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Abstract

The transcriptional factor liver receptor homolog 1 (LRH1) regulates pancreatic development,
and may participate in pancreatic oncogenesis through activation of growth factor signaling
transduction cascades. We measured transcriptional activity of B-catenin in response to LRH1
stimulation by a Top-flash reporter assay. The pancreatic cancer (PC) phenotype was then
characterized by cell migration, wound healing, invasion, and sphere formation /n vitro, as well
as tumor formation and distant metastatic spread /n7 vivo. We compared results between vector
control and LRH1-overexpressing stable PC cell lines. In addition, tumor burden, angiogenesis,
histologic characteristics, and hepatic spread were assessed in orthotopic and experimental liver
metastatic murine models. Expression of downstream LRH1 related genes was evaluated by
Western blot and immunohistochemistry in PC cell lines and human tumor specimens. Specific
inhibition of LRH1 expression and function was accomplished by shRNAs ‘‘knockdown’’
experiments. It was found that LRH1 enhanced transcriptional activity of B-catenin and the
expression of downstream target genes (c-Myc, MMP2/9), as well as promoted migration, wound
healing, invasion, and sphere formation of PC cell lines. Specific inhibition of LRH1 by shRNASs
reduced cell migration, invasion, sphere formation and expression of c-Myc and MMP2/9 target
genes. Mice injected with LRH1 overexpressing stable PC cells developed tumors with increased
size and exhibited striking hepatic metastatic spread. More important, LRH1 was overexpressed
in PC tumors compared to adjacent normal pancreas. Our findings demonstrate that LRH1
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overexpression is associated with increased PC growth and metastatic spread, indicating that
LRH1-targeted therapy could inhibit tumor progression.
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Introduction

Pancreatic cancer (PC) is the eighth most common cause of cancer-related deaths worldwide
with an extremely poor prognosis [22]. To improve clinical outcome, progress requires
development of diagnostic methods and identification of new therapeutic targets. Signaling
pathways involved in the development of the embryonic pancreas have been implicated

as critical elements in the malignant transformation process of the adult pancreas [18,24].
The liver receptor homolog 1 (LRHZ1) (also known as nuclear receptor subfamily 5 group

A member 2 NR5A2) regulates pancreatic embryogenesis [6] and may participate in
pancreatic tumorigenesis. LRH1 appears to be involved in liver and pancreas differentiation
during early embryonic development, and modulates cholesterol/bile-acid homeostasis and
steroidogenesis in adulthood [6,12].

Previous studies have found that LRH1 overexpression may be involved in oncogenesis
of breast [25], gastric [27], colon [21], and pancreatic tumors [2]. LRH1 promotes cell
proliferation by enhancing ERa transcription of growth-related target genes mediated by
estrogen in breast cancer 1 [5]. LRH1 promotes breast cancer motility and invasion by
remodeling of the actin cytoskeleton and E-cadherin cleavage [4]. LRH1 also promotes
intestinal tumor formation via regulating cell cycle and inflammatory pathways [21].
Moreover, LRH1 genetic variants have been associated with individual susceptibility to
PC [20]. Interestingly, LRHL1 is highly expressed in some PC cell lines [2]. We have found
that LRH1 upregulates cyclin D1/E1 and promotes cell proliferation and tumor growth
in PC [14]. However, it is unclear how LRH1 contributes to PC oncogenesis and tumor
progression. Thus, using cell-based assays, xenografts in nude mice, tumor and tissue
specimens derived from PC patients, we investigated the mechanism(s) by which LRH1
promotes PC growth, progression and metastatic spread through activation of p-catenin
mediated signal transduction pathways.

