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Abstract

Aberrant regulation of cellular extrusion can promote invasion and metastasis. Here, we identify
molecular requirements for early cellular invasion using a premalignant mouse model of
pancreatic cancer with conditional knockout of p120 catenin (CtnndZ). Mice with biallelic loss of
p120 catenin progressively develop high grade PanIN lesions and neoplasia accompanied by
prominent acute and chronic inflammatory processes, which is mediated in part through nuclear
factor-kB (NF-kB) signaling. Loss of p120 catenin in the context of oncogenic Kras also promotes
remarkable apical and basal epithelial cell extrusion. Abundant single epithelial cells exit PanIN
epithelium basally, retain epithelial morphology, survive, and display features of malignancy.
Similar extrusion defects are observed following p120 catenin knockdown 7 vitro, and these
effects are completely abrogated by activation of S1P/S1pr2 signaling. In the context of oncogenic
Kras, p120 catenin loss significantly reduces expression of genes mediating S1P/S1pr2 signaling
in vivoand in vitro, and this effect is mediated at least in part through activation of NF-kB. These
results provide insight into mechanisms controlling early events in the metastatic process and
suggest that p120 catenin and S1P/S1pr2 signaling enhance cancer progression by regulating
epithelial cell invasion.

Keywords
pancreatic cancer; epithelial extrusion; p120 catenin; adherens junctions; invasion; pancreatitis

INTRODUCTION

Genetic and epigenetic alterations in genes encoding cell adhesion molecules are a hallmark
of many epithelial cancers. For pancreas cancer, homophilic cell adhesion has been
categorized as one of twelve core signaling pathways (1). Homophilic cell adhesion in
epithelial cells is mediated partly through cadherins and catenins in adherens junctions.
Misexpression of the adherens junction protein p120 catenin has been identified in several
types of human carcinomas (2). Studies have suggested variable roles for p120 catenin in the
pathogenesis of epithelial cancers, to include tumor suppression and metastatic progression
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(3,4). In human pancreatic cancer, misexpression of p120 catenin in primary tumors is
significantly correlated with vascular invasion, metastasis, differentiation, pTNM stage, and
poor survival (5—7). Reduction and cytoplasmic relocalization of p120 catenin has also been
reported in 100% of solid pseudopapillary tumors of the pancreas (8). A study using a
forward genetic screen in mice identified Ctnndl as a “candidate cancer gene” in Kras-
driven pancreatic neoplasia (7). These data suggest that disruption of CTNNDI in pancreatic
tumors has biological relevance to disease, yet, the mechanisms by which p120 catenin
contributes to the development and progression of pancreatic cancer are not understood.

Increased occurrence of metastasis with altered p120 catenin expression suggests that p120
catenin may play a role in metastatic progression of pancreatic cancer. A mechanism
recently hypothesized to initiate metastasis by mediating invasion is basal epithelial cell
extrusion (9,10). Epithelial tissues maintain homeostatic cell numbers by extruding cells
through a highly conserved mechanism involving production and secretion of the signaling
lipid sphingosine 1-phosphate (S1P). Extracellular S1P binds to S1P receptor 2 (S1pr2) on
neighboring cells, which induces contraction of an actomyosin band that extrudes the cell
out of the epithelium while preserving barrier function (11—17). Mutations in the tumor
suppressor APC and oncogenic Kras have been shown to shift the predominant direction of
epithelial cell extrusion from apical to basal, where extruded cells invade the underlying
epithelium and survive (18,19). The results presented in this study show that p120 catenin
restrains epithelial cell extrusion in the earliest stages of pancreatic neoplastic invasion, via a
S1P/S1pr2-dependent mechanism.

MATERIALS AND METHODS

Human pancreatic tissue microarrays

Mice

For expression analysis, a labeling score of 0-2 corresponding to absent/low, medium, and
high was assigned using immunohistochemistry (IHC), and immunofluorescence (IF)
staining or IHC was scored for predominant subcellular localization analysis. p120 catenin
expression level and predominant subcellular localization were each scored by 3
independent observers blinded to lesion classification. In this study, predominant is defined
as greater than or equal to 60% of the representative staining pattern or expression level.

Transgenic mouse strains Mist1CreER* (oMistly (20)  CnpgztmiAbre (p120) (21), and fox-
stop-lox; Kras®12P (K) (22) have been previously described. To perform lineage tracing, we
used the Rosa26™MTMG (G) (23) double fluorescent reporter allele. Transgenic strains
Ptflatm1(cre)Wri (C724) (24y, lox-stop-lox; KrasG12D (K) (22), p53LoxP (A) (2°), and
R26R-YFP (¥) (26) were used to generate KPCPF12y mice, which were sacrificed between
6 and 8 weeks of age and maintained on a mixed genetic background. ML 120, K, and
G mice were maintained on a C57BL/6J background. To induce Cre recombination, mice
were injected with 5mg tamoxifen (Sigma, T5648) subcutaneously once per day for 3
consecutive days. Experimental pancreatitis was elicited as previously described (27). Mice
were genotyped by PCR or Transnetyx. All pancreatic pathologies in transgenic mice and
humans were classified by a pathologist. For NF-kB inhibition experiments, mice were
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injected intraperitoneally with 5mg/kg/day SN50 (Santa Cruz, sc-3060). All animal studies
were approved by the Animal Care and Use Committees at Johns Hopkins University and
University of Texas Health Science Center at Houston.

