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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal types of cancer, as it
commonly metastasizes to the liver resulting in an overall poor prognosis. However, the molecular
mechanism involved in liver metastasis remains poorly understood. Here, we aimed to identify the
MUC16-mediated molecular mechanism of PDAC-liver metastasis. Previous studies demonstrated
that MUC16 and its C-terminal (Cter) domain are involved in the aggressiveness of PDAC. In

the present study, we observed MUC16 and its Cter expression significantly high in human

PDAC tissues, PDAC organoids, and metastatic liver tissues, while no expression was observed

in normal pancreatic tissues using immunohistochemistry (IHC) and immunofluorescence (IFC)
analyses. MUC16 knockdown in SW1990 and CD18/HPAF PDAC cells significantly decreased
the colony formation, migration, and endothelial/p-selectin binding. In contrast, MUC16-Cter
ectopic overexpression showed significantly increased colony formation and motility in MiaPaCa2
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PC cells. Interestingly, MUC16 promoted cell survival and colonization in the liver, mimicking
an ex vivo environment. Furthermore, MUC16 enhanced liver metastasis in the /n vivo mouse
model. Our integrated analyses of RNA-seq suggested that MUC16 alters Neuropilin-2 (NRP2)
and cell adhesion molecules in PC cells. Furthermore, we identified that MUC16 regulated NRP2
via JAK2/STAT1 signaling in PDAC. NRP2 knockdown in MUC16 overexpressed PDAC cells
showed significantly decreased cell adhesion and migration. Overall, the findings indicate that
MUC16 regulates NRP2 and induces metastasis in PDAC.

Implications: This study shows that MUC16 plays a critical role in PDAC liver metastasis
by mediating NRP2 regulation by JAK2/STAT1 axis, thereby paving the way for future therapy
efforts for metastatic PDAC.

Graphical Abstract
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Introduction

Pancreatic cancer is the third leading cause of cancer deaths in the United States, with

an overall five-year survival rate that ranges from 5% to 15% (1,2). The poor survival is
attributed to ‘its’ aggressive metastatic nature, making PDAC one of the most lethal cancers.
PDAC frequently metastasizes to the liver in over half of patients (3,4), partially due to the
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hepatic portal circulation. However, the underlying molecular mechanism that drives PDAC
cells towards the liver is poorly understood.

MUC16 is a type-I transmembrane heavily glycosylated protein comprised of extracellular
N-terminal domain, tandem repeat domain, and a C-terminal (Cter) domain (5-7). MUC16
(also known as CA125) is the gold standard biomarker used to diagnose and monitor disease
progression and recurrence in ovarian cancer (8). The overexpression of MUCL16 is seen in
pancreatic (6), ovarian (9), cervical (10), breast (11), lung (12), and esophageal (13) cancers.
An earlier study from our lab has proved that MUC16 is expressed in primary and metastatic
pancreatic cancer (PC) tumors, thus implying that MUC16 has a vital role in the progression
and metastasis of PDAC (6). The knockdown of MUC16 leads to enhanced expression

of epithelial markers and reduced expression of mesenchymal markers in cells. Moreover,
the loss of MUC16 demonstrated decreased FAK-mediated Akt and ERK/MAPK activation
and pancreatic cancer tumor growth and metastasis (7). Elevated levels of MUC16 in the
circulation and expression are generally linked with poor prognosis in PDAC (14).

Our previous study demonstrated that the cleavage of MUC16 occurs in the Golgi/post-
Golgi compartments, and the cleaved MUC16 translocates to the nucleus and is involved in
the regulation of LMO2 and NANOG expression (15,16). We also observed that the MUC16
carboxyl-terminal (Cter) transfected PC cells displayed increased proliferation, motility, and
upregulation of stemness-specific genes (16).

Neuropilins (NRPs) are type-I transmembrane glycoproteins with cytoplasmic domains

to transduce biological signals (17). NRPs are of two types, NRP1 and NRP2. The
overexpression of NRP2 has been observed in various types of cancer; it has often been
associated with poor prognosis in PDAC (18-20), colorectal carcinomas (21), osteosarcoma
(22), prostate cancer (23), and breast cancer (24). NRP2 expressed in cancer cells facilitates
vascular adhesion and extravasation by interacting with a5 integrin on endothelial cells

((25).

However, the organ tropism, potential functions, and MUC16 mediated molecular
mechanisms via which NRP-2 promotes PDAC metastasis are still unclear. This study shows
that MUC16 and MUC16-Cter are progressively expressed in PDAC and liver metastatic
tissues. Our /n vitroresults demonstrate that MUC16 and its cleavage regulate cell adhesion
properties and induce the liver metastatic potential of PDAC cells using /n vivo models.

Materials and methods

Cell lines

MiaPaCa-2 (Cat# ATCC® CRL-1420), human umbilical vein endothelial cell (HUVEC)
(Cat# ATCC® PCS-100-010), SW1990 (Cat# ATCC® CRL-2172), human microvascular
endothelium (HMEC-1) (Cat# ATCC® CRL-3243), cells were purchased from American
Type Culture Collection (ATCC, Manassas, VA). Human immortalized hepatocytes, Fa2N4
(Cat# IFH15), MFE support medium, and MFE plating medium were purchased from
XenoTech LLC (Lenexa, KS). Human hepatic stellate cell LX-2 was a gift from Professor
Scott L. Friedman, MD, lcahn School of Medicine at Mount Sinai, NY, USA. MiaPaCa-2,
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T3M4 (RRID:CVCL_4056), Capanl, CD18/HPAF, SW1990 cells were grown adherently
in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose, supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin. HMEC-1 (RRID:CVCL_0307)
cells were grown in MCDB131 medium supplemented with 10 ng/mL epidermal growth
factor (EGF), 1 ug/mL Hydrocortisone, 10mM Glutamine and 10 % FBS. The HUVEC
cells were grown in vascular cell basal medium (ATCC® PCS-100-030) supplemented with
endothelial cell growth kit-BBE (ATCC® PCS-100-040), and penicillin-streptomycin. The
LX-2 (RRID:CVCL_5792) cells were cultured in DMEM high glucose and supplemented
with 2% FBS and 1% penicillin-streptomycin. For 3D /n vitro culture and sphere culture,
cells were cultured in a stem cell medium containing DMEM/F12 medium supplemented
with 1% B27, 20 ng/mL, EGF, and 10ng/mL basic fibroblast growth factor (bFGF). All

the cell lines were cultured at 37 °C with 5% CO, in a humidified atmosphere. For

the doxycycline-inducible shRNA expressing stable cells were treated with doxycycline 1
ug/mL for 48hrs. All the cells were tested for mycoplasma free and authenticated by short
tandem repeat (STR) profiling.

