Developmental Biology 399 (2015) 41-53

journal homepage: www.elsevier.com/locate/developmentalbiology

Contents lists available at ScienceDirect

EVELOPMENTAL
Y B

Developmental Biology

p120 Catenin is required for normal tubulogenesis but not epithelial

@ CrossMark

integrity in developing mouse pancreas

Audrey M. Hendley *"¢, Elayne Provost *", Jennifer M. Bailey *™<, Yue J. Wang *P,
Megan H. Cleveland *°, Danielle Blake *°, Ross W. Bittman *", Jeffrey C. Roeser *",
Anirban Maitra®¢, Albert B. Reynolds’, Steven D. Leach *"*

2 Department of Surgery, Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA

b The McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
¢ Division of Gastroenterology, Hepatology and Nutrition, Department of Internal Medicine, The University of Texas Health Science Center at Houston,

Houston, TX 77030, USA

94 Department of Pathology, The Sol Goldman Pancreatic Cancer Research Center, Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
¢ Departments of Pathology and Translational Molecular Pathology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
f Department of Cancer Biology, Vanderbilt University Medical Center, Nashville, TN 37232, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 7 July 2014

Received in revised form

3 December 2014

Accepted 4 December 2014
Available online 16 December 2014

Keywords:

p120 Catenin

Pancreas development
Adherens junction
Tubulogenesis

Branching morphogenesis
PKCC

Pancreatitis

The intracellular protein p120 catenin aids in maintenance of cell-cell adhesion by regulating E-cadherin
stability in epithelial cells. In an effort to understand the biology of p120 catenin in pancreas
development, we ablated p120 catenin in mouse pancreatic progenitor cells, which resulted in deletion
of p120 catenin in all epithelial lineages of the developing mouse pancreas: islet, acinar, centroacinar,
and ductal. Loss of p120 catenin resulted in formation of dilated epithelial tubules, expansion of ductal
epithelia, loss of acinar cells, and the induction of pancreatic inflammation. Aberrant branching
morphogenesis and tubulogenesis were also observed. Throughout development, the phenotype became
more severe, ultimately resulting in an abnormal pancreas comprised primarily of duct-like epithelium
expressing early progenitor markers. In pancreatic tissue lacking p120 catenin, overall epithelial
architecture remained intact; however, actin cytoskeleton organization was disrupted, an observation
associated with increased cytoplasmic PKCC. Although we observed reduced expression of adherens
junction proteins E-cadherin, ﬁ—catenin, and o-catenin, p120 catenin family members p0071, ARVCF, and
8-catenin remained present at cell membranes in homozygous p1207f pancreases, potentially providing
stability for maintenance of epithelial integrity during development. Adult mice homozygous for
deletion of p120 catenin displayed dilated main pancreatic ducts, chronic pancreatitis, acinar to ductal
metaplasia (ADM), and mucinous metaplasia that resembles PanINla. Taken together, our data
demonstrate an essential role for p120 catenin in pancreas development.

© 2014 Elsevier Inc. All rights reserved.

Introduction

endocrine and exocrine organ. The early pancreatic bud is envel-
oped by mesenchyme, which is required for pancreas develop-

Pancreatic development proceeds from a cluster of endodermal
epithelial cells that give rise to a highly specialized, heterogeneous
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ment and is thought to provide inductive signals for the
specification of various cell types (Golosow and Grobstein, 1962;
Landsman et al., 2011). Beginning at E13.5, the mouse pancreas
changes rapidly during the ‘secondary transition,” which is marked
by dramatic increases in endocrine cell numbers and acinar cell
differentiation (Rutter et al., 1968). Endocrine cells delaminate
from the embryonic epithelia, coalesce into early islets, and
migrate throughout the tissue (Pictet et al., 1972). The developing
pancreas arborizes to generate a highly branched network of
exocrine tissue consisting of acini capping the tips of terminal
ducts and extending to the main pancreatic duct (Puri and Hebrok,
2007; Villasenor et al., 2010).


www.sciencedirect.com/science/journal/00121606
www.elsevier.com/locate/developmentalbiology
http://dx.doi.org/10.1016/j.ydbio.2014.12.010
http://dx.doi.org/10.1016/j.ydbio.2014.12.010
http://dx.doi.org/10.1016/j.ydbio.2014.12.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2014.12.010&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2014.12.010&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2014.12.010&domain=pdf
mailto:ahendle1@jhmi.edu
mailto:elayne.provost@gmail.com
mailto:Jennifer.M.Bailey@uth.tmc.edu
mailto:tiwang03@gmail.com
mailto:genetics85@gmail.com
mailto:arielturnip@gmail.com
mailto:rossbittman@gmail.com
mailto:jroeser10@gmail.com
mailto:amaitra@mdanderson.org
mailto:al.reynolds@vanderbilt.edu
mailto:leachs@mskcc.org
http://dx.doi.org/10.1016/j.ydbio.2014.12.010

42 A.M. Hendley et al. /| Developmental Biology 399 (2015) 41-53

Epithelial integrity is essential for proper organogenesis during
development. Adherens junctions are an integral part of the
maintenance of tight cell-cell adhesion in epithelial tissues.
Adherens junction proteins serve roles in tissue homeostasis,
embryonic development, tissue morphogenesis, and tumorigen-
esis (Hartsock and Nelson, 2008; Perez-Moreno and Fuchs, 2006).
The core of the adherens junction in epithelial tissues is comprised
of E-cadherin, B-catenin, p120 catenin, and a-catenin. Through
homophilic, Ca?*-dependent interactions, extracellular E-
cadherin associates with E-cadherin molecules of adjacent cells
(Shapiro and Weis, 2009). B-catenin binds to the catenin-binding
domain of intracellular E-cadherin and a-catenin, which associates
with the actin cytoskeleton. p120 catenin stabilizes epithelial cell
adherens junctions through its interaction with the juxtamem-
brane domain of E-cadherin molecules (Ishiyama et al., 2010).
Cadherin-catenin complexes are rapidly turned over in the
absence of p120 catenin, demonstrating a crucial role for p120
catenin in cadherin stability (Davis et al., 2003). p120 catenin in
the cytoplasm modulates the activities of small Rho family
GTPases by inhibiting RhoA and activating Rac1 and Cdc42, which
together influence cytoskeletal dynamics and cell migration
(Anastasiadis et al., 2000; Noren et al., 2000).

