastasis,
cells, the average weight of primary tumors was approximately mice omental tissues were isolated and stained for Jagged2.
0.81 gm, and 0.95 gm, while average ascites volume was 4.14 mL Jag20E cells were largely found at the onset of tumor cell spread,
and 4.61 mL (Table 1). Additionally, disseminated tumor nodules accompanied by an increasing tumor area and weight in the
were also scraped off and isolated from the cavity for further omentum (Fig. 4B-D). Furthermore, Jag20OE tumor cells developed
analysis, and their weighs ranged from 1.56g to 2.16g, omental metastases earlier than the control (only one mouse in
respectively (Table 1). Furthermore, the number of Ki-67 positive the control group developed small foci of tumor; Fig. 4E). Our
cells in OVCAR3 and SKOV3-ip remained unaltered following clinical sample examination of omental tissues from patients with
metastatic ovarian cancer revealed a similar observation. The
expression of Jagged2 was first verified in surgically isolated
benign (n=4) and metastatic (n =4) omental samples from a
human with ovarian cancer. In comparison to patients without
metastasis, all metastatic patients had stronger levels of Jagged2
Xenograft model OVCAR3 (n=5) SKOV3-ip (n =5) expression in both the stroma and the periphery of the omentum
Primary tumor (g) 0.87 +/— 0.22 0.95 + /— 031 (Fig. 4F). This indicates that tumor-derived Jagged2 cells can
Disseminated tumor (g) 156+ /— 0.16 2134 /— 035 establish tumors preferentially in the omentum. Furthermore, the

: : : : Jag20E group had a greater number and statistically significant
Ascites (mL) 414 +/=1.05 4.61+/—1.16 proportion of Ki-67-positive cells in the omentum (Fig. 4G).
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Table 1. Tumor burden and ascites volume in mice injected with
OVCAR3 and SKOV3-ip human ovarian cancer cell.
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Fig. 4 Enforced expression of Jagged2 in ovarian cancer promotes omental metastasis. A Western blot analysis showing Jagged2 protein
expression in control and Jag2OE OV2774 cell line. B Mice inoculated with control and Jag2OE cells showed the absence (n = 5) and presence
(n =5) of omental tumor nodules with histological and Jagged2 immunofluorescence. Magnification of images are taken at 40x (scale bar =
200 pm). € Quantification of tumor area in the omentum from each mice group (P =0 .0019). Error bar represent Mean +/- SD; ***P < 0.001.
D Quantification of tumor weight (in grams) from each mice group from the day of inoculation (0 days) up to day 25. Error bar represent Mean
+/- SD; ns - not significant; *P < 0.05; **P < 0.01 and ***P < 0.001, respectively. E Kaplan-Meier omental metastasis-free survival curve of mice
inoculated with control (n = 5) or Jag20E (n = 5) (Log-rank P < 0.012). F Representative images of freshly resected human omentum showing
absence (no omental metastasis; n = 4) and presence (omental metastasis; n = 4) of omental tumors with histological analysis of both H & E
and Jagged2 immunofluorescence. Scale bar 100 pm. G Immunofluorescence staining of Ki-67 from omental metastatic tumors from each
group (left panel). The right panel illustrates the quantification of the percent of Ki-67-positive tumor cells. For the quantification analysis, 10
distinct regions were randomly selected from each group. *P < 0.05. H (Left panel) Representative images of invaded cells and (right panel)
quantification of cells invasive capability of control and Jag2OE cells using two-chamber transwell Matrigel invasion assay. **P < 0.01. Scale bar
100 pm, I gRT-PCR mRNA expression analysis of the Notch target genes Hes1 (**P < 0.01), Hey1 (***P < 0.001), and the Notch receptor Jagged?2
(**P < 0.01) in control and Jag20OE OV2774 mice omental metastatic site. Data in the figure represent average and +/-SEM; P-values were
determined using the Student’s t-test unless otherwise indicated.

SPRINGER NATURE Cell Death and Disease (2024)15:247



Moreover, Jag20E cells demonstrated the highest in vitro invasive
potential (Fig. 4H). Most notably, we found that the expression of
the Notch pathway target genes was increased in Jag2OE cells in
tumor-associated omental mesothelial cells (Fig. 4l). These
findings indicate that enforced expression of Jagged2 in low
metastatic cells is sufficient to drive omental metastasis, possibly
by activating the Notch pathway in the supporting omental
microenvironment.

Active TGF-B-Smad3 signaling pathway transcriptionally
regulates Jagged2 during ovarian cancer omental metastasis
The expression and influx of premetastatic genes have been
reported to interact tightly with the tumor microenvironment and
omental niche, which is predominantly regulated by distinct
signaling molecules and plays a significant role in the develop-
ment of metastatic tumors. Since omental mesothelial cells are the
first point of contact for OvCa cells [3, 34], we sought to
investigate the potential implication of the Jagged?2 regulators in
the omental microenvironment and the enrichment of multiple
signaling pathways and target gene sets in the metastatic and
non-metastatic ovarian tumor cells. Using the gene-set enrich-
ment analysis (GSE2109), we have identified that the TGF-f
pathway-responsive genes are considerably overrepresented
among the upregulated genes in the metastatic omentum tumors
compared to the primary site of disease (Fig. 5A, top panel
P =0.037). Importantly, Jagged2 was shown to be among the top
10-gene enrichment core of TGF-B-responsive genes (Fig. 5A,
bottom panel), suggesting that Jagged2 is a possible target of
TGF-B signaling in OvCa cells during omental metastatic tumor
development. Because TGF-B1 is abundantly expressed and
produced by omental mesothelial cells [35], we first examined
whether mesothelial cells are able to regulate Jagged2. Interest-
ingly, after 24h of TGF-B1 stimulation, the Jagged2 mRNA was
considerably increased in OvCa cell (Fig. 5B; Fig. S3A). On the other
hand, treatment with TGF-B Receptor 1 kinase inhibitor (EMD-
616451), prevented Jagged2 activation in OvCa cells (Fig. 5C;
Figs. S3B, S3C) and decreased cell proliferation in vitro (Fig. 5D).
Furthermore, Smad3 inhibition in OvCa cells, showed that Jagged2
is transcriptionally controlled by Smad-dependent TGF-{ signaling
(Fig. 5E-F).

Next, we have investigated whether Jagged2 is a key down-
stream effector of the pro-metastatic TGF-3-Smad signaling
pathway during omental metastasis. We reasoned that if Jagged2
is an essential TGF-B target during omental metastasis, over-
expression of Jagged2 in Smad3-KD cells would fully or partially
restore the aggressive behavior of OvCa cells in vivo, influencing
and initiating omental metastasis (Fig. 5G-l). Furthermore,
decreased omental metastasis ability was seen in our Jag2KD
experiments, which may indicate the Jag2KD cells’ inability
to enhance Jagged2 expression in response to omental-derived
TGF-B signaling (Fig. 5H; J). Collectively, our findings show that
TGF-B, a well-known pro-metastatic cytokine, stimulated Jagged2
expression in OvCa cells, promoting metastatic dissemination and
tumor growth in the omental premetastatic niche.

OvCa cells expressing Jagged2 stimulate the Notch signaling
in mesothelial cells and confer the growth advantage of
tumor cells in the omental microenvironment