Materials and methods

Cell culture

The human PC cell lines AsPC-1, Capan-1, and MIA PaCa2, human embryonic kidney
(HEK) 293 (ATCC) have been authenticated by short tandem repeat profiling to reduce

the frequency of cell misidentification [17]. Cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO, in corresponding medium supplemented with 10% fetal
bovine serum (FBS) and antibiotics (penicillin and streptomycin). Cells were passaged when
they reached 80% confluence.
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Topflash assay

Capan-1, AsPC-1, MIA PaCa2 and HEK 293 cells were seeded in 24 well plates at 50-60%
confluence. After 24 h, cells were transfected with 100 ng of the Topflash reporter and 10
ng of pRL-SV40 Vector plasmids with/without 10 ng B-catenin and 60 ng LRH1 expression
plasmids per well in the serum free medium. Total amount of plasmids was balanced with
an empty pc-DNA3 plasmid. After 4 h of transfection, serum free medium was replaced
with normal medium with/without DMSO or B-catenin inhibitor Quercetin (Sigma—Aldrich)
at 160 pM, and incubated for another 20 h. Then the samples were harvested to measure
luciferase reporter gene expression (Promega Dual luciferase kit). The luciferase activity
was normalized to Renilla luciferase activity from co-transfected internal control plasmid
pRL-SV40.

Lentiviral infected stable cell lines with overexpression or knockdown of LRH1

We established two stable Capan-1 and AsPC-1 cell lines with constitutive expression of
LRH1, and three stable MIA PaCa2 cell lines with constitutive knock-down of LRH1 by
specific ShRNAs using the lentiviral expression system (GeneCopoeia, #EX-Z22607-Lv105
for overexpressing and #HSH006437 for knockdown). Three shRNAs sequences used

to target LRH1 were as follows: CACGGACTTACACCT-ATTG (nucleotides 252-270),
GTTGTCCTTACTGTCGTTT (nucleotides 478-496), and TTGCCTCCTACAGACTATG
(nucleotides 756-774). After 48 h of transfection with packaging plasmids and pLentiviral
plasmids of target genes in 293 T cells, the supernatants containing lentiviral particles

were filtered by 0.45 pm nitrocellulose membrane and mixed with polybrene at 8 ug/ml.
Twenty-four hours after lentiviral infection, cells were incubated with the corresponding
media for 24 h, then selected with 8 pg/mL (for Capan-1), 3 pg/mL (for AsPC-1) or 4 pg/mL
(for MIA PaCa2) puromycin overtime to eliminate un-infected cells. The LRH1 protein level
in stable PC cell lines was confirmed by Western blot. The selected cell lines were routinely
cultured in corresponding puromycin media until two days before the experiments, then the
cells were cultured in media without puromycin.

Western blot analysis

Migration

Cell lysates were treated with ConA-sepharose beads overnight followed by centrifugation
to remove cadherin-bound p-catenin. Total Cell lysates and non-membrane bound cell
lysates were separated by SDS PAGE and transferred to nitrocellulose membranes. Western
blot analysis was performed using primary antibodies against LRH1 (Abcam, ab18293),
c-Myc, p-catenin and MMP2 (Cell Signaling Technology, #5605, #9562, and #3132,
respectively), and MMP9 (Santa Cruz, sc-21733). Protein bands were visualized by IRDye®
680RD Infrared Dye and IRDye® 800CW Infrared Dye and exposed on Odyssey image
system (LI-COR).

Cell migration was assessed using a modified 24-well Boyden chamber. The top chamber
(Transwell) with 8.0-mm pores on the filter membrane (BD Biosciences) was inserted

into a 24-well plate (bottom chamber). 10% FBS containing medium was placed in the
bottom chambers as a chemoattractant. Vectors-, LRH1- and LRH1 shRNA-stable PC cells
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(AsPC-1, Capan-1 and MIA PaCa2) (5 x 10% cells per well) were seeded onto the top
chambers in 400 pl serum-free corresponding medium. After incubation for 24 h at 37 °C,
migrated cells on the bottom surface of the filters were fixed and stained with crystal violet.
The cells on the top surface of the membrane were mechanically removed, and the cells that
had migrated to the bottom surface of the membrane were observed. The average number of
migrated cells from 5 to 7 randomly chosen fields on the bottom surface of the membrane
was counted. All data were obtained from at least three independent experiments.

Wound healing assay

Invasion

Vectors- and LRH1-stable PC cells (AsPC-1 and Capan-1) were seeded in a 6-well plate and
cultured to reach 80% confluence. Initially, cells were starved for 24 h in media containing
1% fetal calf serum (FCS). Afterwards a scratch was made using a 200 pl pipette tip. The
wounded monolayer was washed with PBS, incubated with 1% FCS, and photographed
using microscope. Cells were incubated for an additional 24 h after which the photographs
were taken for the wounded area.