p120 catenin is a member of the larger catenin gene family that
is comprised of three subfamilies; p120, beta, and alpha. The p120
subfamily contains 7 members which include p120 catenin,
ARVCF, &-catenin, p0071, and plakophilins 1-3 (Zhao et al,
2011). Like p120 catenin, ARVCF, d-catenin, and p0071 are capable
of binding to the juxtamembrane domain of cadherin molecules in
adherens junctions through their central Armadillo repeat
domains, while plakophilins 1-3 primarily function in linking
the intermediate filaments of cells through desmosomes. p120
catenin, ARVCF, and p0071 are expressed ubiquitously and as
multiple isoforms. Expression of O-catenin is thought to be
restricted almost entirely to the nervous system (Mariner et al.,
2000; Pieters et al., 2012). The biological interplay between p120
catenin and its family members is incompletely understood,
especially during development.

A number of studies have revealed critical yet diverse roles for
p120 catenin in different organ systems (Bartlett et al., 2010; Davis
and Reynolds, 2006; Elia et al., 2006; Kurley et al., 2012; Marciano
et al., 2011; Oas et al., 2010; Perez-Moreno et al., 2006, 2008;
Schackmann et al., 2013; Smalley-Freed et al., 2010; Smalley-Freed
et al., 2011; Stairs et al., 2011; Tian et al,, 2012). In p120 catenin
conditional deletion studies, the results are highly tissue-specific
and unpredictable. In terms of tissue-specific effects, the biological
contribution of p120 catenin to pancreas development has not
been studied. Here, we ablated p120 catenin selectively in devel-
oping pancreatic epithelium using an early Pdx1:Cre (hereafter
CP9x1) driver. Expression of Cre in this line is ubiquitous in
multipotent pancreatic progenitor cells as early as E8.5, and thus
targets all epithelial lineages of the developing pancreas - acinar,
islet, duct, and centroacinar (Gu et al, 2002). C?¥!: p1207f
pancreases displayed striking developmental anomalies. Loss of
p120 catenin early in pancreatic development resulted in aberrant
tubulogenesis, expansion of tubular epithelia, loss of acinar cell
mass, disruption of islet localization, and inflammation within the
embryonic pancreas. The expanded tubular epithelium was
accompanied by the continued expression of Sox9 and Aldhl,
suggesting a possible block in progenitor differentiation. In
expanded ductal epithelia of C"®'; p1207f pancreata, actin cytos-
keleton organization was disrupted, which was accompanied
by an increase in cytoplasmic PKCC, a modulator of cytoskeletal
dynamics, suggesting a connection between p120 catenin loss and
actin cytoskeleton organization mediated by PKCC. Despite the loss
of p120 catenin, epithelial cell-cell junctions appeared normal and
defects in cell adhesion were not observed. Although epithelium

lacking p120 catenin displayed a reduction in adherens junction
members E-cadherin, B-catenin, and a-catenin, we show that p120
catenin family members ARVCF, 8-catenin, and p0071 are present
at cell membranes in p120 catenin-null epithelia, suggesting that
these proteins might serve to stabilize adherens junctions in the
absence of p120 catenin. Adult homozygous p1207f animals dis-
played dilated main pancreatic ducts, chronic pancreatitis, acinar
to ductal metaplasia (ADM), and mucinous metaplasia that
resembled Pancreatic Intraepithelial Neoplasia 1a (PanIN1a).
Taken together, our data suggest a crucial role for p120 catenin
in proper tubulogenesis and lineage specification during pancrea-
tic development.

Materials and methods
Mice

All animal studies were approved by the Animal Care and Use
Committee at Johns Hopkins University. Mouse strains used in this
study were Tg(Pdx1-cre)89.1Dam (MGI ID: 2684317) (Gu et al.,
2002), Ctnnd1'™!APre (MGI ID: 3617486) (Davis and Reynolds,
2006), and ROSA™/MC (MGI ID: 3716464) (Muzumdar et al.,
2007). The mice were housed under a 14/10 h light/dark cycle
with free access to food and water.

Genotyping

Ctnnd1"™!AP pdx1-cre, and ROSA™/™S alleles were maintained
by breeding heterozygous mice to C57BL/6] mice. Genotyping was
accomplished by PCR or Transnetyx. Primers used to genotype for the
Ctnnd1™!APe 3llele were p120 FP (5-TTTTAGAGCCTCCCACATA-
CAAGC-3') and p120 RP (5'-TCAGCACCCACACAAAGGTTG-3') as pre-
viously described (Davis and Reynolds, 2006). Primers used to
genotype for the Pdx1-cre allele were Pdx1-FP (5'-GAACTGGGGAG-
GAAAAGGAG-3') and Cre2-RP (5'-GATGAAGCATGTTTAGCTGG-3').
Primers used to genotype for the ROSA™/™C allele were Rosa26r
FP (5'-CTCTGCTGCCTCCTGGCTTCT-3'), Rosa26r RP (5'-CGAGGCGGAT-
CACAAGCAATA-3’), and mTmG RP (5'-TCAATGGGCGGGGGTCGTT-3').
Primers used to determine the sex of neonatal mice were designed to
amplify the ZFX and ZFY genes as previously described (Valer Carstea
et al,, 2007).

Histology/Immunofluorescence

Mouse pancreata were fixed in 10% Neutral Buffered Formalin
or 4% Paraformaldehyde at 4 °C and embedded in paraffin for
sectioning. Five micron sections were prepared for hematoxylin
and eosin staining, alcian blue staining, immunofluorescence, and
immunohistochemistry. Primary antibodies and other immuno-
fluorescent reagents used in this study are listed in Table S1.
Secondary antibodies were used at 1:250 and were from Jackson
ImmunoResearch.