Human PDAC primary tissue organoid culture

Human PDAC tumors were used to generate 3D organoids, as discussed previously (26).
We have developed organoids from PDAC (n=8) and adjacent normal (n=5) tissues. Briefly,
PDAC tissues were digested using Collagenase 11 and dispersed, and the digested tissue
was mixed with matrigel. Droplets of ~20 uL were plated in a 48-well culture plate (Cat#
M9312, Greiner CELLSTAR, Sigma, USA). After 10-15 minutes, a pre-warmed organoid
medium was added to the plate and cultured for six days. Organoids from normal pancreatic
tissue remain normal in organoid culture for 4 to 5 passages. The organoid medium is
supplemented with human recombinant Wnt3a (Cat#5036-WNP-010/CF, R&D Systems),
human recombinant R-Spondinl (Cat # 4645-RS-100/CF, R&D Systems), B27 supplement
(Cat# 17504044, Life Technologies), 1,25 mM N-acetyl-I-cysteine (Cat# A9165, Sigma-
Aldrich)10 mM nicotinamide (Cat# N0636, Sigma-Aldrich), 50 ng/mL human EGF (Cat#
AF-100-15, PeproTech), 500 nM A83-01, 100 ng/mL human recombinant FGF10 (Cat#
100-26, PeproTech), 10 nM gastrin (Cat# 3006, R&D Systems), and Noggin (Cat# 6057-
NG-100/CF, R&D Systems).

Gene silencing by siRNAs, shRNAs, and inhibitors

For stable cell lines, doxycycline-inducible MUC16 shRNA stable cell lines (SW1990

and CD18/HPAF cells) were developed using human MUC16 shRNA (Cat# RHS4696—
200693582, Dharmacon, Illinois, USA) TRIPZ Inducible Lentiviral shRNA plasmid
according to the * *‘manufacturer’s instructions. MUC16 gene knockout by CRISPR/Cas9
based MUC16 KO in the Capanl cell line was developed as described in our previous
study (7). CMV9-F114AA plasmid was used for MUC16-Cter overexpression in MiaPaCa2
and T3M4 cells, and construct details were described (16). Transient KD of STAT1 siRNA
(Cat # sc-44123, Santa Cruz Biotechnology, USA) and NRP2 (Cat# SR305825, OriGene,
Rockville MD, USA) were used for silencing STAT1 and NRP2 expression in Capanl and
SW1990 PC cells. Post transfection of 36 hrs or 48 hrs transient knockdown of NRP2 cells
used for experiments. The Capanl and SW1990 cells were treated with JAK2 inhibitor
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(Fedratinib — Cat# S2736, Selleckchem) and STAT1 inhibitor (Fludarabine, Cat# S1491,
Selleckchem) at 6uM or 10uM respectively at 48hrs.

Tumor cell -endothelial and -p-selectin binding assay

Tumor-endothelial cells adhesion assay (Cat# CBA215, Cell Biolabs, Inc.) was performed to
study the cell-cell interaction. 96 well plate was pre-coated with 0.1% gelatin, and HMEC-1
endothelial cells were grown as a monolayer in 96 well plate. For activation, HMEC-1 cells
were treated with TNFa (10 ng/mL) for 12 h. Tumor cells (Capanl MU16 KO, SW1990
MUC16 KD, CD18/HPAF MUC16 KD, transient knockdown of NRP2 in Capanl, SW1990
cells vs. control cells) were grown as a monolayer and prepared a cell suspension at 1x10°
cells/mL in serum-free (SF) medium and added fluorescent dye (CytoTracker) and incubated
for 1 hin CO at 37 °C for 60 min, then gently washed with SF medium. The pre-labeled
tumor cells were resuspended, and 0.2x108 cells/mL was added into activated endothelial
cells and incubated in 5% CO» at 37 °C for 90 min. Then cells were gently washed with
wash buffer (3x, 5 min) to remove the unbinding tumor cells. For p-selectin binding assay,
the protocol by Li et al. (27) was followed with modifications, 96 well plate was pre-coated
with human recombinant p-selectin/CD62P protein (Cat#ADP3, R&D system) (10 pg/mL)
for 12 h at 4°C, after that the wells were washed with PBS and blocked with 1% BSA for 1h.
After blocking and washing, pre-labeled tumor 0.2x108 cells/well were added into p-selectin
pre-coated 96 well plates and incubated in 5% CO5 at 37 °C for 90 min. Then cells were
gently washed with PBS (3x, 5 min) to remove the unbinding tumor cells. Representative
images were taken under a fluorescence microscope (EVOS FL Auto Imaging System-
Thermo Fisher Scientific), following which the cells were lysed with cells lysis buffer

for 5 min at RT. Then 96 well-read with a fluorescence plate reader (Multi-mode reader,
Synerge Neo2, BioTeK, VT, USA) or (SpectraMax M3, Molecular Devices, CA, USA) at
480/520nm.