Manipulating Jagged2 expression in OvCa cells substantially
impacted the development of omental metastatic performance
without significantly affecting primary tumor functions. We,
therefore, hypothesize that the Notch-Jagged2 signaling may
enable cross-communication between tumor cells and the
omental mesothelial cell milieu and promote a supportive
environment for tumor cells to commence omental metastasis
based on the evidence from earlier experiments (Figs. 4-5). It
would be intriguing to determine how the Jagged2-Notch
signaling facilitates this process more easier. To investigate the
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involvement of supporting mesothelial cells in Jagged2-mediated
omental metastasis, we exploited a co-culture system (Fig. 6A) of
Jag20E OvCa cells with HPOMCs expressing a Notch reporter. We
have also investigated the ability of tumor-derived Jagged2 to
promote the Notch activity in mesothelial cells. We have found a
4-fold increase in the Notch activation in the HPOMCs (Fig. 6B).
This increase was later abolished by the y-secretase inhibitor (GSI)
(MRK-003) (Fig. 6C). Furthermore, the co-culture of FACS-separated
primary HPOMCs with GFP-labeled Jag2OE tumor cells resulted in
a significant increase in the Jagged2 expression by the mesothelial
cells (Fig. 6C). This was accompanied by the activation of many
Notch pathway target genes, including fibronectin1 (FN1) and
TGF-B1, whose expression was later inhibited with MRK-003
(Fig. 6D). This implies that when omental mesothelial cells interact
with OvCa cells, transcriptional activation of the Notch pathway
occurs. We subsequently investigated if an OvCa cell culture-
conditioned medium might promote Jagged2 in mesothelial cells
in the same manner. However, conditioned media (CM) derived
from OvCa cells promoted Jagged2 expression in mesothelial cells
in a time-dependent manner, indicating that Notch activity and
activation of Jagged2 in primary mesothelial cells also occur as a
result of indirect contact with OvCa cells (Fig. 6E). Furthermore, we
found in that Jag20E cells acquired ability for growth advantage
during omental metastatic tumor growth. Given the distinct
growth characteristics of Jag2OE cells in omental metastases, we
investigated whether the growth advantage was acquired
through cross-communication with mesothelial cells. By growing
GFP-luciferase-labeled Jag20E tumor cells on a monolayer of
mesothelial cells, we evaluated and measured the tumor cell
growth. Comparing the results to controls and those without
mesothelial cell co-culture, it was shown that Jag2OE tumor cells
were substantially more abundant. Additionally, compared to cells
without co-culture, Jag20E cells produced larger GFP+ colonies
(Fig. 6F). Furthermore, MRK-003 treatment inhibited Jag2OE tumor
cells’ growth advantage in the mesothelial co-culture system
without affecting the proliferation ability when cultured alone
(Fig. 6G-l, Table S3). These findings indicate that Jag2OE tumor
cells have an advantage in proliferating when the Notch pathway
is activated in mesothelial cells.

Ectopic expression of Jagged2 enhances chemoresistance in
ovarian cancer cells by enhancing cancer stem cell self-
renewal (CSCs)

Ovarian cancer patients have a particularly poor prognosis
because of tumor development and metastatic tropism in the
omentum. Interestingly, omentectomy prevented the develop-
ment of the tumor in the omentum in mice, recognizing that the
omentum is an important component of the premetastatic niche
where tumor cells lay dormant and grow slowly over time
(Fig. 2C). Moreover, dormant cells have a long latency for omental
tumor development and are also renowned for being resistant to
chemotherapy. Tumor-derived Jagged2-mediated omental metas-
tasis, therefore, has two potential pathways that might explain the
severity of metastasis and chemotherapeutic resistance of
omental malignancies. First, CSC phenotypes within the tumors
may be directly influenced by Jagged2-expressing tumor cells. As
an alternative, to promote CSC features, Jag20OE tumor cells may
synchronize with omental mesothelial cells. Next, Jagged2
expression was assessed using fluorescence-activated cell sorting
(FACS) in 4 primary ovarian tumors, 4 omental metastatic HGSC
patients’ specimens, and mesothelial cells (isolated from the
metastasis-free omentum) in order to test the latter theory and
possible enrichment of CSCs. When compared to primary tumor
cells and metastasis-free omental mesothelial cells, all omental
metastatic samples showed a higher proportion of the Jagged2
positive population (Fig. 7A). Moreover, many CSC markers were
overexpressed in omental metastatic OvCa cells compared to cells
from primary ovarian tumors (Fig. S4A). Furthermore, an in vitro
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Fig. 5 Jagged2 is functionally regulated by the TGF-B-Smad3 signaling pathway in ovarian cancer omental metastasis. A Gene-set
enrichment analysis (GSEA) of the TGF-B-responsive genes set in a ranked list of differentially expressed genes in primary ovary tumors versus
omental metastatic tumor cells (GSE2109; P = 0.037). The bottom panel shows a corresponding heat map of core TGF- gene sets with
elevated expression in two groups. B Jagged2 mRNA expression in response to TGF-p treatment in ovarian cancer cell lines. **P <0.01,
**¥P < 0.001. C Jagged2 mRNA expression in SKOV3-ip cells treated with either DMSO or TGF-p-receptor inhibitor (EMD616451) for 24 hours.
***P < 0.001. D Cell proliferation assay of SKOV3-ip cells treated with either DMSO or TGF-B-receptor inhibitor (EMD616451) for the indicated
time. *P < 0.05, ***P <0.001. E Jagged2 mRNA expression in ovarian cancer cells treated with either DMSO or Smad3 inhibitor (SIS3) for
24 hours. ***P < 0.001. F Number of invaded cells in the indicated cells with altered expression of Jagged2 and Smad3. **P < 0.01, ***P < 0.001.
G Representative images of the omental region in mice from experimental groups on day 10. (left) Quantification of tumor numbers in each
group of experimental mice. Data in the figure represent average +/- SEM, SD. **P < 0.01, ***P <0.001. H Western blot analysis showing
Jagged2, Smad3, and phospho-Smad3 expression in the indicated cells with altered Jagged2 and Smad3. | Western blot analysis of Jagged2,
phospho-Smad3, and Smad3 protein levels in the control or Smad3 knockdown in Jag2OE cells with or without stimulation of TGF-.
J Western blot analysis showing Jagged2 protein expression in the control and Jag2KD SKOV3-ip cells with or without TGF-p treatment. Data
in the figure represent average and +/-SEM; P-values were determined using the Student’s t-test unless otherwise indicated.

spheroid assay revealed that Jagged2 high cells (omental ALDH1L1 expression in Jag20E cells (Fig. S4C). The upregulation of
metastatic cells) have greater sphere-forming potential than these two critical ovarian stem-cell markers CD44 and ALDH1L1 in
Jagged2 low cells (normal non-metastatic omental cells) counter- omental metastatic tumors points to a potential interaction
parts (Fig. 7B). To further demonstrate the role of CSCs in inducing between the omental mesothelial cell niche and tumor-derived
and growing omental metastasis, we implanted Jag2OE cells in a Notch-Jagged?2 signaling in the development of CSC features by
cohort of mice and tracked the tumor burden and metastatic tumor cells.

dynamics in the omentum. When compared to control cells, mice To determine whether omental mesothelial cells have any
bearing Jag20E tumor cells had a larger total omental tumor influence on OvCa cell's stemness and self-renewal, we compared
burden and a higher number of omental metastatic tumor foci the sphere-forming incidence of OvCa cells cultured alone or

(Fig. 7C; Fig. S4B). Furthermore, Jag20OE cells were associated with together with mesothelial cells. Interestingly, mesothelial cells
the rapid formation of spheroids and an increase in CD44 and enhanced the sphere formation ability in Jag20OE and SKOV3-ip
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Fig. 6 OvCa cells expressing Jagged2 have a growth advantage in the omental microenvironment via Notch-dependent cross-
communication with mesothelial cells. A Schematic diagram of a co-culture model between Jag20OE tumor cells and human primary
mesothelial cells transfected with a Notch reporter. B Flow cytometry cells separation of mesothelial cells (P2) from GFP+ Jag2OE cells (P3). After
flow cytometry cell separation, the bottom panel shows the quantification of the Jagged2 mRNA expression control and sorted co-culture cells
from the indicated group (***P <0.001). € Co-culture between control or Jag20E tumor cells and mesothelial cells transfected with a Notch
reporter and treated with DMSO or MRK-003 (1 and 5 pM). D gRT-PCR assessment of the mRNA levels of the indicated Notch target genes, TGF-
B1 and fibronectin 1 (FN1) in mesothelial cells separated by FACS from co-culture in each experimental group. *P < 0.05, **P <0.01, and
***P < 0.001. E gRT-PCR analysis of Jagged2 mRNA expression in primary human mesothelial cells with or without a conditioned medium (CM)
from Jog20E cells for the indicated time periods. *P < 0.05. F Representative images of co-cultures of Jag20OE and mesothelial cells from each
experimental group (DMSO or MRK-003 [5 pM]). Scale bar, 200 pm. G Quantifying tumor cell proliferation of control and Jag2OE cells after co-
culture with mesothelial cells from each experimental group by luciferase assay. **P < 0.01, ***P <0.001. H Quantification of sphere growth
efficiency of control and Jag2OE after co-cultures of each experimental treatment group. **P < 0.01, ***P < 0.001. | Quantification of tumor cell
proliferation cultured alone (no co-culture) from each experimental group. Data in the figure represent average and +/-SEM; P-values were

determined using the Student’s t-test unless otherwise indicated. ns =

cells (Fig. 7D). We next used a gold standard assay to assess the CSC
enrichment and self-renewal of the in vitro limiting dilution assay,
which mimics the tumorigenic rate with serial dilutions of cancer
cells [36]. When OvCa cells were co-cultured with mesothelial cells,
sphere formation, and self-renewal behavior were higher at low cell
densities than when OvCa cells were cultured alone (Fig. $4D).
Similarly, the rate of tumor incidence was investigated in vivo.
Tumor incidence was found to be higher at comparably low cell
numbers in Jag20E cells co-injected with mesothelial cells than in
OvCa cells alone (Fig. 7E). These findings imply that mesothelial
cells enhance the stemness and self-renewal potential of OvCa
cells. To illustrate these phenomena at the molecular level, we have
shown that mesothelial cells co-cultured with tumor cells
significantly enhanced the well-known and well-defined stemness
markers Nanog, Oct3/4, Sox2, and ALDH1L1 in OvCa cells (Fig. S4E).
Furthermore, mesothelial cells augmented the ALDHTL1 activity in
OvCa cells (Fig. S4F). The phenotypes of sphere-forming capability
and expression of stemness markers were virtually eliminated when
Jag20E cells were treated with MRK-003 (Fig. 7F-H). This shows that
Jagged2, which is produced by tumor cells, promotes CSC self-
renewal and, over time, accelerates the development of omental
metastatic tumors.