Embryonic tissues prepared for frozen sections were fixed in 4%
Paraformaldehyde at 4 °C, subsequently incubated in 30% sucrose
at 4 °C for cryoprotection, and embedded in OCT (Sakura Finetek
4583 CRYO-OCT Compound). Frozen sections were used for
Phalloidin, CD49f, and Muc1 staining in Fig. 5A and «a-catenin
and p120 catenin staining in Fig. 6B. A citrate-based Antigen
Unmasking Solution from Vector Laboratories (H-3300) was used
for antigen retrieval for all immunofluorescent staining except in
OCT embedded sections. Primary antibody epitopes were retrieved
with a heat-mediated microwave antigen retrieval method. All
sections were blocked in 10% FBS with 0.2% Triton-X 100 in PBS.
Primary antibodies were incubated overnight in blocking buffer at
4 °C. Subsequently, secondary antibodies were incubated at RT
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Fig. 1. p120 catenin is expressed ubiquitously in the embryonic, neonatal, and adult mouse pancreas. (A) Immunostaining showing p120 catenin expression using an
antibody specific for isoforms 1-4, E-cadherin, and Vimentin in developing, neonatal, and adult mouse pancreas. For E12.5, purple dotted lines show examples of early
endocrine clusters. For neonatal and adult pancreas, white arrows point to cells indicated with a “D” for ducts, “I” indicates islets of Langerhans, and “A” points out acinar
cells. (B) Schematic depiction of branching pancreatic epithelium at E12.5 with emerging endocrine clusters (left), arborization of the pancreatic epithelium at E14.5 with
accompanying endocrine cluster migration (middle), and an illustration of the adult pancreas containing duct, islet, and endocrine cells (right). For E12.5 and E14.5, various
cell types of the developing pancreas are color coded, with red indicating mesenchymal cells, green indicating tubular epithelium, and purple indicating endocrine clusters.
The time frame for the ‘secondary transition’ during pancreatic development is also depicted. For the adult illustration, green represents ducts, purple represents islets of
Langerhans, and black indicates differentiated acinar cells. Scale bars are 50 pm.
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Fig. 2. Characterization of p120 catenin deletion in neonatal PO mice. (A) Hematoxylin and eosin staining showed disruption of pancreatic tissue architecture in homozygous
p1207 animals compared to wild-type controls. A magnified image of an abnormal transitional structure is shown. (B) Immunohistochemistry demonstrated that expanded
ductal epithelium in homozygous p1207f pancreases is Cytokeratin 19 positive. (C) Amylase immunofluorescence showed aberrant acinar cell differentiation in C"4*1; p120%f
pancreases. (D) Immunofluorescent imaging documented epithelial-specific p120 catenin deletion. In the C**'; p1207f figure, the top right yellow arrow points to a rare
p120 catenin-expressing epithelial cell. The left yellow arrow points to a p120 catenin-expressing non-epithelial cell. The red arrow in the inset shows epithelia in C"%*;
p1207f pancreas that lack p120 catenin. Note that p120 catenin staining is nearly completely absent in C"¥*'; p1207f epithelial pancreas, with very few cells mosaic for p120
catenin expression. Muc1 and Laminin provide clear boundaries for distinction of apical and basal regions of the pancreatic epithelium. (E) Immunofluorescence of C-peptide
and Glucagon demonstrated abnormal islet distribution in homozygous p1207" pancreas. Identical sections were stained with hematoxylin and eosin to demonstrate tissue
context, and white boxes show corresponding islets. (F) CD45 immunohistochemistry revealed the recruitment of an inflammatory infiltrate in C*'; p120”" pancreas, but
not in wild-type controls. In the C"**'; p1207f bottom panel, yellow arrows point to CD45 " cells. (G) NF-kB signaling was detected in the ductal epithelium of both wild-type
and homozygous p1207" pancreas, which is indicated by yellow arrows. Scale bars are 50 um.

for 2 h. Immunofluorescent images were visualized on a Nikon A1
confocal microscope system. Histology of adult C"**'; p1207" males
was examined by a pathologist.

Immunohistochemistry

Antigen retrieval for Aldh1 immunohistochemistry was accom-
plished using Retrievit 6 (BS-1006-00, BioGenex). For Cytokeratin
19 immunolabeling, antigen retrieval was done by digesting
sections with 250 ug/mL proteinase K in 2.5 mmol/L CaCl, and
10 mmol/L Tris—-HCI (pH 7.5) for 6 min at room temperature. For
NF-kB immunohistochemistry, antigen retrieval was accomplished

using R-Buffer A (62706-10, Electron Microscopy Sciences). Anti-
gen retrieval for CD45 was accomplished using a citrate based
antigen retrieval buffer and a heat-mediated microwave method.
Immunohistochemistry staining was visualized on an Olympus
BX40 light microscope.

Dissection and in vitro culturing of pancreatic bud explants

Pregnant female mice were sacked on E11.5, and embryos were
removed. Pancreatic anlagen including surrounding mesenchyme,
caudal stomach, and proximal duodenum were dissected from
each embryo and cultured as previously described for up to 7 days
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Fig. 3. Developmental analysis of the p120 catenin loss-of-function phenotype. Hematoxylin and eosin staining at various time points during pancreatic development
demonstrated a manifest phenotype as early as E12.5 in C"®; p1207" animals. (A) p120 catenin loss resulted in expansion of epithelial tubule lumen diameter, decreased
ramification of branching tubules, and defects in distribution of all pancreatic cell types during development. Asterisks indicate dilated lumens in C*®*'; p1207f pancreases.
(B) C"¥1; p1207"; mTmG™/"t pancreatic bud explants dissected at E11.5 and placed in in vitro culture displayed aberrant tubulogenesis, evident as early as Day 3 of culture,
suggesting that aberrant tubulogenesis occurred in the absence of associated inflammation. White boxes surround the dorsal pancreatic buds, which are displayed as higher
magnification images. White arrows depict the ventral and dorsal pancreatic buds on Day 6/7. Scale bars are 50 um.