In vitro human liver metastasis model: 3 D culture and sphere formation assay

Human normal liver tissue samples were obtained from RAP at UNMC. The human

liver metastasis model /n vitro 3D culture and liver decellularization method is briefly
described in our previous study (28). In order to develop /n vitro PDAC metastasis model,
doxycycline-inducible MUC16 shRNA expressing SW1990 cells were tagged with GFP
and treated with or without doxycycline for 48 h. SW1990 MUC16 KD GFP™ cells were
mixed with human endothelial cells (HUVEC), human hepatic stellate cells (LX-2), human
hepatocytes (Fa2N4), and human liver decellularized scaffold. The cell mix was prepared
at a density of 1X 10° cells/ml, and 500 pg/ml of the decellularized liver scaffold was
mixed and seeded into 96 well ultra-low attachment plate in DMEM F12 supplemented
with B-FGF (3 ng/mL), EGF (3 ng/mL), VEGF (2 ng/mL), 1% B27 supplement, and

1% penicillin-streptomycin incubated in 5% CO, at 37 °C for 24 h. Then the plate was
transferred to Incucyte for 12 days (Incucyte® S3 Live-Cell Analysis System). The green
fluorescence protein was measured, images were taken, and video clips were recorded by the
automated system every 3 h and bright field and corresponding green fluorescence images
were taken under a fluorescence microscope (EVOS FL Auto Imaging System- Thermo
Fisher Scientific). We used SW1990 MUC16 KD GFP+ cells grown as a monolayer with
or without doxycycline treatment for the spheroid formation study. 15,000 cells/well were
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seeded into 96 well ultra-low attachment plate with stem cell medium (DMEM-F12 with
supplements) incubated in 5% CO, at 37 °C for 24 hrs, and then the plate was transferred
to Incucyte for 8 days. Clonogenic cell growth images and video were recorded as per the
method mentioned above. All the samples were triplicated and analyzed in Incucyte® SX5
Analysis Software.

In vivo PDAC metastasis model by hemi-spleen injection technique

All animal experiments were performed in compliance with procedures approved by the
Institutional Animal Care and Use Committee at the University of Nebraska Medical Center
(UNMC). As described previously, the hemi-spleen technique was used to generate the

liver metastasis model (29,30). The mice were anesthetized, and left subcostal incision was
made to expose the spleen. The spleen was cut into two parts from the middle of two
medium-sized hemoclips to avoid splenic bleeding and leakage. The distal end was then
pushed back into the abdominal cavity to prevent contamination, and the proximal part

of the spleen was used for injection. The mice (age 8-10 weeks) were randomized into

two groups, the Capanl control, and Capanl MUC16 KO cells were tagged with firefly
luciferase (Cat# LP464-100, GeneCopoeia). A stock of 1x107 cells/ml in PBS was prepared.
50 pl cells were taken in 150ul PBS prefilled syringe, and the syringe was kept vertical so
that the interface between cells and PBS was maintained. The bevel was dipped in 70%
ethanol, and cells were slowly injected with a follow-up flushing of PBS. Once flushed,
medium and small size hemoclips were applied to the distal end of the pancreas and splenic
vein to avoid the backflow of the injected cells. The hemi-spleen was removed, and after
the saline flush, the sutures and wound clips were applied to seal the peritoneal cavity, and
mice were kept for recovery as per the IACUC guideline. After 2 weeks of injection, we
performed luminescence imaging using VIS available at the animal core facility.

Statistical analysis

Results

All data are presented as the mean = SD samples (n=3). Statistical significance

was analysed using Student t-test (*p<0.05, **p<0.01, ***p<0.001). Microsoft Excel
(RRID:SCR_016137) and GraphPad Prism (RRID:SCR_002798) (version 9.0) were used
for statistical analysis.

Expression of MUC16 and MUC16-Cter in human primary pancreatic cancer, liver, and lung
metastasis tissues

We analyzed MUC16 expression profiles in the human primary pancreatic tumor, liver-
metastasis, and lung-metastasis samples using the GSE71729 data set. PDAC liver
metastasis samples showed significantly higher MUC16 expression compared to the primary
tumor (Figure 1 A), and no significant difference was observed between primary vs. PDAC
lung metastatic samples. Immunohistochemistry (IHC) analysis showed MUC16 staining in
the apical membrane whereas MUC16-Cter stained cytoplasmic and nuclear region of the
primary tumor (Figure 1 B), and PDAC liver metastasis (Figure 1 C) and lung-metastasis
tumor samples (Supplementary Figure 1 A, B). H-score showed that MUC16 and MUC16-
Cter expression is higher in the primary PC tumor and liver-metastasis (Figure 1 D, E). In
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addition, we stained MUC16 and Cytokeratin 19 (CK19) in patient-derived PDAC tumor
organoids and normal pancreas organoids from the normal adjutant area. Interestingly, our
results show that MUC16 and MUC16-Cter are overexpressed in PDAC tumors, and no
expression was observed in normal pancreatic ductal organoids. PDAC organoids showed
larger size with MUC16 expression compared to normal organoids (Figure 1 F, G). CK19,

a marker of ductal adenocarcinomas and proliferation expressed in both normal and PDAC
derived tumors. These results strongly suggest that MUC16 and MUC16-Cter overexpressed
in PDAC and liver metastatic samples.

Loss of MUC16 reduces in-vitro tumorigenic and migratory potential in PC cells

Immunoblot analysis confirmed the MUC16 expression in CRISPR/Cas9-based MUC16
gene knockout (KO) Capanl cells and doxycycline-induced MUC16-shRNA expression
(MUC16 knockdown (KD) in SW1990 and CD18/HPAF cell lines (Figure 2 A, B, C).
Immunofluorescence analysis also showed decreased MUC16 expression in MUC16 KD

in SW1990 and CD18/HPAF cells (Supplementary Figure 2 A, B). In addition, MUC16 non-
expressing (MiaPaCa2) and MUC16 expressing (T3M4) PC cells were stably transfected
with carboxyl-terminal MUC16. The overexpression was confirmed in MiaPaCa2 and T3M4
cells (Figure 2 D).