CSCs and dormant cells are known to be resistant to the
majority of chemotherapeutic treatments. Considering this, we
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not significant. All experiments were run in triplicates.

investigated the platinum sensitivity of OvCa cells grown alone or
in indirect co-culture with mesothelial cells to see if omental
mesothelial cells influence OvCa cell drug resistance. GFP-labeled
OvCa (Jag20E) cells were cocultured with HPOMCs and treated
with cisplatin (Fig. 71). Co-culture of mesothelial cells reduced
cisplatin-induced cell death in OvCa cells in vitro (Fig. 71). When
OvCa cells are co-cultured with mesothelial cells, the number of
apoptotic cells is significantly lower than when they are cultured
alone under the influence of cisplatin (10 uM) (Fig. 7I). These
findings indicate that omental mesothelial cells reduced OvCa
cells’ platinum sensitivity. Furthermore, we investigated the
cisplatin resistance of Jag20E cells. We have found that Jag20E
cells were more resistant than control cells (P=0.003) (Fig. S4G).
Thus, cells expressing a high proportion of Jagged2 were twice
more resistant than control cells (Fig. 7J). Our findings suggest that
the Notch pathway, particularly Jagged2, is critical for CSC
maintenance and chemoresistance in ovarian cancer omental
metastasis.

Interleukin-6 (IL-6) is secreted by omental mesothelial cells in
a Notch and Hes1-dependent manner and stimulates the
growth of Jagged2-expressing OvCa cells

The predominant cell type in direct contact with OvCa cells in
the peritoneal cavity is the omental mesothelial cells [12].
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Fig. 7 Ectopic expression of Jagged2 in OvCa cells promotes cancer stem cell (CSCs) features and resistance to chemotherapy. A Jagged2
expression was examined by fluorescent-activated cell sorting (FACS) in tissues from omentum (n=4) sampled from patients treated for
benign disease, OvCa primary tumors (n = 4), and omental metastasis (n = 4) collected from patients with serous OvCa. Metastatic tumors in
the omentum (n=4) had a higher percentage of Jagged2+ cells compared with patients who were either primary tumors or benign
omentum (n =4). **P<0.01, ***P<0.001 unpaired two-sided t-test. B Spheroids formation assay comparing cultured omental metastatic
(Jag2High) and non-metastatic omentun (Jag2Low) cells. Cells were seeded in ultra-low adherence 96-well plates, and the formation of
spheroids was assessed with a wide-filed microscope. (Mean SEM + /-). Scale bar 200 pm. Jagged2 protein immunofluorescently stained with
Jagged2 specific primary antibody in cultured spheroids. (Mean SEM + /-). ***P < 0.001, unpaired two-sided t-test. C (Left)Representative
images of tumor localization in mouse omentaum at day 10 after injection of control and Jag2OE cells. (Right) Analysis of tumor burden in
omentum at day 10 after injection. Data are presented as mean +/-SD (n = 3) and a statistically significant difference was calculated using the
Man-Whitney U test, ***P <0.001. D Sphere-formation assay of SKOV3-ip and Jag2OE cells after mesothelial cell exposure. Representative
sphere images and quantification of sphere numbers fold increase is shown (n = 3). Scale bar 200 pm. A statistically significant difference was
calculated using the Man-Whitney U test, ***P < 0.001. E In vivo limiting dilution assay showing tumor formation rate of Jag2OE cells co-
injected with mesothelial cells (n =3 mouse/group). F Number of spheres and sphere diameter (n = 3) in the indicated treatment group.
**P < 0.01, ***P < 0.001. G gRT-PCR analysis showing relative mRNA expression of the stemness markers, Sox2, Nanog, Oct3/4 in the indicated
treatment group. One-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001. H ALDH1L1 mRNA in Jag2OE cells after coculture with mesothelial
cells and in the indicated treatment groups as normalized to GAPDH mRNA (n = 3). *P < 0.05, **P < 0.01. I (right) Schematic presentation of the
drug response assay designed to assess the proportion of apoptotic cells among the co-cultured OvCa and mesothelial cells. (left) GFP-labeled
Jag20E cells isolated from mesothelial cells were stained with Annexin-V and 7-AAD and the proportion of Annexin-V positive cells was
determined by flow cytometry. J The percentage of Annexin-V-7AAD positive cells were presented from paired samples (n =8, P=0.0078).
p-values were analyzed based on Wilcoxon test. Data in the figure represent average and +/-SEM; P-values were determined using the
Student’s t-test unless otherwise indicated.

Jagged2-regulated genes in mesothelial cells may create a
microenvironment favorable for tumor development and survival.
To determine the dynamics of these tumor cells during omental
metastasis, we first examined several promising Notch-dependent
candidate genes expressed by omental mesothelial cells from a
previously reported dataset (GSE63966). The Dragon dataset [37]
revealed that IL-6 is the most promising candidate gene from the
ranked-in-order gene list (Fig. 8A), owing to its involvement in
chemoresistance, omental metastasis [38, 39], and its association
with poor clinical outcome in OvCa [40]. Therefore, the expression
of the Notch ligands was assessed in mesothelial cells obtained
from benign omental mesothelial cells, primary ovarian tumors,
and cells purified from patients’ omental metastatic tumor tissues
in order to identify Notch-dependent signaling molecules secreted
by mesothelial cells and tumor cell that can stimulate omental
tumor growth. Figure 8B shows that multiple genes are over-
expressed in these cells (P<0.01, Mann-Whitney test). We have
used qRT-PCR on FACS-sorted cells that were co-cultured to
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uncover Jagged2-regulated genes in mesothelial cells that are
particularly required for omental tumor growth (Fig. 8C). Multiple
genes, including IL-6 and several Notch target genes, are activated
in mesothelial cells co-cultured with Jag20E cells compared to the
control group (Fig. 8C). Interestingly, when these cells were
exposed to MRK-003, all of these genes were attenuated (Fig. 8D).
We next examined Hes1, which is well known as a downstream
mediator of the Notch pathway, which also plays important roles
in stemness, metastasis, and multi-drug resistance; and has been
found highly expressed in omental mesothelial cells [41-43]. We
have inhibited Hes1 expression in mesothelial cells to verify its
requirements (Fig. 8E). The growth of Jag20E tumor cells in co-
culture was markedly diminished by Hesl knockdown in
mesothelial cells (Fig. 8F). This shows that the downstream Notch
pathway mediator Hes1 is essential for the development of
omental metastatic tumors.