(Puri and Hebrok, 2007). Day 0 is defined as the day of dissection.
For timed breeding, noon of the day when vaginal plugs were first
observed was considered 0.5 days post-conception (dpc).

RNA isolation, quantitative RT-PCR, and statistical analysis

RNA was isolated from whole mouse pancreas (epithe-
lium+ mesenchyme) at various stages of embryonic development
and at a postnatal stage using the RNeasy Mini kit (Qiagen).
Reverse transcription was accomplished using QuantiTect Reverse
Transcription kit (Qiagen). Complementary DNA was amplified
using a 7900HT Fast Real-Time PCR System and TagMan Gene
Expression Assays (Life Technologies). Statistical calculations were
performed using GraphPad Prism (GraphPad software) or Micro-
soft Excel (Microsoft Office 2013), and data are presented as
mean + SEM. Data were compared between groups using an

unpaired Student's ¢ test. Significance was accepted at a p value
<0.05.

Results
Characterization of p120 catenin expression in mouse pancreas

We first sought to determine baseline expression of p120
catenin in the embryonic, neonatal, and adult mouse pancreas.
To accomplish this, we used immunofluorescence with an anti-
body that recognizes isoforms 1-4 of p120 catenin and also an
antibody specific for isoforms 1-3 of p120 catenin. Immunolabel-
ing with an antibody that recognizes isoforms 1-4 of p120 catenin,
E-cadherin, and Vimentin showed ubiquitous expression of p120
catenin in both the pancreatic epithelium and the pancreatic
mesenchyme throughout development, and in the neonatal and
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Fig. 4. Expression of multipotent pancreatic progenitor markers Sox9, Pdx1, and Aldh1. (A) Immunofluorescent images showed expression of early pancreatic progenitor
markers Pdx1 and Sox9. The expression pattern of Pdx1 was comparable in both wild-type and homozygous p1207 pancreases throughout development, while the normal
downregulation of Sox9 expression failed to occur in the absence of p120 catenin. (B) Immunohistochemical labeling for Aldh1 demonstrated persistent expression in

expanded tubular pancreatic epithelium lacking p120 catenin. Scale bars are 50 pm.

adult pancreatic epithelium (Fig. 1A). At E12.5 and E14.5, p120
catenin labeling was more highly enriched in pancreatic epithe-
lium over pancreatic mesenchyme, except in the endocrine clus-
ters at E12.5, which displayed low levels of adherens junction
proteins E-cadherin and p120 catenin. Immunostaining using an
antibody specific for isoforms 1-3 of p120 catenin showed a
labeling pattern indistinguishable from the isoforms 1-4 specific
antibody (Fig. S1). A schematic of pancreas development is
depicted in Fig. 1B.

Loss of p120 catenin during development disrupts pancreatic
tissue architecture

CP9x1: p1207" mice were bred with p1207" mice, irrespective of
gender, to generate C’%*': p120"" homozygotes. p1207" mice
harbor floxed p120 catenin alleles with loxP sites flanking all four
known translational start sites; thus, genetic recombination

should prevent expression of all isoforms of p120 catenin (Davis
and Reynolds, 2006). Offspring from crosses were born in Mende-
lian ratios, but 100% of female C*®'; p120”f homozygotes died
during the early post-natal period while male C"¥x'; p1207f
homozygotes survived to adulthood.

Pancreatic histology of C*¥'; p1207f and wild-type littermate
controls was initially examined at PO, revealing profound changes
in pancreatic epithelial architecture in homozygous p1207f pan-
creata (Fig. 2A). C"®™'; p120”" pancreases displayed a dramatic
expansion of tubular epithelium, which was positive for the
epithelial marker Cytokeratin 19 (Fig. 2A,B). A substantial number
of Vimentin™ cells were centrally located in the pancreata of
homozygous p1207" animals (Fig. S1). Amylase immunofluores-
cence demonstrated an overall defect in mature acinar cell
differentiation and distribution in homozygous p1207f pancreases
when compared to controls (Fig. 2C). Acinar units in homozygous
p1207f animals were peripherally located in early pancreatic
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Fig. 5. Changes in cytoskeletal architecture in pancreatic epithelium lacking p120 catenin. Immunofluorescent staining of PO pancreas showing the apical markers Mucl,
Phalloidin, and PKC¢ as well as the basal markers CD49f and Laminin in homozygous p1207f and wild-type control pancreases. (A) Phalloidin was localized apically in wild-
type ducts and apically, laterally, and basally in homozygous p1207f ducts, indicating an alteration in cytoskeletal organization. Phalloidin was localized apically in the acini of
both homozygous p1207f and wild-type control pancreases. (A and B) Muc1 was localized apically in both wild-type and homozygous p120"f pancreatic epithelium. White
arrows point to Phalloidin and Muc1 staining in both wild-type and homozygous p1207 ducts. Both basal markers CD49f and Laminin have comparable basal localization in
wild-type and C**'; p120”" pancreatic epithelium. (B) A section with unusually high mosaicism for p120 catenin was intentionally chosen to allow comparison of Muc1 and
Laminin staining in p120 catenin-expressing and p120 catenin-deleted tissue in the same section. Yellow arrows point to a p120 catenin-expressing acinus and red arrows
show a p120 catenin-deleted acinus. There was no difference in Laminin or Muc1 staining between p120 catenin-expressing and p120 catenin-deleted tissue. (C) In the wild-
type panel, white arrows point to apical localization of PKC¢ in ductal epithelium (left arrow) and in an acinus (right arrow). In the C*%'; p1207" panel, white arrows point to
apical localization of PKC{ in an acinus (left arrow) and both apical and increased cytoplasmic localization of PKC{ in expanded ductal epithelium (right arrow). Higher
magnification images are shown for each panel. Scale bars are 50 um.