Vectors-, LRH1- and LRH1 shRNA-stable PC cells (AsPC-1, Capan-1 and MIA PaCa2)
growing in log phase were incubated in serum-free medium for 24 h. Matrigel invasion
chambers (BD BioCoat Matrigel Invasion 24-well Chamber, 8 um pores, BD Biosciences)
were rehydrated for 2 h at 37 °C with serum-free medium. Immediately prior to the addition
of dissociated cells to the upper chamber (2.5 x 10* cells/500uL), 10% FBS media were
added to the lower chamber. After 36 h, Matrigel and non-migrating cells were removed
from the top chamber with a Q-tip. Invading cells on the bottom of the membrane were fixed
in ethanol and stained with crystal violet. After drying overnight, stained cells were counted
under a microscope.

Sphere formation

45 uL of Matrigel was spread evenly to each well of an 8-well chamber slide (BD Falcon)
and the slides were placed in a cell culture incubator for 30 min. Single-cell suspensions
derived from Vectors-, LRH1- and LRH1 shRNA-stable PC cells (AsPC-1, Capan-1 and
MIA PaCa2) were suspended in corresponding medium containing 2% Matrigel at a
concentration of 2000 cells per 400 pL. Cells were allowed to grow in the incubator for 6
days. Fresh media containing 2% Matrigel were changed every 2 days. The spheres formed
after 5 days were evaluated for their sizes by light microscopy [11].

Orthotopic tumor model

Athymic BALB/c male nude mice (Charles River laboratory) were housed in laminar
flow cabinets under specific pathogen-free conditions and used at 5-6 weeks of age. All
animal protocols were approved by the Institutional Animal Care and Use Committee

of Rhode Island Hospital. Vector- and LRH1-stable Capan-1 cells in exponential growth
phase were harvested, washed, and resuspended in Ca2*/Mg2*-free HBSS to the desired
cell concentration. Cell viability was determined by trypan blue exclusion and single-cell
suspensions of >90% viability was used. For intrapancreatic injections, the mice were
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anesthetized and a 0.5-1-cm incision was made in the left subcostal region. Vector- and
LRH1-expressing tumor cells (3 x 106) in a volume of 50 pL were injected into the

body of the pancreas of the nude mice (n7=5) [16,29]. The peritoneum and skin were
closed with a 4.0 surgical suture. The animals were euthanized with an overdose of CO,
exposure when their tumor sizes reached 2 cm in diameter or the animals developed
ascites during the observation period, and the time of euthanasia was recorded as mortality.
All surviving mice were euthanized after 3 weeks and evaluated macroscopically for the
presence of orthotopic tumors and the presence of metastases in the abdominal cavity.
Primary tumors were removed, weighed and fixed with 10% neutral buffered formalin.
Histologic characteristics were obtained from tumor tissue sections stained with H&E, and
the microscopic images were analyzed with NIH ImageJ to define the area of the tumor
involvement from the surrounding non-tumor area. We employed Immunohistochemical
staining (IHC) of the cell proliferation marker Ki67 (Cell Signaling Technology, #9449) on
4-um sections of orthotopic tumors. The Ki67 index (percentage of Ki67-positive PC cell
nuclei) was determined by counting positive and negative staining nuclei.

Hepatic metastatic tumor model [15]

For the experimental liver metastasis model, Vector (control) and Capan-1 cells stable
expressing LRH1 (5 x 108 in 0.5 mL serum free media) were injected directly into the
spleen of nude mice. Several minutes after the injection, the PC cells travel into the
portal vein through the splenic vein, and then the spleen was removed; tumor cells will
subsequently migrate through the portal vein into the parenchyma of the liver to form
multiple metastatic foci. The mice were sacrificed 12 days after splenic injection, and

the livers were harvested, washed in water, weighed and fixed with 10% neutral buffered
formalin. Sections of the livers were stained with hematoxylin and eosin (H&E) to assess
invasion and tumor burden and to monitor the presence and type of micrometastases.

