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ABSTRACT

Background: Kras mutations and increased Notch activation occur frequently in
gallbladder cancer. However, their roles in gallbladder carcinogenesis have not been
defined. This study was aimed at determining whether expression of mutant Kras was
sufficient to induce gallbladder carcinoma and whether Notch deregulation played a
role in this context.

Methods: We determined Cre recombination activity of Pdx1-Cre in the gallbladder
using a reporter strain and examined gallbladder tumor development in the Kras'st-
G12p/+:pdx1-Cre mice. We analyzed expression of Notch pathway genes in the mouse
gallbladder by immunohistochemistry, quantitative RT-PCR, and Western blot analysis.
We also determined the effect of Jag1 deletion on Kras-induced gallbladder tumor
development.

Results: Pdx1-Cre exhibits robust recombination activity in the gallbladder
epithelium. Krastst-6120/+;Pdx1-Cre mice form early onset adenoma in the gallbladder
and adjacent biliary tract with complete penetrance, albeit short of invasive
adenocarcinoma. Kras®'?® upregulates expressions of Notch2, Notch3, Notch4, Jag1
and downstream target genes Hes1, Hey1l and Hey2, and deletion of Jag1 partially
suppresses Kras®?’-induced adenoma development.

Conclusions: Kras®'?® induces gallbladder adenoma and Notch plays a key role in
Kras-initiated gallbladder tumorigenesis.

are frequent and early events in tumors associated with
APBDJ, but less frequent in carcinomas associated with
gallstones [1]. Other molecular changes of gallbladder
cancers include somatic mutations of TP53, ErbB signaling
pathway genes, and cell cycle regulator CDKN2A [2, 3].
Overexpression of Erbb2 in the basal epithelium of the
mouse gallbladder resulted in the development of adenoma

INTRODUCTION

Gallbladder cancer is the most common malignancy
of the biliary tract, associated with late diagnosis,
unsatisfactory treatment and poor prognosis. There are two
key pathways leading to gallbladder carcinogenesis. The first
involves gallstones and the resultant cholecystitis. The

second involves congenital anomalous pancreatobiliary duct
junction (APBDJ). Gallbladder cancers evolved through
these two pathways demonstrate differences in demographic
distribution, clinical outcome, gender bias and molecular
changes. Regarding the molecular changes, KRAS mutations

and progression to adenocarcinoma characterized by
papillary structures, demonstrating a functional role of Erbb2
in gallbladder carcinogenesis [4]. No comprehensive
analysis for other molecular changes has been carried out
using in vivo model system.
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Notch signaling controls cell fate determination, cell
differentiation and proliferation in a variety of tissues during
development as well as in adult homeostasis.
Haploinsufficiency for the Notch ligand JAG1 results in an
autosomal-dominant, multisystem disorder known as
Alagille syndrome, which is characterized by a congenital
cholangiopathy of variable severity. Similarly, Jagl
heterozygosity in mice results in impaired intrahepatic bile
duct development [5]. Notch2 appears to interact with Jagl
in the pathogenesis of Alagille syndrome [6]. Conversely,
high level expression of Notch pathway genes has been
found in human gallbladder cancer, and Notch 1 and Notch
3 expression is correlated with severe clinicopathological
characteristics and poor prognosis [7-9]. However, the
mechanism of Notch deregulation and its role in gallbladder
cancer initiation and progression remain unclear.

In the present study, we determined the outcome of
expression of the most common form of Kras mutations
(Kras®!?P) in the mouse gallbladder epithelium. We also

RosaLSL-laCZ/+

RosaLSL-IacZ/+;
Pdx1-Cre

Wild type

determined whether Notch signaling is deregulated by
Kras®"?P and contributes to the gallbladder tumorigenesis.

RESULTS

Expression of Kras®!?? in the gallbladder epithe-
lial cells induces adenoma

Pdx1 is known to be expressed in endocrine and
some duct cells and may identify a more primitive
population in the adult pancreas. Interestingly some
epithelial cells in adult human gallbladder highly express
Pdx1 [10]. We crossed a RosatS-Z reporter into the Pdx1-
Cre mouse and performed X-gal staining in the gallbladder
to determine the Cre recombination activity. Robust LacZ
activity was observed in a subset of ductal epithelial cells
in RosatSt'«?*: Pdx]-Cre gallbladder, but not in Rosa’St
lacz+ control (Figure 1A-1D). Therefore, PdxI-Cre can be
used to drive expression of Kras®'?? in the gallbladder, in