To explore the tumorigenic and metastatic potential of MUC186, /n vitro tumorigenic and
migratory assays were performed. MUC16 silenced PC cells (Capanl, SW1990, and CD18/
HPAF) showed significantly (*** p<0.001, *p<0.05) decreased colony-forming ability
compared to respective control cells (Figure 2 E, F, Supplementary Figure 2 C). Whereas
MUC16-Cter overexpressed cells showed significantly (**p<0.01) increased clonogenic
survival compared to vector (CMV9) control transfected MiaPaCaz2 cells (Figure 2 G).
Further, we tested the migratory potential of MUC16 KD PC cells using a trans-well
migration chamber assay. Our results showed a decreased migratory potential of Capanl
MUC16 KO and SW1990 MUC16 KD cells, while the number of migratory cells is
significantly (**p<0.01, *** p<0.001) increased in MUC16-Cter overexpressed cells (Figure
2 H, 1, J). These results suggest that MUC16 and MUC16-Cter play a role in vitro
clonogenic and migratory potential of PC cells.

MUC16 promotes cell-cell interaction during the metastatic spread of PDAC

We further analyzed the role of MUC16 in tumor cell - nontumor cell interaction during
the metastatic spread of PC cells. Endothelial cell binding assay showed a significantly
(***p<0.001, **p<0.01) reduced endothelial cell binding capability in Capanl MUC16
KO, SW1990 MUC16 KD, and CD18/HPAF MUC16 KD cells compared to control cells
(Figure 2 K, L, M, Supplementary Figure 2 D). Furthermore, we examined the interaction
of MUC16 expressing tumor cells with p-selectin (platelets) during metastatic spread. The
p-selectin binding assay showed significantly (***p<0.001, **p<0.01) decreased p-selectin
binding on Capanl MUC16 KO, SW1990 MUC16 KD, and CD18/HPAF MUC16 KD cells
compared to MUC16 expressing PC control cells (Figure 2 N, O, P, Supplementary Figure
2 E). These results suggest that MUC16 could facilitate PC cell interaction with endothelial
cells and p-selectin during the metastatic spread of PC cells.
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The potential role of MUC16 in pancreatic tumor cell survival in liver-specific metastatic ex
vivo environments

Based on our observation that MUC16 is significantly overexpressed in liver metastasis
compared to primary as well as lung metastatic tumor tissues, we investigated whether
MUC16 expressing PC cells could colonize and survive ex vivo liver-specific metastatic
model (28,31) (Figure 3 A). For this, we tagged SW1990 MUC16 KD cells with a green
fluorescent protein (SW1990 GFP* cells) and seeded them with human endothelial cells
(HUVEC), human hepatic stellate cells (LX-2), and human hepatocytes (Fa2N4) cells in
ultra-low attachment plates. The cells were cultured for 10 days, and half of the media were
changed with/without doxycycline every two days. The GFP* cell growth was monitored
continuously every three hours by an automated Incucyte live cell imaging system. Our
results showed after 8 days that the survival and colonization of MUC16 expressing cells
drastically increased in liver mimicking ex vivo environment compared to the dox treated
MUC16 KD cells (Figure 3 B, C, D, Supplementary Video 1, 2). These results strongly
suggest that MUC16 plays a role during PC cell colonization and survival in liver metastasis.
We also studied the tumor sphere-forming ability of MUC16 expressing (SW1990) tumor
cells using these ultra-low attachment plates. Our data shows that MUC16 expressing cells
grow aggressively in an anchorage-independent environment compared to MUC16 KD PC
cells. Representative images of GFP* spheroids and their corresponding bright-field images
and growth curves generated from the Incucyte are shown in Figures 3E, 3 F, 3 G,
Supplementary Video 3, 4). Our findings cumulatively suggest that MUC16 promotes /n
vitro colonization and cell survival in a metastatic liver environment.

Identification of cell adhesion molecules and metastasis genes expression in MUC16
Knockout and MUC16-Cter overexpressed PC cells

We have done global RNA-Seq analysis from MUC16 Knockout Capanl and MUC16-Cter
overexpressed MiaPaCa2 PC cells. Further, we classified into downregulated or upregulated
genes from KO and overexpressed cells. Based on RNA-Seq log2 (fold change) values, we
have shown the top 50 altered genes as a heat-map under MUC16 knockout and MUC16-
Cter overexpressed conditions. We validated the top 25 downregulated genes from Capanl
MUC16 KO and the top 25 upregulated genes from MiaPaCa2 MUC16-Cter overexpressed
cell line by QRT-PCR analysis (Figure 4 A, Supplementary Figure 3 A, B). To determine
the common genes among MUC16 KO and MUC16-Cter overexpressed conditions, we
intersected the top differentially expressed genes. Interestingly, a comparison of the top 50
genes from each of those groups showed 10 genes that are common in both groups, i.e.,
IGFBP3, COL6A3, FSTL1, SERPINE1, MMP1, TGFBI, NRP2, BDNF, SDC1, and MSX1
(Figure 4 B). Cell adhesion molecules have a vital role in metastasis and progression of
cancer. The cell-cell interactions between tumor cells and the endothelium, platelets, and
leukocytes promote metastasis and contribute to tumor cell adhesion, extravasation, and the
establishment of metastatic lesions (32). Subsequently, we studied whether MUC16 has a
role in the regulation of cell adhesion gene expression in PC cells. Based on log2 values
from our RNA-seq analysis, we observed alteration of MUC16 mediated cell adhesion genes
CDH1, CDH2, CDH3, CDH6, CDH10, CDH12, CDH23, CDH24, PCDHA1, PCDHB12,
PCDHS8, PCDH9, DSG1, DSG2, DSG3, DSG2-AS-1 DSC1, DSC2, and DSC3 in KD and
overexpression models (Figure 4 C). Pathway analysis shows that MUC16 plays a potential
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role in regulating the cell-cell adhesion mediated by Cadherin and extracellular matrix
(ECM) molecules (Figure 4 D). In addition, our enrichment plot data shows that the vascular
endothelial growth factor (VEGF) signaling pathways and ECM protein and ATP-binding
cassette (ABC) transporters genes are downregulated in MUC16 KO cells (Figure 4 E).