Immunohistochemistry (IHC)

Tissue specimens from 18 individuals with stage I/11 pancreatic ductal adenocarcinoma were
studied. The study was approved by the Institutional Review Board of Lifespan Rhode
Island and The Miriam Hospital. Immunohistochemical staining was conducted on 4-um
formalin-fixed paraffin-embedded (FFPE) unstained sections using antibodies to LRH1
(Abcam, ab18293), c-Myc (Cell Signaling Technology, #5605) and p-catenin (Abcam,
ab32572). The sections were deparaffinized in xylene and rehydrated in a descending
ethanol gradient. Antigen retrieval was performed using Citric Acid Based Antigen
Unmasking Solution (Vector Laboratories, Burlingame, CA) in a microwave pressure cooker
(Nordic Ware, Minneapolis, MN) for 6 min at full power, followed by a 30 min cool down
process. Endogenous peroxidase activity was quenched by a 30-min treatment with 3%
hydrogen peroxide in methanol. The remaining steps of the staining procedure, including
blocking, secondary antibody incubation, and ABC reagent incubation, were performed
using the VECTASTAIN Elite ABC Kit (Vector Laboratories, Burlingame, CA) according
to the manufacturer’s protocol. Primary antibodies were diluted in TBS/0.1% Tween-20
with 5% normal goat serum and were incubated at 4 °C overnight. Color development was
done using DAB Tablet (Wako Chemicals, Richmond, VA) as a substrate per manufacturer’s
instruction. Finally, the sections were counterstained by hematoxylin, dehydrated in an
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ascending ethanol gradient, and mounted with VECTASHIELD Mounting Medium (Vector
Laboratories, Burlingame, CA).

Statistical analysis

All obtained data were calculated and expressed as mean + SD. Statistical analyses were
performed with the two-tailed Student’s or paired #test using SPSS software. A p< 0.05
was considered statistically significant.

Results

LRH1 synergistically enhanced transcriptional activity of B-catenin

LRH1-B-catenin interaction results in enhanced activation of the -catenin signaling
pathway. Synergistic effects of LRH1 on transcriptional activity of p-catenin were observed
in HEK 293, Capan-1, AsPC-1, and MIA PaCa-2 cells (Fig. 1A-D).

Reversal of LRH1-induced effects by p-catenin inhibition

Quercetin significantly inhibited the transcriptional activity of the B-catenin/Tcf4 complex
in Capan-1 and AsPC-1 PC cell lines (Fig. 1E and F). The synergism was reversed by
B-catenin inhibition, indicating the importance of a functional action between the LRH1 and
[-catenin proteins.

LRH1 upregulates downstream target genes c-Myc, and MMP2/9

We examined the potential mechanisms of LRH1 involvement in PC by measuring activation
of its downstream target genes. Western blot analysis revealed that c-Myc, MMP2 and
MMP9 (in Capan-1) were upregulated by LRH1 overexpression in stable PC cells (Fig. 2A).

Knockdown of LRH1 by specific shRNAs

Quantitative PCR analysis showed nearly complete inhibition of LRH1 gene transcription
after shRNAs transfection, whereas the transcription of LRH1 was not affected in MIA
PaCaz2 cells transfected with scrambled shRNA (data not shown). Western blot analysis
revealed that expression of LRH1 protein in MIA PaCaz2 cells transfected with receptor
specific ShRNAs was significantly reduced; whereas transfection with scrambled shRNA
had no effect on LRH1 expression (Fig. 2B). Accordingly, the downstream expression of
c-Myc, MMP2 and MMP9 was significantly reduced in response to LRH1 knockdown by
shRNAs (Fig. 2B).

LRH1 enhances PC cell migration and invasion

A transwell cell migration assay demonstrated that LRH1 overexpression resulted in
increased cell migration (Fig. 3A) and invasion (Fig. 3B) in Capan-1 and AsPC-1 cells.
Similar to the results found with the Western blot assay demonstrating down-regulation of
c-Myc, MMP2 and MMP9;, significant inhibition of cell migration (Fig. 3C) and invasion
(Fig. 3D) were observed in LRH1-shRNAs transfected MIA PaCaz2 cells.
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LRH1 promotes wound healing and sphere formation

LRH1 overexpression significantly enhanced wound healing (Fig. 4A) in Capan-1 and
AsPC-1 cells. LRH1 upregulation also promoted sphere formation, which was characterized
by increased number and size of spheres of stable Capan-1 and AsPC-1 cells compared to
vector-transfected control (Fig. 4B). Significant inhibition of sphere formation (Fig. 4C) was
observed in MIA PaCa2 cells transfected with specific ShRNAs directed against LRH1.