Figure 1: Pdx1 promoter drives Cre expression in the gallbladder epithelium. (A-D) Representative photographs of X-Gal
staining of the gallbladder from Rosa’S-"?* and Rosa"St"*?*; PdxI-Cre mice at 5 weeks of age (left: whole-mount; right: sectioned). (E-H)
Representative photographs of H&E-stained sections of the gallbladder (left panels) and pancreas (right panels) from wild type and Pdx!-
Cre mice at 4 months of age. Scale bars: 20 um in B and D; 50 um in E-H.

www.impactjournals.com/oncoscience

Oncoscience



addition to the pancreas as previously reported [11]. Of
note, Pdx-Cre mice undergo normal development of the
gallbladder and pancreas (Figure 1E-1H).

We examined tumor development in the gallbladder of
KrastSt-612D7% . Pdx [ -Cre (KC) mice. As early as 18 days after
birth, KC mice showed gallbladder epithelial hyperplasia
(Figure 2A). By 2 months of age, all animals examined

(10/10) developed gallbladder adenoma prior to the detection
of significant lesion in the pancreas. These tumors are
composed of papillary structures lined by cuboidal or
columnar epithelial cells with moderate atypia (Figure 2B,
2C) or tubular glands (Figure 2D). It is noteworthy that
papillary adenomas were prevalent in the gallbladder while
tubular glandular lesions occurred more frequently in the

Figure 2: Expression of Kras®?® in the gallbladder epithelium using Pdx1-Cre induces adenoma and low-grade
adenocarcinoma. (A-D) Representative photographs of H&E-stained gallbladder sections from KC mice of indicated age. (E) H&E-
stained gallbladder section of a KJC mouse at 120 days. (F) H&E staining of the PdxI-Cre gallbladder at 120 days. High magnification

images are shown below each panel. Scale bars: 50 pm.
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adjacent biliary tract. No invasive adenocarcinoma was
found in KC mice up to 5 months of age. The histology of
the PdxI-Cre gallbladder is completely normal (Figure 2F).

Expression of Kras®!?? causes upregulation of
Notch receptors and Jagl ligand and increased
Notch signaling in the gallbladder

Aberrant expression of Notch receptors has been
suggested to play a role in extrahepatic cholangiocarcinoma

Wild type

Notch1

Notch?2

Notch3

Notch4

and gallbladder carcinoma [8]. We performed
immunohistochemistry of Notch receptors and Jagl ligand
on the gallbladder sections at 2 months of age. Both wild
type and KC mice showed intense staining of Notch2,
Notch3, Notch4 and Jagl in the gallbladder epithelial cells,
whereas Notchl immunoreactivity was very weak or
undetectable (Figure 3). We determined the mRNA levels of
Notch pathway genes in the gallbladder by quantitative
RT-PCR. Transcripts of Notch2 and Jagl were increased 97-
and 17-fold, respectively, while Notch3 and Notch4 mRNA

KC

Figure 3: Expressions of Notch receptors and Jagl ligand in the mouse gallbladder. Shown are representative photographs
of immunostaining for Notch receptors and Jagl ligand in the gallbladder of wild type and KC mice at 2 months of age. Scale bars: 50 um.
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levels were slightly increased in KC as compared to the wild
type (Figure 4A). The expression of Lfng, which is known
to inhibit Jagged/Serrate-mediated Notch activation [12],
was downregulated in KC mice. Transcription of Notch
downstream target genes Hesl, Heyl, and Hey2 were all
increased drastically in KC mice (Figure 4A). Next, we
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performed Western blot analysis for Notch pathway
components in the gallbladder. KC mice showed consistent
increase of the protein levels of Notch2, Notch3, Notch4,
Jagl, and Hes1 as compared to control mice including the
wild type, Kras**-¢P* and PdxI-Cre (Figure 4B). Taken
together, Notch signaling is upregulated by the expression of
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Figure 4: Upregulation of Notch signaling pathway in the gallbladder of KC mice. (A) Quantitative RT-PCR for Notch
pathway genes in the gallbladder of wild type and KC mice at 1 month of age. *p < 0.05, **p < 0.005. (B) Western blot analysis for Notch
pathway genes in the gallbladder of indicated genotype at 40 days of age. K: Kras™:-672P"*; C: Pdx1-Cre.
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Kras®'?P in the gallbladder epithelial cells. Interestingly, 4
out of 8 KrastS-0120%; Jagfexfex: Pdx]-Cre (KJC) mice
between 4 and 6 months of age showed near normal
histology of the gallbladder, suggesting that deletion of Jag!
partially suppresses Kras®'?P-induced adenoma development
(Figure 2E).