Histology/immunostaining

Tissues were fixed in 4% paraformaldehyde at 4°C, processed according to standard
protocols, and embedded in paraffin. Antigen retrieval was performed using heat-mediated
microwave methods and an antigen unmasking solution (Mector Laboratories, H-3300) for
all antibodies except rat-anti-CD45, for which Retrievit 6 (BioGenex, BS-1006-00) was
used. All sections were blocked in 10% FBS in PBST and primary antibodies were
incubated overnight at 4°C. Secondary antibodies, from Jackson Immunoresearch, were used
at 1:250 and incubated at room temperature for 2 hours for IF and 30 min for IHC. For IF,
slides were stained with IHC-Tek Dapi counterstain solution (IHC World, IW-1404) and
mounted in fluorescence mounting medium (Dako, S3023). For IHC, Vectastain Elite ABC
kit (\ector Laboratories, PK-6100) and DAB Peroxidase (HRP) Substrate kit (\Vector
Laboratories, SK-4100) were used. Primary antibodies used in this study are described in
Supplemental Table 1.

Premalignant lesion quantification

ADM, PanIN1, PanIN2/3, and fibrostroma were quantified using morphometric analysis on
scanned H&E slides in ImagelJ. 2 sections per animal sampled at least 400um apart were
analyzed. Quantification of pancreatic area excluded lymph nodes.

CK19 quantification

For quantification of CK19* basal cell extrusion, CK19* cells (excluding apically extruded
CK197 cells and normal pancreatic ducts) were counted in 1 scanned section per animal. For
quantification of CK19* apical cell extrusion, CK19™ cells that comprised a luminal
pancreatic epithelial structure (lumen sized at least twice the diameter of a cell comprising
the epithelial structure and excluding normal ducts) and its associated apically extruded
CK197" cells were counted in 1 scanned section per animal.

Quantification of cerulean-induced pancreatic injury

Pancreatic injury, defined as area containing metaplastic duct lesions and/or associated
stroma, was quantified in 1 scanned H&E section per animal using morphometric analysis in
ImageJ. Quantification of pancreatic area excluded lymph nodes.

DNA ploidy analysis

DNA ploidy cell cycle analysis of basally extruded single epithelial cells on 4um thick
Feulgen-stained sections was accomplished using OTMIAS Version 2.0 Image Analysis
Software by Olive Tree Media, LLC. Serial sections stained by CK19 IHC were used for
identification of isolated, basally extruded epithelial cells in Feulgen stained sections. The
internal reference control and isolated epithelial cells analyzed were located on the same
Feulgen stained section. An aneuploid peak is defined as any distinct peak with a DNA
index > 1.25. Abnormal DNA content is defined as any aneuploid peak or any peak =5C.
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RNA isolation, microarray, and gPCR

Adult pancreatic cells were dissociated as previously described (28). RNA was isolated from
sorted GFP* cells using Arcterus PicoPure RNA isolation kit and gene expression was
analyzed using Mouse exon microarray 1.0 ST (Affymetrix). For qPCR experiments, reverse
transcription was accomplished using QuantiTect reverse transcription kit (Qiagen, 205311).
Complementary DNA was amplified using TagMan gene expression assays (Life
Technologies).

Cell culture/immunostaining

CFPAC-1 and AsPC-1 cells were obtained from and authenticated by ATCC using
morphology, karyotyping, and PCR based approaches. Cells were maintained in Dulbecco’s
minimum essential medium (DMEM), low glucose, GlutaMAX™ Supplement (Life
Technologies, 10567-022) supplemented with 10% FBS (Sigma-Aldrich, F4135-500ML)
and 1X penicillin-streptomycin-glutamine (Fisher Scientific, 10378-016) at 5% CO,, 37°C.
For culturing CFPAC-1 cells in Matrigel, a single cell suspension was resuspended in 4%
Matrigel (BD Biosciences, 356234) at a final concentration of 6 x 104 cells/mL. 300uL cells
per well was placed in 24 well glass bottom plates (In Vitro Scientific, P24-1.5H-N) coated
with a thin polymerized layer of Matrigel. For immunostaining, cells were fixed in 4%
paraformaldehyde at 37°C for 20 minutes, permeabilized for 10 minutes with 0.2% Triton
X-100, blocked with 10% FBS in PBST for 30 minutes, and incubated with primary
antibodies for 2 hours at RT. Subsequently, cells were incubated with secondary antibodies
(Jackson Immunoresearch) at RT for 2 hours. Dapi was used for nuclear staining and cells
were mounted in fluorescence mounting medium (Dako, S3023).