LRH1 overexpression promotes PC growth and progression in the murine orthotopic
xenograft model

Capan-1-LRH1 cells produced tumors with higher weight compared with the Capan-1-
Vector control cells (1665 + 164 mg vs. 864 + 64 mg, p< 0.001, Fig. 5A). Furthermore,
mice injected with Capan-1-LRH1 cells showed peritoneal dissemination (100%) and liver
metastasis (100%). In contrast, 60% of Capan-1-Vector cell injected mice showed peritoneal
dissemination and only 20% developed liver metastasis (Fig. 5B). As shown in Fig. 5C,
tumors from Capan-1-LRH1-cell injected mice revealed an increased cell proliferation
index as indicated by the staining of Ki67, compared with that of the Capan-1-Vector mice
(Ki67 index of 33.9% vs. 57.5%, p < 0.001). Furthermore, the majority of the tumors from
the Capan-1-LRH1 group were poorly differentiated, and the area of tumor involvement
varied between 70% and 95%, whereas most of the tumors from the Capan-1-Vector group
were moderately differentiated, and the area of tumor spread was 40-60% (Fig. 5D). The
expression of LRH1 in orthotopic tumors from the Capan1-LRH1 group was confirmed by
real time RT-PCR, and the expression of LRH1 was increased by 60% in the Capan-1-LRH1
overexpressing cell tumor group compared with that in the Capan-1-Vector group at 3 weeks
after cell injection (data not shown). Therefore, LRH1 significantly contributes to PC growth
and progression /1 vivo.

LRH1 overexpression promotes PC liver metastasis

In vitro observations suggest that LRH1 expression may be important for PC cell migration
and invasion. Therefore, we explored its potential oncogenic role using /in vivo models (Fig.
5). We measured the resulting tumor growth and development of hepatic metastasis in the
immune deficient mice after injection of parental and LRH1-transfected PC cells. LRH1
expressing cells also displayed enhanced ability to form liver metastasis /n vivo (Fig. 5E
and F). Histologic observations of the liver revealed that the metastatic foci derived from the
vector-transfected cells were confirmed to the lumen of the portal vein with great expansion
of this venous system due to intravascular proliferation. In contrast, the metastatic foci
derived from the LRH1 transfected cells were strikingly different in appearance since there
was a direct and aggressive invasion through the endothelial cells of the portal vein into

the hepatic parenchyma and sinusoidal space which greatly expanded the metastatic foci
(Fig. 5E). Necropsies performed in animals 2 weeks following injection of LRH1 expressing
Capan-1 cells into the spleen compared with mice injected with vector-transfected control
cells revealed a higher liver weight due to increased tumor burden (3248 + 919 mg vs.

2166 + 840 mg, p< 0.05, Fig. 5F). These findings suggest that LRH1 overexpression
generates a highly malignant phenotype and may act as a driving factor in producing
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a robust proliferative, invasive and metastatic phenotype of PC growth, progression and
metastasis.

LRH1 is overexpressed in human PC

The specificity of LRH1 antibody was confirmed using positive (liver), negative (heart
muscle) and non-relevant antibody IgG controls. IHC experiments revealed significant
differences in the levels of LRH1 between the adjacent normal and the malignant portion

of the pancreas. In normal exocrine pancreas, no expression of the LRH1 protein was
present. 15/18 (83.3%) of PC patients presented increased LRH1 expression with heightened
levels detected in the nuclei as well as the cytoplasm of tumor cells (Fig. 6A). Negative,
weak-moderate, moderate, and strong immunoreactivity was observed in 16.67%, 49.10%,
22.91% and 11.33% of the tumors, respectively.

Expression of p-catenin and c-Myc

To test the hypothesis that LRH1 may upregulate and activate downstream target genes in
PC patients, we examined the expression of LRH1-related genes in pathologic specimens.
The expression of B-catenin was comparable between the tumorous and normal pancreas.
Consistent with the /in vitro findings, c-Myc was overexpressed in tumorous tissues by IHC
compared to adjacent normal pancreas in PC patients (Fig. 6B).