Our data analysis using the GSE19279 dataset shows that Desmocollin 3 expression was
significantly high in PC metastasis when compared to the normal pancreas (Supplementary
Figure 4). These observations strongly prove that MUC16 regulates metastasis promoting
genes and cell adhesion molecules in PDAC

MUC16 promotes cell adhesion genes and metastatic gene NRP2 regulation through
activation of JAK2/STAT1 oncogenic pathway

By validating cell adhesion genes, we identified the significant variation of Cadherin

24, Desmocollin 3, Procadherin B12 gene expression in knockout/knockdown and
overexpression models (Figure 5 A). Further, we determined the protein expression by
immunoblot and immunofluorescence analysis, and the results indicate that the expression
levels of Desmocollin 3 and Procadherin B12 are decreased in Capanl MUC16 KO PC cells
and increased in MUC16-Cter overexpressed MiaPaCaz2 cells (Figure 5 B, C). These results
strongly suggest that MUC16 has a key role in the regulation of cell adhesion-promoting
genes in PDAC.

In addition, we also investigated the MUC16 associated metastatic gene expression.

Our QRT-PCR data shows that PTHLH, IGFBPZ, GADD45A, FBLNZ, PTTG1, JUN,
SERPINEI, TGFBI, and NRPZ mRNA expression are commonly altered in both MUC16
KO and Cter overexpressed PC cells (Figure 5 D). Further, we detected the copy number

of each gene using digital droplet-PCR (ddPCR). ddPCR absolute quantification results
show SERPINE1, NRPZ, IGFBPZ, and PTTGI genes copy numbers are significantly
decreased in MUC16 KO cells, while those genes are significantly increased in MUC16-Cter
overexpressed PC cells (Supplementary Figure 5). Additionally, validation of these genes
from the GSE19279 dataset showed that SERPINEI, IGFBPZ, and NRPZ expression are
higher in PDAC and liver-metastasis compared to the normal pancreas (Supplementary
Figure 6). Interestingly, we identified the MUC16-mediated metastasis genes such as PAI1
(SERPINEI), IGFBPZ, and NRP2in PC cells. Our immunoblot and immunofluorescence
analysis show that NMRP2 expression is decreased in MUC16 knockout/knockdown Capanl/
SW1990 cells, and NRPZis overexpressed in MUC16-Cter overexpressed T3M4 and
MiaPaCaz2 cells (Figure 5 E, F). However, /GFBPZ2is overexpressed in MUC16-Cter
overexpressed T3M4, MiaPaCa2 cells but not altered in MUC16 KO/KD cells. PAIL is
overexpressed in MUC16-Cter overexpressed MiaPaCaz2 cells. Nevertheless, the expression
of PAIL in MUC16-Cter overexpressed T3M4 and KD/KO cells are altered (Supplementary
Figure 7).

Subsequently, we investigated the molecular mechanism of MUC16 mediated NRP2
regulation in PC cells. Earlier, we showed that MUC16 could interact with JAK kinase
to promote MUC16-mediated cell proliferation/survival (11). This study observed that
the STAT1 transcription factor is significantly altered in MUC16 overexpression and
knockdown conditions. We performed immunoblot analyses to determine the association

Mol Cancer Res. Author manuscript; available in PMC 2022 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marimuthu et al.

Association

Page 11

between these molecules in PC cells. Our immunoblot results demonstrated that STAT1
phosphorylation decreased in MUC16 knockout Capanl and knockdown SW1990 cells and
upregulated in MUC16-Cter overexpressed MiaPaCa2 and T3M4 cells. JAK2, an upstream
signaling pathway for STAT1, showed reduced phosphorylation in MUC16 KD/KO cells
and increased in MUC16-Cter overexpressed cells compared to the control cells (Figure 5
E). Subsequently, to determine the relation between MUC16, JAK2 STAT1, and NRP2,

we performed inhibition of JAK2 phosphorylation ('Y1007/08) using specific inhibitor
Fedratinib. Our immunoblot results showed that the inhibition of JAK2 phosphorylation
lead to downregulation of STAT1 phosphorylation (Y701) and NRP2 expression in MUC16
expressing Capanl and SW1990 PC cells (Figure 5 G). These observations strongly suggest
that MUC16 regulates NRP2 through the activation of JAK/STAT1 signaling in PC cells,
which leads to the induction of metastasis in PDAC.

of MUC16 silencing with altered expression of EMT markers in PDAC

Epithelial to mesenchymal transition (EMT) is an important underlying phenomenon for
metastasis; we evaluated the expression of EMT markers in MUC16-Cter expressing
MiaPaCa2 and T3M4 cells and MUC16 KO Capanl cells. MUC16-Cter overexpressed

cells correlate with increased N-cadherin, Snail, Vimentin expression (Supplementary Figure
8 A, B). Also, MUC16 knockout Capanl cells showed decreased expression levels of
N-cadherin. While epithelial cell-specific markers such as cytokeratin 18 and E-cadherin
markedly increased and/or not altered in MUC16 knockout cells (Supplementary Figure

8 C). Together, these results provide compelling evidence that MUC16 deficiency or
proficiency leads to epithelial to mesenchymal transition and therefore contributes to the
metastatic behavior of PDAC cells.