lobules and often displayed expanded lumens. Transitional struc- structures morphologically resembled areas of ADM, which occur
tures with both acinar and duct morphologies were also evident in the human pancreas in the setting of either pancreatitis or early
(Fig. 2A,B). The abnormal epithelial tubules and transitional pancreatic cancer.
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Fig. 6. Adherens junction components are retained in p120 catenin null epithelia during development. (A and B) Comparison of immunofluorescent staining of p120 catenin,
E-cadherin, p-catenin, and a-catenin using embryonic tissues selected for the presence of mosaic p120 catenin-expressing epithelial cells revealed reduced levels but
persistent presence of adherens junction components at cell membranes of epithelial cells lacking p120 catenin. White arrows point to a few p120 catenin-expressing
epithelial cells in a largely p120 catenin-deleted pancreatic epithelium. Scale bars are 50 pm. (C and D) Comparison of gene expression of Cdh1, Ctnnb1, and Ctnnal between
wild-type and homozygous p1207f pancreata at E14.5 and E17.5 using qPCR. Note that expression of Cdh1 and Ctnnb1 was not significantly different at E14.5 but was reduced
at E17.5 in homozygous p1207f pancreases when compared to controls. Wild-type control targets were normalized to 1. For all genotypes and all genes at both E14.5 and
E17.5 time points, n=7, and reactions were run in quadruplicate. For interpretation of statistical results from Student's t test, ns=not significant and p value > 0.05, *=p

value <0.05, **=p value <0.01, **=p value <0.001, and ***=p value <0.0001.

Immunofluorescence demonstrated epithelial-specific loss of
p120 catenin in homozygous p120"" pancreata (Fig. 2D). As
expected, expression of p120 catenin in the pancreatic mesench-
yme was unaffected (Fig. 2D). We observed a small degree of
mosaicism for recombination of the floxed p120 catenin allele
during development. Epithelium retaining p120 catenin accounted
for 6.07 + 2.49% pancreatic cells during development (n=7) and
59.77 + 3.31% pancreatic cells in C"%'; p1207f adult males (n=6).
This suggests that there may be a selection bias for cells that retain
expression of p120 catenin. Islets were abnormally distributed

throughout the tissue in a pattern such that they surrounded the
central Vimentin* cells in homozygous p120”" pancreases. The
differentiation of o and f cells, marked by Glucagon and C-pep-
tide, respectively, was unaffected throughout embryonic develop-
ment and in the neonatal pancreas (Fig. 2E and data not shown).
No difference was observed in the number of proliferating cells or
cells undergoing apoptosis in the pancreatic epithelial or
mesenchymal compartments when comparing wild-type and
homozygous p1207" animals, as examined by Cleaved Caspase-3
and Ki67 immunofluorescence (Figs. S3 and S4). CP9x!: p120fwt
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pancreata were histologically indistinguishable from wild-type
pancreases both during development and in adulthood, suggesting
that a single wild-type allele of p120 catenin is sufficient for
normal pancreatic development and homeostasis (data not
shown).

Loss of p120 catenin causes inflammation in the neonatal and adult
pancreas

The overt phenotype observed at PO resembled pancreatitis,
with regions containing abundant Vimentin* cells (Fig. S1),
expanded epithelial tubules, and ADM-like transitional structures.
Therefore, we next hypothesized that p120 catenin loss might
induce inflammation in the neonatal pancreas. To test this hypoth-
esis, we stained for CD45 in C"*'; p1207f and wild-type control
pancreases. Abundant CD45* cells were detected in C"%*'; p1207/f
PO pancreases but not wild-type controls, indicating the recruit-
ment of an inflammatory infiltrate in C"%*'; p1207" pancreases
(Fig. 2F). In an effort to understand the mechanism of induction of
inflammation in neonatal pancreas, we next stained for a known
regulator of inflammation that has been previously associated
with p120 catenin loss and states of pancreatic inflammation, NF-
kB (Perez-Moreno et al., 2006; Rakonczay et al., 2008; Stairs et al.,
2011). NF-kB was detected in ductal epithelium in wild-type
pancreases as well as in expanded ductal epithelium in CP7;
p1207f pancreases at PO (Fig. 2G). As incorrect regulation of NF-kB
has been linked to dysregulation of the immune system and
inflammation (Perez-Moreno et al., 2006; Stairs et al., 2011),
widespread pancreatic upregulation of NF-kB in expanded ductal
epithelium of C"!; p1207f pancreases may represent a possible
mechanism for the induction of inflammation.

We next sought to determine if p120 catenin also regulated
inflammation in adult pancreas. We examined the pancreatic
histology of cohorts of animals ranging in age from 1 to 12
months. At 1 month of age, 2/4 C"¥™'; p1207" males displayed
frank pancreatitis (Fig. S2). Over time, these animals also devel-
oped dilated main pancreatic ducts, chronic pancreatitis, ADM, and
mucinous metaplasia resembling PanIN1a, with incomplete pene-
trance (4 out of 7 mice) (Fig. S2). Remaining adult homozygous
p120"f pancreases were histologically normal. Adult C?%*'; p1207/f
animals also displayed abundant CD45* cells in regions charac-
terized by pancreatitis (Fig. S2). Incomplete penetrance of the
phenotype in adult pancreases might be influenced by the degree
of mosaicism for loss of p120 catenin. Immunolabeling for p120
catenin revealed that ADM and mucinous metaplastic lesions lack
p120 catenin, suggesting that these lesions may represent cell
autonomous sequelae of p120 catenin deletion (Fig. S2).

p120 catenin is required for normal pancreatic tubulogenesis and
branching morphogenesis

To examine the p120 catenin loss-of-function phenotype dur-
ing development, we next undertook a histological examination of
wild-type and homozygous p1207" pancreata in a developmental
series from E12.5 through E17.5. C"**'; p1207f pancreases dis-
played decreased ramification of branches and expanded epithelial
tubule lumen diameter throughout development (Fig. 3A). Aber-
rant tubulogenesis became evident as early as E12.5 and epithelial
tubules continued to show expanded lumens through E17.5. An
increased proportion of duct-like epithelium became evident at
E14.5 (Fig. S1) and was found distributed throughout the tissue by
E16.5 (Fig. 3A). Proper acinar cell differentiation was impeded
throughout development in homozygous p120”f animals.