Discussion

We have observed that LRH1 overexpression enhanced transcriptional activity of p-catenin
and expression of its downstream target genes leading to a phenotype characterized by
enhanced cell migration, wound healing, invasion and sphere formation in PC cell lines,

as well as promoting tumor formation and liver metastasis in nude mice. LRH1 expression
correlated with more aggressive tumor characteristics /n vivo using two types of murine
models. More important, LRH1-enhanced cell migration, invasion and sphere formation, as
well as expression of downstream targets were significantly attenuated by knockdown of the
receptor using specific ShRNAs. These observations suggest that LRH1 plays a role in PC
growth, progression and metastasis (Fig. 7).

LRH1 is overexpressed in some PC cell lines and most human tumors of PC

patients. Similarly, expression and subcellular localization of LRH1 are also altered in
adenocarcinomas of the colon compared with normal human colon [21]. We have found

that LRH1 promotes PC cell proliferation by inducing cyclin D1/E1, which drives cell

cycle transition from G1 to S phase [14]. LRH1 enhances the transcriptional activity of
B-catenin and upregulates downstream targets (c-Myc, MMP2/9) in PC cells. This effect was
reversed by the p-catenin inhibitor quercetin, suggesting that LRH1-induced phenotype is -
catenin dependent. c-Myc is frequently overexpressed in gastrointestinal tumors [2,3,21] and
promotes tumor formation /n vivo [28]. Our study extends and confirms the synergy between
LRH1 and B-catenin/Tcf4 signaling in PC, which further emphasizes its contribution to
pancreatic tumorigenesis.

The c-Myc is a potent oncogene that promotes tumorigenesis in a variety of tissues and
its overexpression predicts poor clinical outcomes [19]. It can amplify the output of the
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existing gene expression program to reduce rate-limiting constraints for tumor cell growth
and proliferation [13]. Importantly, direct programming initiated by oncogenic Ras and Myc
has been implicated in the spontaneous PC Kras®22C mouse model [10]. Constant activation
of KrasG12P confers phenotypic plasticity that is susceptible to malignant transformation
and acquisition of stem cell characteristics [10]. Moreover, c-Myc controls the generation

of self-renewing metastatic cancer cells [10]. These findings raise the hypothesis that LRH1-
induced c-Myc upregulation in conjunction with Kras activation may enable non-stem
cancer cells with high metastatic capacity to dedifferentiate or reprogram to acquire stem
cell properties in PC [10].

LRH1 spurs PC cell migration and invasion through upregulating MMP2/9. In breast cancer,
LRH1 stimulates migration and invasion through remodeling actin, upregulating MMP9,
and posttranslational inactivation of E-cadherin, indicating that LRH1 promotes epithelial-
mesenchymal transition or transformation (EMT) process [4]. Cell migration is central to
the EMT process and requisite for cancer progression and metastasis [4]. The initiating

step in tumor metastasis is the dislodgement of cells from the primary sites and subsequent
invasion into adjacent tissues followed by metastasis [4]. LRH1 overexpression substantially
increased cell invasion. Given the role of LRH1 in embryonic stem cells [8] and the
implication that LRH1 may be involved in the EMT, further investigation of enhanced LRH1
activity in pancreatic cancer stem cells (PCSCs) is warranted.

Sphere formation assay using matrigel matrix involves three dimensional culture systems of
cancer stem cells (CSCs) isolated from solid tumors, tumor derived cell lines and genetically
modified cells [23]. Based on its physiological composition (laminin, collagen 1V, heparin
sulfate proteoglycans, entactin, nidogen and growth factors) and functionality, matrigel
matrix effectively mimics the physical interplay between CSCs and the extracellular matrix
in the tumor microenvironment /n vivo, which is critical to demonstrate the role of the
microenvironment in maintaining the CSC niche [9]. We found that LRH1 upregulates CSCs
markers like CD44 and EpCAM (data not shown) as well as promotes sphere formation,
indicating the involvement of LRH1 in pancreatic cancer stem cells (PCSCs) initiation.

Notably, since the only difference between the two Capan-1 cell lines is the overexpression
of LRH1, the liver metastatic model was most illustrative since LRH1 promoted vascular
invasion through the portal veins into the liver parenchyma and sinusoidal space. Thus,
LRH1 can apparently activate genes necessary for a more malignant phenotype which is
characterized by tumor cell infiltration, invasion and metastatic spread in the liver.