Effect of NRP2 downregulation reduces the in-vitro migratory potential, tumor cells-
endothelial and p-selectin binding in PC cells

We identified that MUC16 regulates the metastatic promoting gene NRP2 in PC cells.To
determine the relation between STAT1 and NRP2, we performed Statl knockdown using
STAT1 inhibitor or sSiRNA in MUC16 expressing Capanl and SW190 cells. Our results
showed the inhibition of STAT1 phosphorylation using a specific inhibitor, Fludarabine. The
inhibition of STAT1 phosphorylation resulted in decreased NRP2 expression in Capanl and
SW1990 PC cells (Figure 6 A).

In addition, the knockdown of STAT1 using siRNA showed decreased NRP2 expression
in both Capanl and SW1990 PC cells (Figure 6 B). These observations strongly suggest
that MUC16 regulates NRP2 through the activation of JAK/STAT1 signaling in PC cells,
which leads to the induction of metastasis in PDAC. Next, we determined the functional
impact on NRP2 silencing in PC cells. Our Immunoblot analysis confirmed the NRP2 KD
in Capanl and SW1990 cells (Figure 6 C). The knockdown of NRP2 showed significantly
(*** p<0.001, **p<0.01) decreased migratory potential compared to control cells (Figure
6 D, E). NRP2 KD cells (Capanl and SW199) were used for endothelial and p- selectin
binding study. Our results showed significantly (***p<0.001, **p<0.01) reduced endothelial
cell binding in Capanl NRP2 KD and SW1990 NRP2 KD cells compared to control

cells (Figure 6 F, G). The P-selectin binding assay demonstrated significantly (*p<0.05,
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**p<0.01) decreased p-selectin binding in Capanl NRP2 KD and SW1990 NRP2 KD
cells compared to NRP2 expressing PC control cells (Figure 6 H, I). Our finding strongly
suggests that NRP2 promotes PC cell interaction with endothelial cells and selectin during
the metastatic cascade of PC cells.

MUC16 mediates liver metastasis in PDAC in hemi-spleen implantation

To study the role of MUC16 in PDAC liver metastasis, we injected a luciferase tagged
Capan1 control and MUC16 KO cell lines using a hemi-spleen orthotopic model in the
athymic nude mice. Tumor growth and metastasis were monitored every 10 days using

an VIS imaging system after injecting D-luciferin substrate intraperitoneally (Figure 6

J). After 21 days, the mice injected with control cells developed a primary tumor and
metastasis. Mice injected with MUC16 KO cells did not develop liver metastasis compared
to controls (Figure 6 K). However, MUC16 KO and control cells showed tumor growth

in the pancreas, and no metastasis developed in the lung (Figure 6 K). Correspondingly,
the representative histology of the pancreatic tumor, lung, and liver metastasis is shown
(Figure 6 L). These results showed the role of MUC16 in PDAC liver metastatic in vivo
study. Overall, our finding strongly supports that MUC16 expressing PC cells has a role in
EMT, endothelial cell communication, and intravasation. Also, MUC16 helps tumor cells
to recolonize and cell survival in secondary organs like the liver. MUC16 promotes cell
adhesion molecules and metastasis genes by activating the JAK2/STAT1 oncogenic signaling
axis (Figure 6 M).

Discussion

In pancreatic cancer, ~53% of the patients were diagnosed with an advanced metastatic stage
(33). The liver is the most common site for pancreatic cancer metastasis (34,35). Cancer
progression and metastasis are promoted by cell adhesion molecules (32). Cell adhesion
molecules facilitate the endothelial adhesion of tumor cells, and the tumor cells interact with
endothelial through integrins, selectins, and platelets (36). A study has shown that MUC16 is
associated with cell adhesion and possibly aids in ovarian cancer metastasis (37). Moreover,
MUCI16 is linked with E-cadherin and B-catenin, which participate in the regulation of cell
adhesion (38).

MUC16 is not expressed in normal pancreatic ducts, but it is over-expressed in PC

and is strongly linked to PC metastasis (6,7,16). The previous study demonstrates that

the expression of MUCL16 increases stage-wise from PanIN I to PanIN 11, and it is

highly expressed in PDAC (6). Furthermore, we demonstrated the metastatic potential of
MUC16 and Cter in PC cells (7,16). In this study, using human PDAC tumor samples, we
observed that MUC16 and MUC16-Cter showed significantly increased expression in liver
metastasis than primary pancreatic tumors. Further, we have observed mechanistically that
MUC16 induces/promotes tumorigenic and metastatic potential and vascular endothelial cell
communication. We also studied the role of MUCL16 in colonization in liver mimicking
environment and MUC16 mediated mechanism for the metastasis of PC.

MUC16 on the cell surface interacts with mesothelin and galectin-3, significantly increasing
PDAC cell motility and invasion. (7,39-41). MUC16 interaction with endothelial cells may

Mol Cancer Res. Author manuscript; available in PMC 2022 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marimuthu et al.

Page 13

facilitate the tumor cell metastatic process. Vascular endothelial cells (ECs) have been
associated with the modulation of cancer cells, subsequently enhancing their invasive and
migratory ability (42). As cancer progresses, the inflammatory cytokines produced by cancer
cells can stimulate the expression of E-selectin on ECs and enable the adhesion of cancer
cells to the endothelium (43). E-selectin (CD62E), L-selectin (CD62L), and p-selectin
(CD62P) have been associated with tethering and rolling of cancer cells on ECs (44). In
addition, p-selectin and platelet aggregates facilitate the platelet-cancer cell interactions.
This, in turn, leads platelets to protect the cancer cells from the innate immune system
(45). Our observations significantly decreased human vascular endothelial cell binding
and p-selectin binding in MUC16 manipulated PC cell models. These endothelial and
p-selectin studies suggest that MUC16 expressing tumor cells promote the initial binding
with endothelial cells. Subsequently, it may bind with platelets in circulation during the
cascade of metastatic spread of PC cells.