The growth and survival of OvCa cells, as well as their ability to
adhere and metastasize, all depend on intimate interactions with
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Fig. 8 IL-6 secreted from omental mesothelial cells induce stemness in a Notch-Hes1 dependent fashion and stimulates the growth of
Jagged2 expressing cells. A A List of genes with an expression fold change between pleural malignant and peritoneal malignant mesothelial
cells of more than 2-fold from the public dataset microarray GSE63966. B gRT-PCR mRNA analysis of the Notch target genes, and CTGF and
FN1 from mesothelial cells, omental metastatic tumor cells, and primary ovary tumor cells resected from the patient. C (Left) Schematic model
of the co-culture system of mesothelial and Jag2OE cells. (Right) gRT-PCR mRNA expression of the indicated genes in control and Jag20E
tumor cells cocultured with mesothelial cells. *P < 0.05, **P < 0.01, ***P < 0.001. D Heat map showing qRT-PCR mRNA expression levels of the
indicated genes from mesothelial cells that were FACS separated from cocultures of each experimental/treatment group. E gRT-PCR analysis of
Hes1 expression in mesothelial cells treated with scrambled or Hes1 siRNA and cultured in 24 well plates coated with either Fc or control or
recombinant Jagged2 protein (n=3). Data represent average +/- SD. **P<0.01, ***P<0.001. F Quantification of cell proliferation in
mesothelial cells treated with control or Hes1 siRNA and cultured in 24 well plates coated with either Fc or control or recombinant Jagged2
protein by luciferase assay (n = 3). **P < 0.01, ***P < 0.001. G Quantification of IL-6 levels in the conditioned media of control or Jag2OE tumor
cells cultured alone or cocultured with mesothelial cells in the presence of DMSO, MRK-003 (1pM) by ELISA (n = 3). **P < 0.01, ****P < 0.001.
H Quantification of IL-6 levels in the conditioned media of the indicated tumor cells co-cultured with mesothelial cells after treatment with
Hes1 siRNA by ELISA. ***P < 0.001. | Cell proliferation of the indicated tumor cells co-cultured with mesothelial cells from each experimental
group by luciferase assay. Data represent average +/-SD, **P < 0.01, ***P < 0.001. J Cell proliferation of the indicated tumor cells cocultured
with mesothelial cells after treatment with Hes1 siRNA by luciferase assay. **P < 0.01, ***P <0.001. K Quantification of sphere formation
capacity of the indicated tumor cells cocultured with mesothelial cells after treatment with Hesl siRNA. **P<0.01, ***P<0.001.
L Quantification of sphere formation capacity of indicated tumor cells cocultured with mesothelial cells after treatment with 1 pM MRK-003.
**P<0.01, ***P<0.001. M Cell proliferation of indicated tumor cells cocultured with mesothelial cells and treatment with either IgG or
5.0 pg/mL of the anti-IL-6 antibody by luciferase assay. **P < 0.01, ***P < 0.001. N Cell proliferation of indicated tumor cells cocultured with
mesothelial cells and treatment with either PBS, 5.0 pg/mL, or 10.0 pg/mL of anti-IL6 by luciferase assay. *P < 0.05, ***P < 0.001. Data in the
figure represent average and +/-SEM; P-values were determined using the Student’s t-test unless otherwise indicated. All experiments were
run in triplicates.

their microenvironment. We then investigated the Notch-
dependent signaling molecule released by omental mesothelial
cells, which may boost tumor growth, in light of the reciprocal
contact between tumor and omental mesothelial cells. The
transcriptome profile of HGSOC tumors from the TCGA data
portal revealed that an increase in IL-6 expression was strongly
related to poor tumor-free survival and played a key role in CSC
self-renewal and maintenance, treatment resistance, and tumor
invasion [44-46]. Furthermore, IL-6 was identified as a promising
candidate gene in selective gene expression analysis from publicly

the MRK-003 treatment (Fig. 8G). This implies that the ability of
tumor development in the metastatic site by Jag20E cells is
exclusively dependent on the existence of mesothelial cells, which
act as a reservoir for inflammatory stimuli such as IL-6. We then
established that Hes1 regulates IL-6 expression (Fig. 8H).
Importantly, MRK-003 and Hes1siRNA treatment inhibited Jag20OE
tumor cell proliferation and self-renewal ability in mesothelial co-
culture (Fig. 8I-L). Given the relationship between the Notch
pathway proteins and IL-6 and based on our findings stated
above, we have investigated whether Notch-activated IL-6

available datasets (Fig. 8A). IL-6 levels increased 3-4-fold when
Jag20E cells were co-cultured with mesothelial cells (Fig. 8G).
Importantly, conditioned media from tumor cells cultured alone
produced low amounts of IL-6, and IL-6 secretion from mesothelial
cells was dependent on the Notch signaling, as demonstrated by
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secretion from omental mesothelial cells was necessary to
promote tumor proliferation, stemness, and self-renewal features.
To investigate this, we used a neutralizing antibody to suppress
mesothelial cell-derived IL-6 release. The reduction of IL-6
production by mesothelial cells reduced the growth advantage
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of Jag20OE tumor cells (Fig. 8M). Furthermore, adding rIL-6 to
control tumor cells greatly increased their proliferation capacity
(Fig. 8N). Collectively, these findings show a positive feedback
loop in which the Jagged2-Notch signaling boosts IL-6 production
by mesothelial cells, promoting the formation of metastatic
tumors in the omentum.

The tumor-associated stroma, which includes mesothelial cells,
fibroblasts, and adipocytes, serves as a reservoir for IL-6 and
contributes to the establishment of favorable niches for tumor cell
growth, and chemotherapeutic resistance, and the maintenance
of OCSCs (ovarian cancer stem cells). To investigate the role of the
microenvironment in cisplatin-induced IL-6 secretion, mesothelial
cells were grown alone or co-cultured with Jag20OE cells under
starvation conditions for 24 hours before being treated with
cisplatin (10 pM). IL-6 levels in the conditioned media were
measured 24 hours after exposure to cisplatin. Cisplatin treatment
enhanced IL-6 production in mesothelial cells relative to untreated
cells, indicating a functional role of IL-6 released by mesothelial
cells in the resistance to cisplatin (Fig. S5A). Furthermore, co-
culturing Jag20OE and SKOV3-ip cells with mesothelial cells
enhanced IL-6 secretion (Fig. S5A), indicating a role for mesothelial
cells in cisplatin-induced IL-6 secretion. To test whether IL-6 is
required and sufficient to enhance mesothelial cell-mediated
OvCa cell chemoresistance and self-renewal traits, we treated
Jag20E cells with rlL.-6 and examined the chemoresistance
and self-renewal phenotypes. Exogenous rlL-6 treatment boosted
Jag20E cells’ cisplatin resistance as well as their capacity to
develop spheres (Figs. S5B, S5C). The suppression of IL-6 from
mesothelial cells reduced the sphere growth advantage of Jag20OE
tumor cells (Fig. S5D). These findings point to IL-6 as a crucial
component in OvCa chemoresistance and elevated stemness
features mediated by mesothelial cells.

Disruption of the Notch signaling pathway by the Notch
inhibitor MRK-003 impairs the omental metastatic spread of
ovarian cancer

The experimental results have thus far drawn attention to and
pinpointed the function of the Notch signaling system in promoting
an omental metastatic niche that is supported by contact between
the tumor and mesothelial cells. As a result, the therapeutic
intervention of Notch signaling may compromise tumor-mesothelial
cell integrity, impairing metastatic implantation in the peritoneum,
omentum, and beyond, and may be a promising strategy for the
suppression or decrease of metastatic tumor development. To
determine the Notch inhibitor MRK-003’s ability to reduce omental
metastasis, we primarily focused on the omental microenvironment
that promotes metastasis. We tested this using two methods. First,
we treated OvCa cells with MRK-003 to prevent the production of
Jagged2. We have shown that OvCa cells did not adhere (92% of
control) or invade (89% of control) as efficiently (Fig. 9A, B). In a
second technique, MKR-003-treated OvCa cells were seeded on
freshly resected human omentum. After three days of incubation,
the MRK-003-treated OvCa cells were able to attach; nevertheless,
cells removed from the omentum revealed lower expression of the
Jagged2 mRNA and CD44 (Fig. 9C-F). Furthermore, MRK-003
treatment decreased the expression of the Notch target genes,
including IL-6 (Fig. 9G, H). This indicates the necessity for cross-talk
between OvCa cell-derived Jagged2 and the supporting omental
microenvironment and mesothelial cells.

To confirm these results in vivo, female nude mice were
intraperitoneally injected with metastatic SKOV3-ip cells, which
express high levels of endogenous Jagged2 (Fig. 3G), and then
treated with MRK-003. Interestingly, MRK-003 treatment delayed
the onset of omental metastases significantly (Fig. 9I; log-rank
P =0.018). The vehicle treatment did not affect the influx of OvCa
cells into the omentum while greatly reduced peritoneal and
omental tumor nodules (Fig. 9J), omental tumor weight and
numbers (Fig. 9K, L), ascites volume (Fig. 9M), and overall omental
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weight (Fig. 9N). To our surprise, MRK-003 treatment did not affect
the development of primary tumors in mouse ovaries (Fig. 9J),
indicating that direct inhibition of the Notch signaling in tumor
cells might not be very effective in preventing the development of
primary tumors. This would explain the necessity of the omental
microenvironment in omental metastasis. We have next evaluated
the expression of the Notch target genes and IL-6 to determine if
MRK-003 treatment impairs the Notch signaling in the omental
stromal compartment. As measured by decreased expression of
the Notch target genes in the omental stromal compartment,
MRK-003 treatment significantly disrupted the Notch signaling
(Fig. 90). Collectively, these findings indicate that targeting
Jagged2, a tumor-derived protein, reduces colonization and
metastasis in the omentum and beyond.