We found that LRH1 overexpression promotes tumor formation and distant metastasis in
nude mice. Interestingly, recent studies indicate that loss of Lrh1/Nr5a2 may contribute

to pancreatic oncogenesis. In KrasC12V Ptfla-Cre;Nr5a2*~ mice, Nr5a2*/~ may sensitize

to and/or cooperate with inflammation in Kras®12V-driven pancreatic tumorigenicity

[7]. In PdxCre/e;KrasC120:Nr5a2¢/ mice, Nr5a2 was proposed to maintain acinar cell
differentiation and constrain oncogenic Kras-mediated pancreatic neoplastic initiation [26].
However, the mechanisms underlying LRH1/Nr5a2 dysfunction, inflammation and PC
development has yet to be clarified. Dysfunction of LRH1/Nr5a2 at early stage may promote
tumor development by impairing acinar cell differentiation, and its overexpression at later

Cancer Lett. Author manuscript; available in PMC 2023 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal. Page 10

stage may obtain a growth advantage and thus accelerate malignant transformation.[26]
Further studies to explore the effect of LRH1/Nr5a2 overexpression coactivation with
Kras-mutant during PC initiation and progression in transgenic models will be needed to
demonstrate the complicated role of Nr5a2 and the potential cellular origin of PC.

Structure-based discovery of LRH1 antagonists has identified ligands that inhibit LRH1
transcriptional activity and diminish expression of the receptor’s target genes [1]. However,
in our model, we did not observe any inhibitory effect of compounds Cpd3 and Cpd3d2 in
PC cell lines (data not shown) as previously reported [1]. To explore whether inhibition of
LRH1 can block PC progression, several potential LRH1 antagonists are under investigation
to demonstrate the pathological role of LRH1 in PC oncogenesis and metastasis.

In summary, our study revealed that overexpressed LRH1 promotes cell migration, wound
healing, invasion and sphere formation /in vitro, as well as tumor formation, and liver
metastasis /7 vivo. Our observations demonstrate that the LRH1 receptor plays a critical
role in progression and metastasis of PC (Fig. 7). These findings also suggest that among
the regulatory molecules that have been identified as important factors in pancreatic
tumorigenesis, LRH1 appears to be a key driver of PC malignant phenotypes. Collectively
our findings indicate the importance of LRH1 in the progression of PC and implicate LRH1
as a potential target for drug development.
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Fig. 1.

Synergistic effect of LRH1 on transcriptional activity of B-catenin was reversed by
quercetin. LRH1 potentiates B-catenin/Tcf4-mediated transactivation in PC cell lines (A)
Capan-1, (B) AsPC-1, (C) MIA PaCa-2, as well as (D) HEK 293 cells. Reversal of LRH1-
induced effect was obtained by quercetin. The above LRH1—p-catenin/Tcf4 synergy was
reversed by quercetin in (E) Capan-1 and (F) AsPC-1 cells.
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LRH1 upregulated downstream target genes in PC. (A) Expression levels of c-Myc,

MMP2 and MMP9 (in Capan-1) were significantly enhanced in LRH1 overexpressed stable
Capan-1 and AsPC-1 cells than vector control and (B) LRH1 expression in stable MIA
PaCaz2 cells with constitutive expression of specific ShRNAs was significantly reduced,

and the expression of c-Myc, MMP2 and MMP9 was downregulated in response to LRH1

knockdown.
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Fig. 3.

ngHl promoted PC cell migration and invasion. (A) Pro-migration of LRH1 on Capan-1
and AsPC-1 cells. LRH1 promoted Capan-1 and AsPC-1 cell Migration using BD
Bioscience Chamber. Compared to vectors, LRH1 expressing stable Capan-1 and AsPC-1
cells showed enhanced cell migration at 24 h in Boyden chamber assay. A substantial
increase in migration was present in LRH1 stable transfected Capan-1 and AsPC-1 cells
compared to vector control (**p < 0.01). (B) LRH1 overexpression promoted Capan-1 and
AsPC-1 cell invasion. Compared to vector control, LRH1 stable overexpressing Capan-1 and
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AsPC-1 cells conferred enhanced cell invasion at 24 h. Enhanced invasion was present in
LRHL1 stable transfected Capan-1 and AsPC-1 cells compared to vector control (**p < 0.01).
Significant attenuation of cell migration (C) and invasion (D) was observed at 36 h in three
stable MIA PaCaz2 cell lines expressing LRH1-shRNAs (**p < 0.01).
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Fig. 4.