The next goal was to analyze how MUC16 helps the tumor cells survive and colonize

in a distant metastatic organ like the liver in pancreatic cancer. MUC16 knockdown cells
decrease the survival and colonization in the anchorage-independent and liver mimicking ex
vivo environment. Together, these results strongly prove the concept that MUC16 plays a
critical role during metastatic liver colonization of PC cells.

Based on global RNA-seq data, MUC16 mediated metastatic genes, including NRP2 and
cell adhesion molecules PCDHB12 and DSC3 in knockout and overexpression models, were
identified to understand the mechanism of metastasis. Interestingly, NRP2 expression was
decreased in MUC16 KD cells, whereas it was increased in MUC16-Cter overexpressed PC
cells. NRP2 expression in tumor tissue is associated with tumor progression and metastasis
(46). High expression of NRP2 can be seen on the surface of cancer cells from pancreatic
neuroendocrine tumors (47) and pancreatic ductal adenocarcinomas (18). However, the
molecular mechanisms through which NRP2 promotes tumor metastasis in pancreatic cancer
remain unknown. The phosphorylation of JAK2 and STAT1 alteration was observed in
MUC16 manipulated models along with NRP2 expression. MUC16-mediated JAK2/STAT1
pathway is involved in the regulation of NRP2 in pancreatic cancer cells. Moreover, NRP2
silenced PC cells showed decreased vascular endothelial, p-selectin binding, and migratory
potential; this indicates that MUC16 mediated NRP2 expression induces metastasis in
pancreatic cancer cells. Furthermore, MUC16-mediated enrichment of genes related to cell
adhesion pathways suggests that MUC16 induces the heterotypic cell interaction for the
metastasis of pancreatic cancer cells. Based on our data, MUC16 expression is directly
associated with the expression of EMT markers in PC cells, suggesting that MUC16 induces
the epithelial to mesenchymal transition and contributes to the metastatic behavior of PC
cells.

Overall, this study demonstrates that MUC16 expressing tumor cells contribute to pancreatic
cancer metastasis cascade. Together, our study provides the molecular mechanisms by which
MUC16, particularly its carboxyl-terminal domain (MUC16-Cter), facilitates metastasis in
pancreatic cancer. MUC16 promotes NRP2 expression through activation of JAK2/STAT1
signaling, which upholds tumor aggressiveness and liver metastasis in PDAC. Similarly,

an in vivo hemi-spleen injected mouse model revealed that MUC16 promotes PDAC liver
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metastasis. MUC16 mediated upregulation of cell adhesion molecules helps tumor cells bind
to vascular endothelium during intravasation and interactions with platelets in circulation to
protect the immune system, thereby helping tumor cells survive and recolonize in the liver
metastasis. Therefore, targeting MUC16 might be an ideal therapeutic strategy for inhibiting
tumorigenesis and metastasis of PDAC.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunohistochemical staining of MUC16 and MUC16-Cter in human pancreatic
cancer primary tumor, liver metastasis samples, and patient-derived PDAC organoids.

A) Analysis of MUC16 expression profiles from the GEO database (GSE71729) in human
PDAC primary tumor (n=145) liver metastasis (n = 25) and lung metastasis (n = 7). Data
are mean + SD. B) Immunohistochemically stained MUC16 and MUC16-Cter expression in
human PDAC primary Whipple tumor tissues. C) Immunohistochemically stained MUC16
and MUC16-Cter expression in human PC liver-metastasis and lung-metastasis tissue
microarrays (TMAS). D, E). The bar graph demonstrates the H-score of immunostaining of
MUC16 and MUC16-Cter (scale bar, 100 um). F, G) Immunofluorescence staining of CK19

Mol Cancer Res. Author manuscript; available in PMC 2022 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Marimuthu et al.

Page 19

(red) marker of ductal adenocarcinomas and MUC16 (green) and MUC16-Cter (green) in
human PDAC derived organoid (n = 8) and normal tissues (n = 5) (scale bar, 20 um).
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Figure 2. MUC16 silencing decreasesthein vitro tumorigenic, migratory potential, and
endothelial/p-selectin binding in PC.

A, B, C) MUC16 expression was determined in MUC16 silenced PC cells (Capanl
CRISPR/Cas9 based KO, SW1990 MUC16 KD and CD18/HPAF MUC16 KD cells) by
immunoblot. D) MUC16-Cter expression in MUC16-Cter overexpressed MiaPaCa2 and
T3M4 cells by immunablot. E, F) /n vitro tumorigenic capability significantly decreased
in MUC16 knockout Capanl cells and doxycycline-inducible SW1990 MUC16 KD cells
with their respective control cells. G) MUC16-Cter overexpressed cells show significantly
increased tumorigenic capability in MiaPaCa2 MUC16-Cter cells compared to the control

Mol Cancer Res. Author manuscript; available in PMC 2022 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Marimuthu et al.

Page 21

cells. Data represent + standard deviation (p values are calculated by * “‘Student’s t-test
(***p<0.001, **p<0.01) (n=3). H, 1) Migratory potential significantly reduced in Capanl
MUC16 KO, SW1990 MUC16 KD cells and their respective control cells. J) MiaPaCa2
MUC16-Cter cells show significantly increased migratory potential compared to the control
cells. Data represent + standard deviation (p values are calculated by * “Student’s t-test
(***p<0.001, **p<0.01) (n=3). K, L, M) Tumor cell - endothelial (HMEC1) binding study
show Capanl MUC16 KO and SW1990 MUC16 KD cells significantly decrease endothelial
binding compared to the MUC16 expressing cells. N, O, P) Human p-selectin/CD62P
immunoassay shows Capanl MUC16 KO and SW1990 MUC16 KD cells significantly
decreased compared to the control cells. Scale bar, 100 um. Data represents + standard
deviation (p values are calculated by Student’s t-test (***p<0.001, **p<0.01) (n=3).
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Figure 3. MUC16 promotes cell survival and colonization potential in vitro liver metastasis

model.