As we identified that homozygous deletion of p120 catenin
resulted in the recruitment of an inflammatory environment during
pancreatogenesis, we next asked if the aberrant tubulogenesis

evident at E12.5 would still occur in the absence of an inflammatory
infiltrate. To address this question, we employed a double fluor-
escent mTmG reporter allele (hereafter denoted as “mTmG”) to
visualize the dynamics of pancreatic tubulogenesis in dissected
pancreatic anlagen in an inflammation-free in vitro setting. C°%';
p120"™%; mTmG"®™ mice were bred with p1207"* mice to generate
Cdel; plzowtlwt; meGTg/Wt, Cdel; pleﬂWt; meGTg/Wt' and CPXm;
p1207" mTmG™™" mice. Pancreatic rudiments including surround-
ing mesenchyme, caudal stomach, and proximal duodenum were
dissected at E11.5 and cultured for up to 7 days as previously
described (Puri and Hebrok, 2007). Aberrant pancreatic tubulogen-
esis similar to that observed in vivo was also found to occur in vitro
in C"x1; p1207% mMTmG™™* mice and not in wild-type controls.
This suggests that the aberrant pancreatic tubulogenesis observed
in homozygous p1207" mice occurred even in the absence of
concomitant inflammation (Fig. 3B). As expected given their normal
histological phenotype in vivo, pancreatic explants from CP%;
p1207"t; mTmG™/™ mice recapitulated normal pancreatic tubulo-
genesis in vitro (data not shown).

Pancreatic progenitor markers are retained in expanded tubular
epithelium

Because we identified an alteration in the relative abundance of
specific pancreatic cell types in C'%'; p1207f animals, we next
evaluated expression of known progenitor markers in developing
pancreatic epithelia as a means to assess progenitor differentia-
tion. We examined the pancreatic progenitor markers Sox9, Pdx1,
and Aldh1 in a developmental series using immunofluorescence
and immunohistochemistry. Pdx1 and Sox9 were expressed in the
vast majority of pancreatic epithelial cells at E12.5. During devel-
opment, Pdx1 expression gradually became restricted to endocrine
cells, while Sox9 expression became restricted to duct-like epithe-
lium and centroacinar cells (Fig. 4A). Pdx1 localization in homo-
zygous p1207 pancreases is unaltered in the developing pancreas
when compared to wild-type controls (Fig. 4A). Between E12.5 and
E14.5, Aldh1l was expressed in the tips of normal branching
pancreatic epithelia (Fig. 4B) (Rovira et al., 2010). By PO, wild-
type Aldh1 expression was restricted to endocrine cells, a subset of
ductal cells, and centroacinar cells (Fig. 4B). In the absence of p120
catenin, Aldh1 was expressed in the expanded tubular epithelium
throughout development, as was Sox9 (Fig. 4A,B). Since the early
pancreatic progenitor marker Aldh1 is expressed in a subset of
ductal cells at PO in wild-type pancreases, continued widespread
expression of Aldh1 in expanded duct-like epithelium of homo-
zygous p1207" pancreases might represent a more underdeve-
loped, undifferentiated cellular state suggestive of disrupted
progenitor differentiation, as has been previously reported for
forced ongoing expression of the early pancreatic progenitor
marker Sox9 (Seymour et al., 2007).

Loss of p120 catenin alters cytoskeletal organization but not
cell polarity

As an additional means to assess the p120 catenin loss-of-
function phenotype, we next undertook an examination of apical
and basal markers in C"®*'; p1207 and control pancreata. MUCT is
a transmembrane glycoprotein with extensive O-glycosylation that
is localized to the apical surface of pancreatic epithelial cells
(Hollingsworth and Swanson, 2004; Liu et al., 2014). We examined
localization of the apical marker MUC1 at PO in C"**'; p1207f and
littermate control pancreata by immunofluorescence and found
that MUC1 was localized apically in both homozygous p1207f
animals and wild-type controls in both pancreatic ducts and acinar
cells (Fig. 5A,B). Phalloidin binds specifically to f-actin filaments,
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and Phalloidin has been shown to be localized apically and
laterally in pancreatic acinar cells (O'Konski and Pandol, 1990;
Waulf et al., 1979). We found that Phalloidin localization was apical,
lateral, and basal in ductal epithelia, and apical in the acini of
CP9x1: p120"" pancreata at PO, which differs from the apical
localization of Phalloidin in ducts of wild-type pancreases
(Fig. 5A).

In an effort to understand atypical actin cytoskeleton organiza-
tion in expanded ductal epithelium of C"**'; p120”f pancreata, we
next assessed localization of PKCC, a known cytoplasmic regulator
of actin cytoskeleton dynamics (Even-Faitelson and Ravid, 2006;
Gomez et al., 1995; Guo et al., 2009; Liu et al., 2007; Uberall et al.,
1999). PKCC/Par6/Par3, a complex activated by Cdc42, is associated
with the assembly of tight junctions, apical polarization of epithe-
lial cells, and microtubule organization (Baluch and Capco, 2008;
Etienne-Manneville and Hall, 2001; Izumi et al., 1998; Johansson
et al,, 2000; Lin et al, 2000; Qiu et al, 2000). PKC{/Par6/Par3,
when associated with tight junctions is located at the apical
surface of epithelial cells (Ebnet et al., 2001). Since p120 catenin
activates Cdc42, and Cdc42 activates PKCC, we next hypothesized
that assembly of the PKCC/Par3/Par6 complex associated with
tight junctions might be impaired in the expanded ductal epithe-
lium of homozygous p1207f pancreata. To address this, we immu-
nostained for PKCC, which revealed an increase in cytoplasmic
PKCC in expanded ductal epithelium of C"®*'; p120"" pancreases
when compared to controls (Fig. 5C). Therefore, these results
suggest a connection between increased cytoplasmic availability
of the cytoskeletal remodeler PKC and the observed defects in
actin  cytoskeletal rearrangement associated with p120
catenin loss.