LIng promoted wound healing and sphere formation. (A) LRH1 accelerated wound healing
of PC cell lines Capan-1 and AsPC-1. Compared to vector control, LRH1 stable expressing
Capan-1 and AsPC-1 cells exhibited accelerated wound healing at 24 h. An increase in
relative migration distance was present in LRH1 stable cells compared to vector control
(**p<0.01), (B) LRH1 stable overexpression promoted sphere formation in Capan-1 and
AsPC-1 cells. Morphologic changes were observed in LRH1 stable overexpressing Capan-1
and AsPC-1 cells. Compared to vector control, LRH1 stable overexpressing Capan-1 and
AsPC-1 cells produced spheres with increased size (**p < 0.01) and (C) Significant
reduction in the size of spheres was detected in three MIA PaCa2 cells expressing specific
LRH1-shRNAs (**p < 0.05).
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Fig. 5.
LRH1 promoted PC tumor growth and distant metastasis in nude mice. (A) Orthotopic

PC tumor growth. Representative established orthotopic tumors produced by inoculation
of 3 x 106 Capan-1 cells transfected with LRH1 or vector control cells into the body of
the pancreas. Primary tumors were removed and three representative pictures from each
group are shown. Tumor weights were analyzed at 3 weeks after inoculation of Capan-1
cells stably transfected with LRH1 or vector (7=5). Compared to vector control, LRH1
expressing stable Capan-1 cells produced much larger tumors (paired Ztest, 2-tailed, **p <
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0.01). Vertical bars, standard error, (B) metastatic rate of orthotopic tumors. Liver metastatic
rate of Capan-1-LRH1 and Capan-1-Vector mice was 100% vs. 20%, respectively (*p <
0.05), (C) IHC for Ki67 and the calculation of the proliferation Index as measured by
positive Ki67 staining of tumor nuclei (***p < 0.0001), (D) H&E staining of two orthotopic
tumors, (E) PC liver metastatic model produced by injection of Capan-1 cells transfected
with vector or LRH1 into the spleen (upper and bottom, respectively). H&E staining of
representative sections of the metastatic liver foci derived from vector cells and LRH1
expressing cells (upper and bottom, respectively). Magnification was 40 x (left) and 200

x (right), respectively. Black arrows indicate the tip of infiltrated tumor derived from the
LRH1 expressing cells and (F) compared to vector control cells, LRH1 expressing stable
Capan-1 cells aggressively invade through the portal vein into the liver parenchyma. The
yellow bar is 1 cm in length. LRH1 expressing stable Capan-1 cells produced much larger
tumors in the liver compared to vector-transfected control cells (paired t test, 2-tailed, *p <
0.01).
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in Normal pancreas in pancreatic cancer tumor cells

(c1) Negative to weak C-Myc (c2) Strong C-Myc immunoreactivity
immunoreactivity in Normal pancreas in pancreatic cancer tumors

Fig. 6.
Expression of LRH1 and related genes in PC. LRH1 was overexpressed in tumor tissues

(a2) compared with adjacent normal pancreas (al) of patients with PC. Negative staining
was observed for all components of normal exocrine pancreas. In tumor cells, an elevated
level of LRH1 was detected either in the nuclei (insert A) or in the cytoplasm (insert B) or
both. The original magnification (40x) is specified. The expression of B-catenin (b1-b2) was
comparable between the tumorous and adjacent normal pancreas. Weak-negative staining for
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c-Myec (c1) was observed for all components of normal exocrine pancreas. In tumor cells, an
elevated level of c-Myc (c2) was detected. The original magnification (40x) is specified.
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Fig. 7.
Diagram illustrating the proposed oncogenic role of LRH1 in PC. We hypothesize

that LRH1 promotes pancreatic oncogenesis (cell migration, invasion, tumor formation,
angiogenesis and liver metastasis) by upregulating c-Myc and MMP2/9.
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