A) Schematic illustration showing the strategy of /n vitro liver metastatic model. For the
liver-metastasis model, inducible MUC16 shRNA expressing PC (SW1990) cells were
mixed with Fa2N4, LX-2, HUVEC cells, and human decellularized liver scaffold was mixed
and grown in ultra-low attachment 96 well plates in DMEM-F12 with supplements. B, C)
SW1990 MUC16 KD GFP* 3D culture was treated with or without doxycycline, and the
green, the fluorescent image was captured at different times (2 to 10 days). Representative
GFP images were generated from automated live-cell imaging, a bright field microscope,
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and an immunofluorescence image of 3D culture. D) SW1990 MUC16 KD GFP* cells
grown in /n vitro settings impersonating liver metastasis model. The growth curve is
generated based on the green fluorescent protein expression in 3D culture. E) MUC16
expressing pancreatic cancer SW1990 cells clonogenic anchorage-independent cell growth
curve. F, G) Light microscopy images of the sphere and corresponding green fluorescence
images and GFP images from Incucyte were taken at different time points (2 to 12 days).
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Figure 4. I dentifying the cell adhesion and metastatic genes expression in MUC16 Knockout and
MUC16-Cter overexpressed cells from global RNA-seq

A) Heat map shows the top 50 genes altered in MUC16 KO and MUC16-Cter overexpressed
cells from our RNA-seq data. B) Venn diagram shows the common 10 genes identified
between MUC16 KO and MUC16 overexpressed cells. The heat map shows commonly
altered genes (IGFBP2, COL6A3, FSTL1, SERPINE1, MMP1, TGFBI, NRP2, BDNF,
SDC1, and MSX1). C) Heat map shows top 19 altered common genes associated with cell
adhesion molecules. D) Pathway enrichment analysis from MUC16 KO cells shows cell
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adhesion and cell-cell junction-associated pathways. Based on — log10 p-value. E) VEGF,
ECM, and ABC pathway enrichment plots generated from MUC16 KO Capanl PC cells.
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Figure 5. MUC16 regulation of cell adhesion-promoting molecules and metastatic gene NRP2
regulation through activation of JAK2/STAT1 axis

A) PCR analysis shows mRNA expression of cell adhesion molecules in Capanl MUC16

KO, SW1990 MUC16 KD, and MUC16-Cter overexpressed MiaPaCaz2 cells with control
cells. GAPDH was used as a loading control. B, C) Immunoblot and immunofluorescent

staining of cell adhesion molecules, Desmacollin 3 (green) and Protocadherin B12 (red)
expression in MUC16 KO and MUC16-Cter overexpressed PC cells with respective control

cells. Immunofluorescence images were taken under the confocal microscope; scale bar, 50
um. D) QRT-PCR validation of 10 common genes in Capanl MUC16 KO and MiaPaCa2
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MUC16-Cter overexpressed cells. Data represent + standard deviation (Student’s t-test
calculates p values (***p<0.001, **p<0.01, *p<0.05) (n=3). E) Immunoblot analysis shows
the phospho-JAK?2 (Y1007/1008), total JAK2, phospho-STAT1 (Y701), total STAT1 and
NRP2 expression in Capanl MUC16 KO, SW1990 MUC16 KD, MiaPaCa2 MUC16-Cter,
and T3M4 MUC16-Cter overexpressed cells. p-actin was used as a loading control. F)
Immunofluorescence analysis was performed to show the NRP2 expression in MUC16
KO and MUC16-Cter overexpressed PC cells. Images were obtained from a confocal
microscope; scale bar, 50 um. G) Effect of silencing the JAK2 activation using JAK2
inhibitor (Fedratinib) in Capanl and SW1990 cells. Immunoblot analysis shows the
phospho-STAT1 (Y701), total STAT1, and NRP2 expression in Capanl and SW1990 cells.
B-actin was used as a loading control. Western blots were quantified by densitometric
analysis.
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Figure 6. L oss of NRP2 decreases the endothelial, p-selectin binding, and migratory potential in
PC cédls

A, B) STAT1 inhibitor (Fludarabine) or Small interfering RNA (siRNA) silencing of
STAT1 in Capanl and SW1990 cells. Immunoblot analysis shows the effect of STAT1
silencing on NRP2 expression. p-actin was used as a loading control. C) NRP2 knockdown
determined in NRP2 siRNA expressed in PC (Capanl and SW1990) cells by western

blot. D, E) Migratory potential decreased in NRP2 silenced in Capanl and SW1990 cells
compared to control cells. Data represent + standard deviation (p values are calculated by

* *Student’s t-test (***p<0.001, **p<0.01) (n=3). F-I) Effect of NRP2 silencing in Capanl
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and SW1990 cells show significantly decreased endothelial and p-selectin binding compared
to the control cells. Representative images were taken under the fluorescence microscope
Scale bar, 100 um. Data represent = SD (p values are calculated by S” “Student’ ‘s t-test
(***p<0.001, **p<0.01, *p<0.05) (h=3). MUC16 expression increases metastasis in the
hemi-spleen mouse model. J) /n vivotumor growth and metastasis were imaged using

an VIS imaging system after intraperitoneal injection (IP) of D-luciferin at 21 days in
Athymic nude mice. K) Representative 1VIS image of PADC liver metastasis, lung and
injected site of the pancreas tumor. L) Representative eosin staining of control and MUC16
KO cells injected hemi-spleen in athymic nude mice shown PDAC liver metastasis. M)
Schematic representation demonstrates that MUC16 activates oncogenic signaling through
pJAK2 (Y1007/1008) and pSTAT1 (Y701). Phosphorylation and nuclear localization of
STAT1 lead to the upregulation of NRP2 and promotes PC metastasis. Besides, MUC16
correspondingly promotes cell adhesion molecules during PC liver metastasis. Western blots
were quantified by densitometric analysis.
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