We next assessed basal polarity by examination of Integrin
alpha 6/CD49f using immunofluorescence. At PO, both CP;
p1207f and littermate control pancreata had basal localization of
CD49f in ductal and acinar epithelia (Fig. 5A). As another assess-
ment of basal polarity, we immunostained for Laminin. Both C?*;
p1207f and littermate control pancreases had basal extracellular
localization of Laminin (Fig. 5B). Taken together, these data suggest
that basal polarity is maintained, but actin cytoskeleton organiza-
tion is not completely intact in expanded ductal epithelium of
homozygous p1207f pancreases, an observation which might be
mediated by increased cytoplasmic PKCC.

p120 catenin-null pancreas retains adherens junctions during
development but not in adulthood

It was striking to observe that epithelial integrity remained
intact during development in C"%'; p120"f pancreases. This was
surprising because biochemical studies have demonstrated that
loss of p120 catenin results in a failure to retain E-cadherin at
epithelial cell membranes (Ireton et al., 2002). This would predict
a loss of adherens junction integrity and compromised epithelial
cell-cell adhesion. In order to examine adherens junction integrity,
we next evaluated localization of members of the adherens
junction complex during pancreatic development.

p120 catenin-null pancreatic epithelia display an overall reduc-
tion in adherens junction components during development when
compared to wild-type controls. However, despite the loss of p120
catenin in pancreatic epithelium, significant amounts of E-cad-
herin, 3-catenin, and a-catenin remained detectable at the mem-
brane throughout embryonic development as assessed by
immunofluorescence (Fig. 6 A,B and data not shown). The reduc-
tion of adherens junction proteins at cell membranes is particu-
larly evident in homozygous p1207" animals containing mosaic
tissue that display both p120 catenin-null and p120 catenin-
expressing pancreatic epithelium in the same section (Fig. 6 A,B).

As an additional means to assess expression of adherens
proteins, quantitative RT-PCR was used to compare expression of
Cdh1, Ctnnb1, and Ctnnal between wild-type and C"¥'; p1207f
pancreases at E14.5 and E17.5. At E14.5, there is no difference in
expression of Cdh1 or Ctnnb1, but Ctnnal expression is signifi-
cantly increased in homozygous p1207f pancreata when compared
to controls (Fig. 6C). At E17.5, there is a very significant reduction
in expression of Cdh1 and Ctnnb1 in C"®'; p120”f pancreases
when compared to wild-type and no difference in expression of
Ctnnal (Fig. 6D). It is worth noting that although RNA was
collected from whole pancreas (epithelium-+mesenchyme), we
did not observe any difference in the amount of p120 catenin-
expressing mesenchyme in homozygous p1207" animals vs. con-
trols during pancreatic development, which allows us to attribute
any differences observed in gene expression directly to pancreatic
epithelium. Collectively, these results suggest that despite p120
catenin loss, there remains significant expression of Cdh1, Ctnnb1,
and Ctnnal in pancreatic epithelium during development.

In contrast to the maintenance of organized adherens junctions
during development, adult C?*!; p1207f pancreases do not retain
E-cadherin and B-catenin at cell membranes in epithelial cells
lacking p120 catenin (Fig. S2). These data suggest that there are
compensatory mechanisms present during pancreatic develop-
ment, but not in adulthood, that permit retention of adherens
junctions in the absence of p120 catenin. Nuclear labeling of [3-
catenin was minimal and comparable in both wild-type and
homozygous p120”" pancreases, as assessed by high resolution
confocal microscopy, suggesting that decreased localization of [3-
catenin to the membrane was not accompanied by an increase in
translocalization of B-catenin to the nucleus in homozygous p120"
f pancreases (data not shown).

Because p120 catenin has been shown to play a crucial role in
cadherin molecule stability and regulation of cadherin turnover at
cell membranes (Davis et al., 2003; Ireton et al., 2002), we next
sought to understand the retention of adherens junction members
in p120 catenin-null epithelia in vivo. We examined the expression
of related p120 catenin family members in normal and p120
catenin-deleted pancreas by immunofluorescence and qPCR. In
wild-type pancreases, ARVCF, 8-catenin, and p0071 were localized
uniformly along cell membranes of islet and ductal cells, and at the
apical surface of some acini (Fig. 7A-C). O-catenin was also
expressed in some lateral acinar cell membranes in wild-type
pancreas (Fig. 7B). We found that all of the p120 catenin family
members examined were present at cell membranes in both p120
catenin-null ducts and acinar cells. Quantitative RT-PCR showed a
significant reduction in expression of ARVCF, d-catenin, and p0071
in homozygous p1207" pancreases when compared to controls
(Fig. 7D). Retention of E-cadherin, which might be stabilized by
substitution of ARVCF, &-catenin, and p0071 for p120 catenin,
likely provides stability for the maintenance of other adherens
junctions members and accompanying epithelial integrity during
development in C"**'; p1207f animals.