MRK-003 reverses the omental metastatic phenotype induced
by Jag20E cells

After confirming the influence of Jagged2 on the omental
metastasis, we tested the possible role of MRK-003 treatment in
reversing the omental metastatic phenotypes, which were driven
by Jag20E cells. Accordingly, we have first investigated the effect
of MRK-003 on the expression of the Notch target genes. In fact,
the levels of these genes were found to be higher in the Jag2OE
cells (Figs. S6A-SC). However, following MRK-003 treatment, the
expression of the Notch target genes was markedly reduced.
Likewise, MRK-003 has inhibited cell invasion and sphere
formation ability (Figs. S6B-SC). In line with these alterations,
the omental metastasis was also diminished in MRK-003-treated
animals by dramatically reducing the metastatic time, tumor mass,
number of omental tumors, and ascites volume (Fig. 10A-F). These
findings underscore the contribution of tumor-derived Jagged?2 to
the dissemination and omental metastases of OvCa. The results
taken together indicate that the omental metastases mediated by
Jagged2-expressing ovarian cancer cells are dependent on
coordinated mesothelial-stromal Notch activation and that this
pathway may be pharmacologically inhibited to prevent these
metastases from occurring in the omental milieu.

DISCUSSION
Metastatic ovarian cancer is a predominant cause of ovarian
cancer-related fatalities. Emerging evidence suggests that the
cross-communications between the tumor-omental microenviron-
ment (TME) is crucial for the development of both metastatic
tumor and therapeutic resistance [47, 48]. The cellular dynamics
that explain how the omentum and omental mesothelial cells
contribute to the establishment of a pre-metastatic niche and the
cross-talk between the omental mesothelial and cancer cells have
only been sparsely studied. In this study, we have demonstrated
that elevated Jagged2 expression in ovarian tumor cells promotes
omental metastasis by activating the Notch signaling pathway,
which is dependent at least in part on omental mesothelial cells.
Jagged2 is overexpressed in ovarian metastatic tumor cells, which
are further activated by TGF-$ from mesothelial cells during the
onset of metastatic tumor growth. Jagged2-expressing ovarian
cancer cells interact with mesothelial cells and acquire a growth
advantage in the tumor microenvironment by stimulating and
releasing of IL-6 from omental mesothelial cells. Conversely, GSI
(y-secretase inhibitor) MRK-003 treatment, reversed these pre-
metastatic functions of Jagged2 by impairing the Notch signaling
pathway in associated omental mesothelial cells. Our findings
identified omental mesothelial cells as a critical component of the
ovarian TME, which supports metastatic tumor development and
provides a unique paradigm for the active participation of the
Notch signaling pathway in the growth and progression of
omental metastatic tumors (Fig. 10G).

Notch, a conserved signaling pathway, has been implicated in the
maintenance of tissue homeostasis by regulating self-renewal and
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cell fate determination in normal stem cells and early progenitor
cells. Many studies, including those using TCGA data, have found
that the Notch pathway is dysregulated in OvCa [49]. A role for the
Notch signaling in ovarian cancer was originally reported in two
separate studies that investigated the expression of the Notch
receptors and ligands [50, 51]. The majority of the subsequent
studies on the implication of Notch signaling in ovarian cancer
progression focused on its activation in tumor cells and the
accompanying interaction between the Notch receptors and
downstream targets in the context of cellular proliferation,
differentiation, and apoptosis. However, it is important to note that
the Notch signaling is aberrantly active in many solid tumors, raising
the possibility that the Notch receptors are activated upstream
through ligand interaction, implicating both signal-sending and
signal-receiving cells [52]. The growth and survival of tumor cells, as
well as their propensity to metastasize, are dependent on complex
interactions with their distinct microenvironments.

Despite prior studies indicating that DLL4 regulates tumor
dormancy [52] while, mesothelial cell-derived Jagged2 forms a
juxtracrine loop with the Notch receptor expressed by OvCa cells

and regulates tumor growth and adhesion [12]. The precise
mechanism and cellular dynamics that create the metastatic niche,
especially in the omentum, that describe the involvement of the
Notch pathway ligands, particularly Jagged2, and ovarian cancer
metastasis in the omentum are mostly unknown despite the
existence of these reports. Recognizing the significance of the
tumor-associated milieu, we explored the possibility that omental
mesothelial cells play an active role in the metastatic cascade. Our
findings made the exciting revelation that ovarian cancer
metastasis is not largely caused by the Notch pathway receptors
and its downstream targets. Additionally, we have demonstrated
for the first time that high levels of OvCa cells’ capacity for
omental metastasis correlate with elevated levels of the Notch
ligand Jagged2, which is produced by the tumor cells and is
likewise associated with a poor prognosis.

Growing evidence indicates that the Notch pathway not only
plays a crucial role in a myriad of developmental processes, but it's
also implicated in the tumor-associated stroma, which facilitates
cancer progression [41]. There is evidence that mesothelial cells
play an active role in the establishment of the ovarian cancer
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Inhibiting the Notch signaling pathway with MRK-003 reverses Jagged2-mediated omental metastasis. A Schematic diagram of i.p.

cell injection and treatment schedules. B Images of representative mice in each experimental group on day 40 after peritoneal injection.
C Kaplan-Meier omental metastasis-free survival curve of mice from each experimental group. Log-rank P=0.0032. D-F Omental tumor
weight (D), omental tumor number (E), and ascites volume (F) of mice from each experimental group (mean +/- SEM, n=5 for each
experiment, **P < 0.01, ***P < 0.001, Students t- test). G A graphical presentation of tumor-mesothelial cell cross-talk of Jagged2-expressing
ovarian tumor cells with the omental microenvironment. Data in the figures represent average and +/-SEM; P-values were determined using
the Student’s t-test unless otherwise indicated. All experiments were run in triplicates.

niche, and cancer cells recruit local stromal cells to promote and
sustain tumor cell growth [3, 53]. According to a recent study,
inflammatory factors secreted by OvCa cells mobilize neutrophils
and stimulate them to create neutrophil extracellular traps (NETSs)
in the omentum in both tumor-bearing mice and early-stage OvCa
patients, and the NETs then capture OvCa cells, promoting
metastasis formation [54]. Furthermore, Etzerodt et al. (2020)
demonstrated that tissue-resident macrophages promote the
metastatic progression of OvCa in the omentum. But, the
significance of Notch signalling in the tumor-associated stromal
microenvironment is largely unexplored. In the present study, we
found that Jagged2 was not detected in the tumor-free omentum
but was found in the omentum of women with ovarian tumors.
These findings support the notion that the interaction between
tumor and mesothelial cells in the omentum is reflective of the
metastatic potential, which is initiated by tumor-derived Jagged2.
Furthermore, we present here the first indication that tumor-
derived Jagged2 can facilitate the growth of omental tumors by
activating the Notch signaling pathway in omental mesothelial
cells. This, in turn, promotes tumor cell adherence and growth
advantage in the omental milieu in both mouse models and OvCa
patients. These findings implicate that mesothelial cells activate
the Notch pathway in the pre-metastatic niche in response to the
presence of OvCa cells. While we did not assess the role and
involvement of additional omental and stromal cell types, such as
adipocytes, fibronectin, and endothelial cells in Jagged2-mediated
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omental metastasis, our study nevertheless warrants further
investigative work into these cells’ potential roles.

Despite initial chemosensitivity of HGSOCs, relapse of the
disease precludes cures and metastasis in the majority of patients.
This may be attributed, at least in part, to the cancer stem cells
(CSCs) acquiring stem-like features, which have been linked to
promoting tumor progression and metastasis [55]. The growing
body of evidence supports the role of CSCs in intraperitoneal
metastasis, chemo- and radio-resistance, which has major
implications for disease recurrence from disseminated tumor cells
[23, 48, 56, 57]. Likewise, CSCs have anchorage-dependent survival
and are dynamically altered by signal queues from the tumor
microenvironment [58]. Several studies have confirmed that CSCs
are present in ascitic tumor cells in advanced-stage ovarian cancer
[56]. It has recently been found that the Notch signaling molecules
play a significant role in CSC maintenance in a variety of
malignancies, including ovarian cancer [24, 59]. It has been
demonstrated by several recent investigations that Jagged1 is
essential for preserving the stem cell phenotypes in the stroma.
Other Notch ligands, such as Jagged2 and their functions and
involvement in stem cell maintenance, have not yet been
explored. Interestingly, our investigation of the patient’s omental
metastatic tumor sample analysis revealed a modest increase in
the expression of CSC markers. Our co-culture investigations, on
the other hand, indicated that Jagged2 induces the production
and secretion of IL-6 from mesothelial cells via activation of the
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Notch signaling pathway, imparting mesothelial cell-dependent
CSC growth and proliferation advantage to omental metastatic
tumor cells. Recent studies have shown that the IL-6/
STAT3 signalling promotes CSC self-renewal and maintenance in
ovarian cancer cells and supports tumor growth in the omental
microenvironment [38, 48]. Several lines of evidence documented
that IL-6 levels in the serum and peritoneal fluids are higher in
ovarian cancer patients, and high level of IL-6 is independently
associated with poor prognosis and survival of these patients
[60, 61]. We have shown here that mesothelial cells produce IL-6
to enhance ovarian CSCs in the omental milieu and promote
omental metastasis. Importantly, we have observed that meta-
static omental tumors increased CSC marker expression and
activity, implying that IL-6 actively functions in the omental
microenvironment. Our findings further show that the mesothelial
cell-dependent positive feedback mechanism of IL-6 further
extends its participation in Jagged2-mediated omental metastasis.
Future research is required to fully understand how mesothelial
cells in the omental microenvironment promote CSC expression in
ovarian cancer cells, as well as the molecular mechanisms of the
dialogue between tumor-derived Jagged2 and dormant ovarian
cancer stem cells’ self-renewal during the metastatic events.