Expression of Notch pathway genes in the
human gallbladder

We surveyed protein levels of Notch receptors,
ligands, and Fringes in human tissues using published
proteomic data (http://www.humanproteomemap.org)
[13]. As shown in Figure 5, expressions of NOTCH2,
NOTCH3, JAG1 and LFENG are enriched in the adult
gallbladder. This is in agreement with our analysis of
Notch pathway components in murine gallbladder,
suggesting that JAGIl-mediated, LFNG-modulated
NOTCH2/3 signaling may well play an important role in
KRAS-initiated gallbladder carcinogenesis in humans.

DISCUSSION

In a model for multistage pathogenesis of the most
common form of gallbladder cancer beginning with
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gallstones and chronic cholecystitis, Kras mutations are
thought to occur at the very late stage [3]. On the other
hand, previous study also found higher frequency of Kras
mutations in gallbladder adenomas compared with
carcinomas, hinting that gallbladder adenomas and
carcinomas may arise through distinct molecular pathways
[14]. In the present study, the expression of Kras®!?P
caused papillary adenoma as early as one month of age
(data not shown). It is interesting that Kras mutations were
found more frequently in patients with papillary
adenocarcinoma compared with other types of
adenocarcinoma or squamous cell carcinoma [15].
However, early onset adenomas in KC mice do not
progress into invasive carcinoma, suggesting additional
molecular changes may be required for the development
of adenocarcinoma.

Notch signaling pathway plays a central role in the
development of biliary system. Hesl-deficient mice
exhibit gallbladder agenesis and severe hypoplasia of
extrahepatic bile ducts [16]. Double heterozygous mice of
Jagl and Notch2 display jaundice associated with defects
in bile duct epithelial cell differentiation and
morphogenesis [6]. Here we show that expression of
Kras9?P upregulates Notch gene expression, suggesting
that Kras may induce gallbladder adenoma through

Figure 5: Protein levels of Notch receptors, ligands, and Fringes in various human tissues. Data were derived from http:/

www.humanproteomemap.org.
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activation of Notch signaling. Hes1 is the most upregulated
gene among canonical Notch downstream target genes in
the KC gallbladder. Given that loss-of-Hesl1 results in
gallbladder agenesis, we speculate that Hesl controls
gallbladder  epithelial cell proliferation and/or
differentiation. Lfng, a negative regulator of Serrate/
Jagged-mediated Notch signaling, is highly expressed in
the adult human gallbladder. Kras®'*® downregulates Lfng
expression in the gallbladder, raising the possibility that
Lfng normally inhibits Notch activation to prevent
gallbladder adenoma formation. It is also likely that Kras-
mediated Notch deregulation promotes tumor development
in a subset of gallbladder cancer patients, and targeting
Notch2/3 and Jagl could be a therapeutic approach for
these patients.

Understanding of gallbladder carcinogenesis is
limited in part due to the paucity of animal models for this
disease. One model is the overexpression of ErbB2 in the
basal layer of biliary tract epithelium under the control of
the bovine keratin 5 promoter [4]. Another involves the
inactivation of the oxysterol receptor liver X receptor—f in
female mice, resulting in preneoplastic lesions of the
gallbladder and progression to cancer in old animals [17].
We have shown that Pdx1 promoter is active in the
gallbladder epithelium. Thus, forced expression or
inactivation of genes in the gallbladder using Pdx1-Cre
can be a new approach in developing mouse models for
gallbladder cancer.

MATERIALS AND METHODS

Mice

Kras™St-012P% - Rosa"St'e?* and PdxI-Cre mouse
strains were obtained from the Jackson Laboratory and
have been previously described [18-20]. Jag I/** strain was
provided by Dr. Radtke and described previously [21].
Mouse experiments were performed in accordance with a
protocol approved by the Institutional Animal Care and
Use Committee of the University of Mississippi Medical
Center.