Discussion

The effects of conditional deletion of p120 catenin in different
organ systems is highly variable, ranging from no observed
phenotype (prostate and ureteric bud) to severe developmental
defects (salivary gland, mammary gland, kidney, and other organs)
and tumor formation (breast, esophagus, and other organs). We
have used a mouse model of conditional p120 catenin deletion in
epithelial pancreatic lineages to examine the role of p120 catenin
during pancreatic development. Our data show that loss of p120
catenin results in overall defects in pancreatic tubulogenesis,
branching morphogenesis, and acinar cell differentiation. We also
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Fig. 7. p120 catenin family members localize to the membranes of epithelial cells in the absence of p120 catenin. Immunofluorescent images demonstrating expression of p120
catenin family members in wild-type and homozygous p1207f pancreas. (A) ARVCF is expressed uniformly in the membranes of duct and islet cells and apically in some acinar cells in
wild-type pancreas. It is also localized to the membranes of expanded duct cells and residual acinar cells in homozygous p1207" pancreas. (B) 5-catenin is expressed uniformly in the
membranes of duct and islet cells and also in the apical and lateral membranes of some acinar cells in wild-type pancreas. In homozygous p1207f pancreas, 5-catenin localized to the
membranes of expanded ducts. (C) p0071 was expressed uniformly in the membranes of duct and islet cells in wild-type pancreas. Expression of p0071 was also seen uniformly in the
membranes of duct cells and remaining acinar cells in homozygous p120”" pancreas. Scale bars are 50 pm. (D) Expression of ARVCF, §-catenin, and p0071 in C"®'; p1207" and wild-type
pancreases was compared using qPCR. A significant reduction in expression of ARVCF, 8-catenin, and p0071 was observed in homozygous p120”" pancreases when compared to
controls. Wild-type control targets were normalized to 1. For all genotypes and all genes, n=7, and reactions were run in quadruplicate. For interpretation of statistical results from
Student's ¢ test, ns=not significant and p value > 0.05, *=p value <0.05, **=p value <0.01, **=p value <0.001, and **=p value < 0.0001.



52 AM. Hendley et al. / Developmental Biology 399 (2015) 41-53

observed differences in the abundance of specific pancreatic cell
types and induction of inflammation within the neonatal pancreas.
Strikingly, loss of p120 catenin induced changes in the embryonic
pancreas that resembled ADM, a condition in the human pancreas
that is present in the setting of either pancreatitis or early
pancreatic cancer. p120 catenin functions as a regulator of innate
anti-inflammatory responses in a growing number of tissues,
which now include pancreas (Hu, 2012). Tissue-specific deletion
of p120 catenin in both mouse skin and intestine resulted in
endogenous recruitment of immune cells and the release of
proinflammatory cytokines (Perez-Moreno et al., 2006; Perez-
Moreno et al., 2008; Smalley-Freed et al., 2010; Smalley-Freed et
al.,, 2011). In the epidermis, the immune response induced by p120
loss was mediated partly by upregulation of NF-kB signaling
(Perez-Moreno et al., 2006). We show that NF-kB is upregulated
in the pancreata of C’%'; p1207f animals, and thus might con-
tribute to the recruitment of an inflammatory environment.
Aberrant tubulogenesis has been previously reported in a
mouse model of loss of p120 catenin in the renal mesenchyme
during glomerulogenesis (Marciano et al.,, 2011). In homozygous
p1207f animals, we observed aberrant tubulogenesis and an over-
all decrease in ramification of pancreatic branches at E12.5. The
defects in branching morphogenesis may be a secondary effect of
the extended epithelial tubule lumen diameter, or p120 catenin
loss may have a direct effect on both branching morphogenesis
and tubulogenesis. C*%!; p1207f animals also display abnormal
localization of all epithelial pancreatic cell types during embryonic
development when compared to wild-type controls. Islets fail to
migrate throughout the tissue and instead surround a central
cluster of Vimentin™ cells. Acinar cells are peripherally located
while ductal epithelium is mostly centrally located, but can be
found throughout the tissue. Homozygous p1207f pancreases also
show a decrease in normal acinar cell differentiation and an
expansion of duct-like epithelium during development. A similar
result has been previously reported upon deletion of p120 catenin
in the mouse salivary gland, which showed blocked acinar cell
differentiation and a corresponding increase in ductal epithelium
(Davis and Reynolds, 2006). Aberrant actin cytoskeleton organiza-
tion in expanded ductal epithelium of homozygous p1207F
pancreases was accompanied by increased cytoplasmic PKCC,
suggesting a connection between modulation of the actin cytos-
keleton by PKCC, specifically in the context of p120 catenin loss.
A reduction of adherens junction members at cell membranes
upon conditional ablation of p120 catenin has been reported in
many developing organ systems (dental enamel, salivary gland,
mammary gland, kidney, skin, and vasculature). Despite a reduc-
tion, significant retention of adherens junction components are
observed in many of these developing organ systems upon loss of
p120 catenin. Collectively, these in vivo data differ from biochem-
ical in vitro studies which have shown that loss of p120 catenin
results in near complete loss of adherens junction components,
thereby suggesting that compensatory mechanism(s) for stabiliza-
tion of cadherin molecules in the absence of p120 catenin exist
in vivo in some developing organ systems (Davis et al., 2003). For
pancreas, retention of adherens junction components in the
absence of p120 catenin is observed only during pancreatic
development, and not in adults. We show that p120 catenin family
members ARVCF, d-catenin, and p0071 are present at cell mem-
branes even following p120 catenin deletion; since these family
members are also capable of stabilizing E-cadherin, they may
partially compensate for p120 catenin loss. Relevant to our in vivo
observations, ARVCF and d-catenin have previously been shown to
rescue E-cadherin stabilization in the absence of p120 catenin
in vitro (Davis et al., 2003). However, to our knowledge, no in vivo
studies to date have shown full functional redundancy for cad-
herin stabilization by substitution of ARVCF, &-catenin, or p0071

for p120 catenin in p120 catenin-deleted tissues. Although p120
catenin family members might partially compensate for retention
of adherens junctions with loss of p120 catenin, this compensation
is not sufficient to guarantee normal pancreas development, and
loss of p120 catenin results in a dramatic phenotype. Taken
together, our data indicate a crucial role for p120 catenin in
pancreatic tubulogenesis, branching morphogenesis, acinar cell
differentiation, and regulation of inflammation in both the devel-
oping and adult pancreas.
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