The importance of cancer cell-derived TGF-f during OvCa
omental metastasis has been extensively studied. The omental
mesothelial cells can support cell adhesion, proliferation, invasion,
and migration through their rich reservoir of TGF-, which can be
released into the omental microenvironment during aggressive
omental metastasis. TGF-B has been found to interact with
peritoneal mesothelial cells and activate the RAC/SMAD signaling
pathway, resulting in enhanced fibronectin production and a
mesenchymal phenotype of peritoneal mesothelial cells [3]. The
disruption of the TGF-f signalling, either pharmacologically or
genetically, may reduce the formation of ovarian cancer
metastases on the omentum, highlighting the role of the TGF-f
signaling system in supporting tumor cells’" omental metastatic
capacity [35, 62, 63]. The functional downstream targets of the
TGF-B-SMAD pathway in the metastasis of ovarian cancer are not
well understood. We are the first have shown in this study that
Jagged2 is a SMAD-dependent target of TGF-f in omental
metastasis, given the particular involvement of TGF-$ in omental
metastasis. Thus, it is likely that in response to mesothelial cell-
derived TGF-B signaling during metastasis, Jagged2 triggers a
positive feedback loop, which may promote the activation of the
Notch signaling in TME, once the TGF-B1 is upregulated during
metastasis. Furthermore, the administration of a neutralizing
antibody effectively restricts the feedback of TGF-f on Jag20OE
tumor cell and mesothelial cell co-cultures without altering the
growth properties of cells. Our findings highlight an important fact
that the release of TGF- from mesothelial cells is pivotal in the
metastasis process in response to the activation of the Notch
signaling pathway, and it is likely to have an important role in the
pathogenesis of Jagged2-mediated omental metastasis. It is
unknown how the TGF-B-Notch signaling promotes metastasis.
However, the role of the components of this pathway in
the context of epithelial-to-mesenchymal transition has been
documented [64]. Our findings reveal that the activation of both
Notch and TGF- signaling pathways built a positive feedback
bridge between tumor cells and the omental milieu, promoting
omental metastasis.

Pharmacological inhibitors of y-secretase are being developed
for clinical use as a single treatment or in combination with
chemotherapy in order to inhibit the Notch signaling pathway.
This approach is garnering tremendous attention. Targeting
y-secretase prevents NICD from being cleaved and released
because y-secretase causes the proteolytic release of the NICD
receptors. GSls have been found to suppress cancer cell
proliferation and tumor progression. However, it has not been
determined whether tumor progression is impeded by altering
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the Notch signaling as well as the related stromal-tumor milieu.
We employed multiple methodologies, each with a specific focus
on tumor and mesothelial cells, to investigate how disrupting
Notch signaling by MRK-003, a GSI inhibitor, impairs Notch-
Jagged2-mediated cross-talk between tumor cells and mesothelial
cells. The obtained data show that MRK-003 may be an effective
strategy for limiting ovarian cancer omental metastasis by
inhibiting the Notch signaling. However, GSIs must be used with
caution since, similar to other chemotherapeutic drugs, cancer
cells have the potential to develop resistance to GSI therapy.

CONCLUSIONS

In summary, although the story of omental metastasis and tumor-
stromal cross-talk was initiated by tumor-derived Jagged2, the
findings reported here revealed that the real path forward actually
lies in a significant stroma-dependent mechanism for the Notch
ligand Jagged2 in promoting ovarian cancer metastasis on the
peritoneal omentum. Our findings further show how cross-talk
between ovarian tumor cells and omental mesothelial cells, which
promote ovarian cancer metastasis in the omentum, is bridged by
two developmentally different TGF-B-Notch signaling pathways.
Additionally, by focusing on the tumor-stroma environment, we
have shown preclinical evidence for MRK-003 as a therapeutic
drug that effectively prevents omental metastasis. These exciting
preclinical findings merit further investigation to gain new insights
that can help treat and prevent the spread of ovarian cancer as
well as reduce the morbidities associated with metastasis.

Study approval

All procedures involving animals were performed in accordance
with guidelines issued by the institutional animal care and use
committees at the King Faisal Specialist Hospital and Research
Centre under approved animal use protocols (RAC#2170034). For
human studies, the study was approved by the local ethics
committee of the King Faisal Specialist Hospital and Research
Centre and was conducted in accordance with the declaration of
Helsinki. All participants provided written informed consent
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REFERENCES

1. Lengyel E. Ovarian Cancer Development and Metastasis. Am J Pathol. 2010;177:1053.

2. lwagoi Y, Motohara T, Hwang S, Fujimoto K, lkeda T, Katabuchi H. Omental
metastasis as a predictive risk factor for unfavorable prognosis in patients with
stage Ill-IV epithelial ovarian cancer. Int J Clin Oncol. 2021;26:995.

3. Kenny HA, Chiang CY, White EA, Schryver EM, Habis M, Romero IL et al. Meso-
thelial cells promote early Ovarian cancer metastasis through fibronectin secre-
tion. J Clin Invest. 2014. https://doi.org/10.1172/JCI74778.

4. Lee W, Ko SY, Mohamed MS, Kenny HA, Lengyel E, Naora H. Neutrophils facilitate
ovarian cancer premetastatic niche formation in the omentum. J Exp Med.
2018;216:176-94.

5. Sodek KL, Murphy KJ, Brown TJ, Ringuette MJ. Cell-cell and cell-matrix dynamics
in intraperitoneal cancer metastasis. Cancer Metast Rev. 2012;31:397.

6. Gascard P, TIsty TD. Carcinoma-associated fibroblasts: orchestrating the compo-
sition of malignancy. Genes Dev. 2016;30:1002.

7. Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt MR, et al.
Adipocytes promote ovarian cancer metastasis and provide energy for rapid
tumor growth. Nat Med. 2011;17:1498-503.

8. Fujikake K, Kajiyama H, Yoshihara M, Nishino K, Yoshikawa N, Utsumi F, et al. A
novel mechanism of neovascularization in peritoneal dissemination via cancer-
associated mesothelial cells affected by TGF- derived from ovarian cancer.
Oncol Rep. 2018;39:193-200.

9. Rynne-Vidal A, Au-Yeung CL, Jiménez-Heffernan JA, Pérez-Lozano ML, Cremades-
Jimeno L, Barcena C, et al. Mesothelial-to-mesenchymal transition as a possible

SPRINGER NATURE

17


https://doi.org/10.1172/JCI74778

S.S. Islam et al.

18

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

therapeutic target in peritoneal metastasis of ovarian cancer. J Pathol.
2017;242:140.

. Mikufa-Pietrasik J, Sosinska P, Ksigzek K. Resveratrol inhibits ovarian cancer cell

adhesion to peritoneal mesothelium in vitro by modulating the production of
a5B1 integrins and hyaluronic acid. Gynecol Oncol. 2014;134:624-30.

. lwanicki MP, Davidowitz RA, Ng MR, Besser A, Muranen T, Merritt M, et al. Ovarian

cancer spheroids use myosin-generated force to clear the mesothelium. Cancer
Discov. 2011;1:144.

. Choi JH, Park JT, Davidson B, Morin PJ, Shih IM, Wang TL. Jagged-1 and Notch3

juxtacrine loop regulates ovarian tumor growth and adhesion. Cancer Res. 2008.
https://doi.org/10.1158/0008-5472.CAN-08-0001.