Histology, immunohistochemistry, X-Gal
staining, and western blot

Formalin-fixed paraffin-embedded gallbladder
tissues were processed for  histology and
immunohistochemistry by standard procedures. Primary
antibodies used for immunostaining were: Notchl (Cell
Signaling, No. 3608, 1:100), Notch2 (DSHB, University
of Towa, C651.6DbHN, 1:200), Notch3 (ProteinTech,
55114-1-AP, 1:100), Notch4 (Millipore, 09-089, 1:100),
and Jaggedl (Santa Cruz, sc-6011, 1:100). X-Gal staining
was performed as previously described [22]. For Western
blot analysis, gallbladder tissues were lysed in RIPA buffer
(Boston BioProducts) supplemented with protease

inhibitor (Roche), and processed according to standard
methodology. Antibodies for probing specified proteins are
as follows: Notch1, Notch2, Notch3, Notch4 and Jagged1
are the same as above (all with 1:1000 dilution), Hes1
(Millipore, AB5702, 1:500), and B-Actin (Santa Cruz,
sc-81178, 1:1000).

Quantitative RT-PCR

Total RNA was extracted from the gallbladder using
RNeasy Mini kit (Qiagen) and reverse-transcribed using
iScript cDNA synthesis kit (Bio-rad). PCR was performed
using QuantiTect SYBR Green PCR Kits (Qiagen) with
BioRad CFX96 qPCR System. Results were normalized
with the expression level of Gapdh and presented as fold
change of the control. The experiment was performed in
triplicate and presented as mean =+ standard error. Unpaired
two-tailed t-test was performed for comparison between
the mutant and wild type mice. Primer sequences for Jag1,
Lfng, Hesl, Heyl and Hey?2 have previously been reported
[11, 23]. Other primer sequences are as follows: Notch2,
5’-AACTGTCAGACCCTGGTGAAC-3’ (forward),
5’-CGACAAGTGTAGCCTCCAATC-3’ (reverse);
Notch3, 5>-TGCCAGAGTTCAGTGGTGG-3’ (forward),
5’-CACAGGCAAATCGGCCATC-3’ (reverse); Notch4,
5’-AGGGAGGCTCTGTGAGGTGG-3’ (forward),
5’-ATCCAGGAAGGCAGAGGCAC-3’ (reverse).

Abbreviations

APBDJ, anomalous pancreatobiliary duct junction,
KC, Kras"St-6120%: Pdx 1-Cre, KIC, Kras*“C1P*  Jag 1#o¥

flox- Pdx [-Cre.

Author contributions

KX and WCC contributed to the conception and
design of the study, the acquisition, analysis and
interpretation of the data, writing and reviewing of the
manuscript. YZ and JW contributed to the analysis and
interpretation of data and reviewing of the manuscript.

ACKNOWLEDGMENTS

The authors thank Dr. Freddy Radtke for providing
the Jagl mouse strain.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was supported by the Intramural Research
Support Program of the University of Mississippi Medical
Center.

www.impactjournals.com/oncoscience

137

Oncoscience



REFERENCES

10.

11.

Matsubara T, Sakurai Y, Sasayama Y, Hori H, Ochiai M,
Funabiki T, Matsumoto K, Hirono I. K-ras point mutations
in cancerous and noncancerous biliary epithelium in
patients with pancreaticobiliary maljunction. Cancer. 1996;
77:1752-1757.

LiM, Zhang Z, Li X, Ye J, Wu X, Tan Z, Liu C, Shen B,
Wang XA, Wu W, Zhou D, Zhang D, Wang T, et al. Whole-
exome and targeted gene sequencing of gallbladder
carcinoma identifies recurrent mutations in the ErbB
pathway. Nat Genet. 2014; 46:872-876.

Wistuba II, Gazdar AF. Gallbladder cancer: lessons from a
rare tumour. Nat Rev Cancer. 2004; 4:695-706.

Kiguchi K, Carbajal S, Chan K, Beltran L, Ruffino L, Shen
J, Matsumoto T, Yoshimi N, DiGiovanni J. Constitutive
expression of ErbB-2 in gallbladder epithelium results in
development of adenocarcinoma. Cancer Res. 2001;
61:6971-6976.

Thakurdas SM, Lopez MF, Kakuda S, Fernandez-Valdivia
R, Zarrin-Khameh N, Haltiwanger RS, Jafar-Nejad H.
Jaggedl heterozygosity in mice results in a congenital
cholangiopathy which is reversed by concomitant deletion
of one copy of Poglutl (Rumi). Hepatology. 2016;
63:550-565.

McCright B, Lozier J, Gridley T. A mouse model of
Alagille syndrome: Notch2 as a genetic modifier of Jagl
haploinsufficiency. Development. 2002; 129:1075-1082.