. Leong KG, Niessen K, Kulic I, Raouf A, Eaves C, Pollet |, et al. Jagged1-mediated

Notch activation induces epithelial-to-mesenchymal transition through Slug-
induced repression of E-cadherin. J Exp Med. 2007;204:2935.

. Hellstrom M, Phng L-K, Hofmann JJ, Wallgard E, Coultas L, Lindblom P, et al.

Dll4 signalling through Notch1 regulates formation of tip cells during angio-
genesis. Nat 2006 445:7129. 2007;445:776-80.

. McAuliffe SM, Morgan SL, Wyant GA, Tran LT, Muto KW, Chen YS, et al. Targeting

Notch, a key pathway for ovarian cancer stem cells, sensitizes tumors to platinum
therapy. Proc Natl Acad Sci USA. 2012;109:E2939.

. Yang M, Zhang G, Wang Y, He M, Xu Q, Lu J, et al. Tumour-associated neutrophils

orchestrate intratumoural IL-8-driven immune evasion through Jagged2 activa-
tion in ovarian cancer. Br J Cancer 2020 123:9. 2020;123:1404-16.

. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al.

Gene set enrichment analysis: A knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci. 2005;102:15545-50.

. Bonome T, Levine DA, Shih J, Randonovich M, Pise-Masison CA, Bogomolniy F,

et al. A Gene Signature Predicting for Survival in Suboptimally DebulkedPatients
with Ovarian Cancer. Cancer Res. 2008;68:5478.

. Islam SS, Al-Sharif |, Sultan A, Al-Mazrou A, Remmal A, Aboussekhra A. Eugenol

potentiates cisplatin anti-cancer activity through inhibition of ALDH-positive
breast cancer stem cells and the NF-kB signaling pathway. Mol Carcinogen.
2018;57:333-46.

Lewis HD, Leveridge M, Strack PR, Haldon CD, O'Neil J, Kim H, et al. Apoptosis in T
Cell Acute Lymphoblastic Leukemia Cells after Cell Cycle Arrest Induced by
Pharmacological Inhibition of Notch Signaling. Chem Biol. 2007;14:209-19.
Romero IL, Mukherjee A, Kenny HA, Litchfield LM, Lengyel E. Molecular pathways:
Trafficking of metabolic resources in the tumor microenvironment. Clin Cancer
Res. 2015. https://doi.org/10.1158/1078-0432.CCR-14-2198.

Roby KF, Taylor CC, Sweetwood JP, Cheng Y, Pace JL, Tawfik O et al. Development
of a syngeneic mouse model for events related to ovarian cancer. Carcinogenesis
2000. https://doi.org/10.1093/carcin/21.4.585.

Etzerodt A, Moulin M, Doktor TK, Delfini M, Mossadegh-Keller N, Bajenoff M et al.
Tissue-resident macrophages in omentum promote metastatic spread of ovarian
cancer. J Exp Med. 2020. https://doi.org/10.1084/jem.20191869.

Groeneweg JW, Foster R, Growdon WB, Verheijen RHM, Rueda BR. Notch sig-
naling in serous ovarian cancer. J Ovarian Res. 2014. https://doi.org/10.1186/
513048-014-0095-1.

Wieland E, Rodriguez-Vita J, Liebler SS, Mogler C, Moll |, Herberich SE et al.
Endothelial Notch1 Activity Facilitates Metastasis. Cancer Cell 2017. https:/
doi.org/10.1016/j.ccell.2017.01.007.

Shaw TJ, Senterman MK, Dawson K, Crane CA, Vanderhyden BC. Characterization
of intraperitoneal, orthotopic, and metastatic xenograft models of human ovarian
cancer. Mol Therapy 2004. https://doi.org/10.1016/j.ymthe.2004.08.013.

Ruibin J, Guoping C, Zhiguo Z, Maowei N, Danying W, Jianguo F et al. Estab-
lishment and characterization of a highly metastatic ovarian cancer cell line.
BioMed Res Int. 2018. https://doi.org/10.1155/2018/3972534.

Bailey MH, Tokheim C, Porta-Pardo E, Sengupta S, Bertrand D, Weerasinghe A,
et al. Comprehensive Characterization of Cancer Driver Genes and Mutations.
Cell. 2018;173:371-85.e18.

Pradeep S, Kim SW, Wu SY, Nishimura M, Chaluvally-Raghavan P, Miyake T, et al.
Hematogenous Metastasis of Ovarian Cancer: Rethinking Mode of Spread. Cancer
Cell. 2014;26:77-91.

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S et al. The
Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug
sensitivity. Nature. 2012. https://doi.org/10.1038/nature11003.

Gentric G, Kieffer Y, Mieulet V, Goundiam O, Bonneau C, Nemati F et al. PML-
Regulated Mitochondrial Metabolism Enhances Chemosensitivity in Human
Ovarian Cancers. Cell Metabol. 2019. https://doi.org/10.1016/j.cmet.2018.09.002.
Denkert C, Budczies J, Darb-Esfahani S, Gyorffy B, Sehouli J, Konsgen D et al. A
prognostic gene expression index in ovarian cancer - Validation across different
independent data sets. Journal of Pathology 2009. https://doi.org/10.1002/
path.2547.

Bell D, Berchuck A, Birrer M, Chien J, Cramer DW, Dao F et al. Integrated genomic
analyses of ovarian carcinoma. Nature 2011. https://doi.org/10.1038/nature10166.

SPRINGER NATURE

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kenny HA, Nieman KM, Mitra AK, Lengyel E. The first line of intra-abdominal
metastatic attack: Breaching the mesothelial cell layer. Cancer Discov. 2011;1:100-2.
Yamamura S, Matsumura N, Mandai M, Huang Z, Oura T, Baba T, et al. The
activated transforming growth factor-beta signaling pathway in peritoneal
metastases is a potential therapeutic target in ovarian cancer. Int J Cancer.
2012;130:20-28.

Kryczek |, Liu S, Roh M, Vatan L, Szeliga W, Wei S, et al. Expression of aldehyde
dehydrogenase and CD133 defines ovarian cancer stem cells. Int J Cancer.
2012;130:29-39.

Dragon J, Thompson J, Macpherson M, Shukla A. Differential Susceptibility of
Human Pleural and Peritoneal Mesothelial Cells to Asbestos Exposure. J Cell
Biochem. 2015;116:1540-52.

Wang Y, Zong X, Mitra S, Mitra AK, Matei D, Nephew KP. IL-6 mediates platinum-
induced enrichment of ovarian cancer stem cells. JCI Insight 2018;3. https://
doi.org/10.1172/JCLINSIGHT.122360.

Oh K, Moon H-G, Lee D-S, Yoo Y-B. Tissue transglutaminase-interleukin-6 axis
facilitates peritoneal tumor spreading and metastasis of human ovarian cancer
cells. Lab Anim Res. 2015;31:188.

Hodge DR, Hurt EM, Farrar WL. The role of IL-6 and STAT3 in inflammation and
cancer. Eur J Cancer. 2005;41:2502-12.

Sethi N, Dai X, Winter CG, Kang Y. Tumor-Derived Jagged1 Promotes Osteolytic
Bone Metastasis of Breast Cancer by Engaging Notch Signaling in Bone Cells.
Cancer Cell. 2011;19:192-205.

Liu Z-H, Dai X-M, Du B. Hes1: a key role in stemness, metastasis and multidrug
resistance. Cancer Biol Ther. 2015;16:353.

Islam SS, Aboussekhra A. Sequential combination of cisplatin with eugenol tar-
gets ovarian cancer stem cells through the Notch-Hes1 signalling pathway. J Exp
Clin Cancer Res. 2019;38:1-14.

Tao L, Huang G, Song H, Chen Y, Chen L. Cancer associated fibroblasts: An
essential role in the tumor microenvironment. Oncol Lett. 2017;14:2611.

Wang D, Xiang T, Zhao Z, Lin K, Yin P, Jiang L, et al. Autocrine interleukin-23
promotes self-renewal of CD133 + ovarian cancer stem-like cells. Oncotarget.
2016;7:76006-20.

Ozes AR, Miller DF, Ozes ON, Fang F, Liu Y, Matei D, et al. NF-kB-HOTAIR axis links
DNA damage response, chemoresistance and cellular senescence in ovarian
cancer. Oncogene 2016 35:41. 2016;35:5350-61.

Metcalf KJ, Alazzeh A, Werb Z, Weaver VM. Leveraging microenvironmental
synthetic lethalities to treat cancer. The Journal of Clin Invest. 2021;131. https://
doi.org/10.1172/JC1143765.

Qian J, LeSavage BL, Hubka KM, Ma C, Natarajan S, Eggold JT et al. Cancer-
associated mesothelial cells promote ovarian cancer chemoresistance through
paracrine osteopontin signaling. J Clinl Invest 2021;131. https://doi.org/10.1172/
JC1146186.