Mazur PK, Riener MO, Jochum W, Kristiansen G, Weber
A, Schmid RM, Siveke JT.
clinicopathological significance of notch signaling and cell-

Expression and
fate genes in biliary tract cancer. Am J Gastroenterol. 2012;
107:126-135.

Yoon HA, Noh MH, Kim BG, Han JS, Jang JS, Choi SR,
Jeong JS, Chun JH. Clinicopathological significance of
altered Notch signaling in extrahepatic cholangiocarcinoma
and gallbladder carcinoma. World J Gastroenterol. 2011;
17:4023-4030.

Liu L, Yang ZL, Wang C, Miao X, Liu Z, Li D, Zou Q, Li
J, Liang L, Zeng G, Chen S. The Expression of Notch 1 and
Notch 3 in  Gallbladder Their
Clinicopathological Significance. Pathol Oncol Res. 2016;
22:483-492.

Galivo FH, Dorrell C, Grompe MT, Zhong Y, Streeter PR,
Grompe M. Novel surface markers directed against adult
human gallbladder. Stem Cell Res. 2015; 15:172-181.
Zhang S, Chung WC, Xu K. Lunatic Fringe is a potent

tumor suppressor in Kras-initiated pancreatic cancer.
Oncogene. 2016; 35:2485-2495.

Cancer and

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Haines N, Irvine KD. Glycosylation regulates Notch
signalling. Nature reviews Molecular cell biology. 2003;
4:786-797.

Kim MS, Pinto SM, Getnet D, Nirujogi RS, Manda SS,
Chaerkady R, Madugundu AK, Kelkar DS, Isserlin R, Jain
S, Thomas JK, Muthusamy B, Leal-Rojas P, et al. A draft
map of the human proteome. Nature. 2014; 509:575-581.
Pai RK, Mojtahed K, Pai RK. Mutations in the RAS/RAF/
MAP kinase pathway commonly occur in gallbladder
but gallbladder
adenocarcinomas. Appl Immunohistochem Mol Morphol.
2011; 19:133-140.

Cariati A, Piromalli E, Cetta F. Gallbladder cancers:
associated conditions, histological types, prognosis, and
prevention. Eur J Gastroenterol Hepatol. 2014; 26:562-569.
Sumazaki R, Shiojiri N, Isoyama S, Masu M, Keino-Masu
K, Osawa M, Nakauchi H, Kageyama R, Matsui A.
Conversion of biliary system to pancreatic tissue in Hes1-
deficient mice. Nat Genet. 2004; 36:83-87.

Gabbi C, Kim HJ, Barros R, Korach-Andre M, Warner M,
JA. gallbladder
carcinogenesis in LXRbeta-/- female mice. Proc Natl Acad
SciU S A. 2010; 107:14763-14768.

Hingorani SR, Petricoin EF, Maitra A, Rajapakse V, King
C, Jacobetz MA, Ross S, Conrads TP, Veenstra TD, Hitt
BA, Kawaguchi Y, Johann D, Liotta LA, et al. Preinvasive
and invasive ductal pancreatic cancer and its early detection
in the mouse. Cancer Cell. 2003; 4:437-450.

Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D,
Montoya R, Jacks T, Tuveson DA. Analysis of lung tumor
initiation and progression using conditional expression of
oncogenic K-ras. Genes & development. 2001;
15:3243-3248.

Soriano P. Generalized lacZ expression with the ROSA26
Cre reporter strain. Nat Genet. 1999; 21:70-71.

Mancini SJ, Mantei N, Dumortier A, Suter U, MacDonald
HR, Radtke F. Jaggedl-dependent Notch signaling is
dispensable for hematopoietic stem cell self-renewal and
differentiation. Blood. 2005; 105:2340-2342.

Xu K, Usary J, Kousis PC, Prat A, Wang DY, Adams JR,
Wang W, Loch AJ, Deng T, Zhao W, Cardiff RD, Yoon K,
Gaiano N, et al. Lunatic fringe deficiency cooperates with
the Met/Caveolin gene amplicon to induce basal-like breast
cancer. Cancer cell. 2012; 21:626-641.

Zhang S, Loch AJ, Radtke F, Egan SE, Xu K. Jaggedl1 is
the major regulator of notch-dependent cell fate in proximal

adenomas are uncommon in

Gustafsson Estrogen-dependent

airways. Dev Dyn. 2013.

www.impactjournals.com/oncoscience

138

Oncoscience