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ et al. The
genomic and transcriptomic architecture of 2,000 breast tumours reveals novel
subgroups. Nature. 2012. https://doi.org/10.1038/nature10983.

Euer NI, Kaul S, Deissler H, Mobus VJ, Zeillinger R, Weidle UH. Identification of
L1CAM, Jagged2 and Neuromedin U as ovarian cancer-associated antigens.
Oncol Rep. 2005;13:375-87.

Lu KH, Patterson AP, Wang L, Marquez RT, Atkinson EN, Baggerly KA, et al.
Selection of Potential Markers for Epithelial Ovarian Cancer with Gene Expression
Arrays and Recursive Descent Partition Analysis. Clin Cancer Res.
2004;10:3291-3300.

Indraccolo S, Minuzzo S, Masiero M, Pusceddu |, Persano L, Moserle L, et al. Cross-
talk between Tumor and Endothelial Cells Involving the Notch3-DII4 Interaction
Marks Escape from Tumor Dormancy. Cancer Res. 2009;69:1314-23.

Hanahan D, Coussens LM. Accessories to the Crime: Functions of Cells Recruited
to the Tumor Microenvironment. Cancer Cell. 2012;21:309-22.

Lee WJ, Ko SY, Mohamed MS, Kenny HA, Lengyel E, Naora H. Neutrophils facilitate
ovarian cancer premetastatic niche formation in the omentum. J Exp Med. 2019.
https://doi.org/10.1084/jem.20181170.

Kreso A, Dick JE. Evolution of the Cancer Stem Cell Model. Cell Stem Cell.
2014;14:275-91.

Lupia M, Cavallaro U. Ovarian cancer stem cells: still an elusive entity? Mol Cancer.
2017;16. https://doi.org/10.1186/512943-017-0638-3.

Varas-Godoy M, Rice G, lllanes SE. The Crosstalk between Ovarian Cancer Stem
Cell Niche and the Tumor Microenvironment. Stem Cells Int. 2017;2017. https://
doi.org/10.1155/2017/5263974.

Qian J, Rankin EB. Hypoxia-Induced Phenotypes that Mediate Tumor Hetero-
geneity. Adv Exp Med Biol. 2019;1136:43.

Takebe N, Miele L, Harris PJ, Jeong W, Bando H, Kahn M, et al. Targeting Notch,
Hedgehog, and Wnt pathways in cancer stem cells: clinical update. Nat Rev Clin
Oncol. 2015;12:445.

Kolomeyevskaya N, Eng KH, Khan ANH, Grzankowski KS, Singel KL, Moysich K,
et al. Cytokine profiling of ascites at primary surgery identifies an interaction of

Cell Death and Disease (2024)15:247


https://doi.org/10.1158/0008-5472.CAN-08-0001
https://doi.org/10.1158/1078-0432.CCR-14-2198
https://doi.org/10.1093/carcin/21.4.585
https://doi.org/10.1084/jem.20191869
https://doi.org/10.1186/s13048-014-0095-1
https://doi.org/10.1186/s13048-014-0095-1
https://doi.org/10.1016/j.ccell.2017.01.007
https://doi.org/10.1016/j.ccell.2017.01.007
https://doi.org/10.1016/j.ymthe.2004.08.013
https://doi.org/10.1155/2018/3972534
https://doi.org/10.1038/nature11003
https://doi.org/10.1016/j.cmet.2018.09.002
https://doi.org/10.1002/path.2547
https://doi.org/10.1002/path.2547
https://doi.org/10.1038/nature10166
https://doi.org/10.1172/JCI.INSIGHT.122360
https://doi.org/10.1172/JCI.INSIGHT.122360
https://doi.org/10.1172/JCI143765
https://doi.org/10.1172/JCI143765
https://doi.org/10.1172/JCI146186
https://doi.org/10.1172/JCI146186
https://doi.org/10.1038/nature10983
https://doi.org/10.1084/jem.20181170
https://doi.org/10.1186/S12943-017-0638-3
https://doi.org/10.1155/2017/5263974
https://doi.org/10.1155/2017/5263974

tumor necrosis factor-a and interleukin-6 in predicting reduced progression-free
survival in epithelial ovarian cancer. Gynecol Oncol. 2015;138:352-7.

61. Dobrzycka B, Mackowiak-Matejczyk B, Terlikowska KM, Kulesza-Bronczyk B,
Kinalski M, Terlikowski SJ. Serum levels of IL-6, IL-8 and CRP as prognostic factors
in epithelial ovarian cancer. Eur Cytokine Netw. 2013;24:106-13.

62. Kumari A, Shonibare Z, Monavarian M, Arend RC, Lee NY, Inman GJ, et al. TGF
signaling networks in ovarian cancer progression and plasticity. Clin Exp Metast.
2021;38:139-61.

63. Roane BM, Meza-Perez S, Katre AA, Goldsberry WN, Randall TD, Norian LA, et al.
Neutralization of TGF-B improves tumor immunity and reduces tumor progres-
sion in ovarian carcinoma. Mol cancer Therap. 2021;20:602.

64. Zhou J, Jain S, Azad AK, Xu X, Yu HC, Xu Z, et al. Notch and TGF@ form a positive
regulatory loop and regulate EMT in epithelial ovarian cancer cells. Cell Signal.
2016;28:838-49.

ACKNOWLEDGEMENTS

We sincerely acknowledge the King Faisal Special Hospital and Research Centre
administration for supporting our research. We sincerely thanks Mr. Amer Al-Mazrou
for assisting flow cytometry data generations.

AUTHOR CONTRIBUTIONS

Conceptualization: SSI, Designing the project: SSI, AA, Investigation and experiments:
SSI, Writing: SSI, Supervision: SSI, AA, Review manuscript: SSI, AA, Omentectomy
experiment in mice: FHA, Human ovarian tissue and tumor supply: I1AB, IMY. All
authors read and approved the final version of the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

Cell Death and Disease (2024)15:247

S.S. Islam et al.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-06512-0.

Correspondence and requests for materials should be addressed to Syed S. Islam or
Abdelilah Aboussekhra.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

19


https://doi.org/10.1038/s41419-024-06512-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Ovarian tumor cell-derived JAGGED2 promotes omental metastasis through stimulating the Notch signaling pathway�in�the mesothelial�cells
	Background
	Materials and methods/Experimental procedures
	Tissue samples
	Reagents, cell lines, and cell culture
	Cell viability�assay
	Cell labeling with DiD�dye
	Primary mesothelial cells isolation and culture
	Primary omental mesothelial - OvCa cells coculture�system
	Tumor xenografts and mouse omentectomy�model
	Limiting dilution assay (In�vivo)
	Sphere formation�assay
	Ex-vivo human omentum culture
	Invasion�assays
	Gene set enrichment analysis
	Notch reporter, Hes1-siRNA, and Smad3-siRNA transfection�assays
	RNA from GFP-labeled omental culture or primary human mesothelial�cells
	Establishment of stable knockdown and overexpression�cells
	Quantitative RT-PCR
	Immunofluorescence and Image Analysis
	Immunoblot analysis
	Human IL-6 ELISA�assay
	Pharmacological inhibitor MRK-003
	Cell cycle analysis
	Neutralizing inhibitor and recombinant proteins
	Statistical analysis

	Results
	Mesothelial cells from omentum promote OvCa cell growth, invasion, and chemoresistance
	Ovarian cancer cells secret the Notch ligand Jagged2 to promote tumor growth in the omentum
	Notch ligand Jagged2 is associated with a high risk of omental metastasis
	Ectopic expression of Jagged2 in ovarian cancer cells promotes omental metastatic tumor�growth
	Active TGF-β-Smad3 signaling pathway transcriptionally regulates Jagged2 during ovarian cancer omental metastasis
	OvCa cells expressing Jagged2�stimulate the Notch signaling in mesothelial cells and confer the growth advantage of tumor cells in the omental microenvironment
	Ectopic expression of Jagged2 enhances chemoresistance in ovarian cancer cells by enhancing cancer stem cell self-renewal�(CSCs)
	Interleukin-6 (IL-6) is secreted by omental mesothelial cells in a Notch and Hes1-dependent manner and stimulates the growth of Jagged2-expressing OvCa�cells
	Disruption of the Notch signaling pathway by the Notch inhibitor MRK-003 impairs the omental metastatic spread of ovarian�cancer
	MRK-003 reverses the omental metastatic phenotype induced by Jag2OE�cells

	Discussion
	Conclusions
	Study approval

	Data and materials availability
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