Western blotting

Cell extracts were prepared according to standard protocols using cell lysis buffer (Cell
Signaling Technology, 9803S) with protease inhibitor cocktail tablets (Roche, 4693159001)
and 100 mM PMSF. Membranes were incubated with primary antibodies overnight at 4°C.
After RT incubation with the respective HRP-conjugated secondary antibody used at 1:5000
for 1 hour, membranes were developed using either the SuperSignal West Pico
Chemiluminescent Substrate (Thermo scientific, 34080) or the SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo scientific, 34095). Quantification of Western blot
images was performed in ImageJ.

Transfection/drug treatment

CFPAC-1 cells grown in Matrigel formed spheres by Day 2 and were transfected on Day 2
using lipofectamine RNAIMAX (Invitrogen, 56532). The final concentration of siRNA used
per well was 5pmol. siRNA against p120 catenin and control siRNA were obtained from
Santa Cruz (sc-36139 and sc-37007, respectively). For S1pr2 agonist experiments, cells
were treated with 10uM CYM-5520 (Sigma, SML1014-25MG) on Day 4, 48 hours after
siRNA transfection. CFPAC-1 spheres were fixed on Day 6, 96 hours after transfection, for
analysis. Day 0 is defined as the day of plating the cells in Matrigel. For /n vitro SN50
experiments, AsPC-1 cells were transfected using lipofectamine RNAIMAX in a 6 well plate
with a final sSiRNA concentration of 75pmol. 24 hours after siRNA transfection, cells were

Cancer Res. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hendley et al. Page 6

treated with either dH,0 or 18 pM SN50 for 24 hours. 48 hours after siRNA transfection,
cells were harvested.

Accession number

The Gene Expression Omnibus accession number for the microarray analysis reported in this
paper is GSE68090.

Statistical analysis

Data are presented as mean £ SEM and were analyzed in GraphPad Prism or Microsoft
Office Excel. Statistical significance was assumed at a P value of < 0.05. Pvalues were
calculated with the unpaired £test unless indicated otherwise. For interpretation of statistical
results from unpaired #test, * = p value < 0.05, ** = p value < 0.01, *** = p value < 0.001,
and **** = p value < 0.0001.

RESULTS

p120 catenin is misexpressed in human premalignant and malighant pancreatic lesions

Expression and localization of p120 catenin, a critical cytoskeletal regulator and component
of adherens junctions, were rated in human normal pancreas, chronic pancreatitis, acinar to
ductal metaplasia (ADM), pancreatic intraepithelial neoplasia (PanIN) 1-3, and primary
tumors and metastases. Examples of scores in each category are presented in Figure S1A.
p120 catenin is expressed in all normal pancreatic cell types (Figure 1A,B). Localization of
p120 catenin was scored as predominantly membranous in 100% of normal pancreatic cell
types (n=22-33 patients for each pancreatic cell type) (Figure 1J). Punctate cytoplasmic and
nuclear staining were also observed in normal pancreatic cells (Figure 1A,B). p120 catenin
expression was rated as high in >91% chronic pancreatitis and ADM (n=25/26 chronic
pancreatitis, n=23/25 ADM) (Fig 1C,I). Expression levels of p120 catenin were significantly
decreased in primary tumors when compared to PanIN lesions (n=31 PanIN and n=16
primary tumors) (Figure 1D-G,l). Moreover, p120 catenin expression was significantly
lower in metastases when compared to primary tumors (n=16 primary tumors and n=16
metastasis) (Figure 1G-I). There was also a significant difference in predominant p120
catenin subcellular localization when comparing PanIN1-2 and PanIN3 (n=26 PanIN1-2 and
n=5 PanIN3). Together, these findings demonstrate that altered p120 catenin expression and
localization is a distinguishing hallmark of human pancreatic cancer progression.

Pancreatic loss of p120 catenin in the context of oncogenic Kras results in decreased
survival and cachexia

Previously, using C”%: p1207 mice, we reported that p120 catenin is required for proper
tubulogenesis and cell-type specification during pancreas development (29). To determine
the function of p120 catenin in adult mouse pancreas in the absence of a confounding
developmental phenotype, we crossed transgenic mice harboring floxed alleles of p120
catenin (p120%) (1) with Mist1CreER* (OIMistl) mice (20). p1207F, OIMIstL: p1 2071,
COMistl: n120"W and C/MIstL - p120%f mice displayed normal pancreatic histology 2—4
months post tamoxifen injection (Figure S1B). Similar to what we previously reported for
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CPI: p1207 mice 10 months of age (29), a subset of O'MsL - p1207f mice 12 months post
tamoxifen injection exhibited pancreatitis and ADM (Figure S1B).

Since we observed mislocalized p120 catenin expression in human PanIN, before the onset
of pancreatic cancer, we next sought to determine if p120 catenin plays a functional role in
PanIN formation and progression. To this end, we crossed /M5t - p1207f mice with Jox-
stop-lox-Kras®120 (K) mice (22), which resulted in simultaneous ablation of p120 catenin
and activation of oncogenic K7as®12P in adult pancreatic acinar cells upon tamoxifen
administration (Figure 2A). The KCO'MistI mouse model displays the full spectrum of murine
premalignant ADM and PanIN1-3 lesions in a manner that faithfully recapitulates human
premalignant pancreatic lesions (20). Survival analysis on cohorts of KC/MIStL- p1 20/t
KCMIstL- n1 20" and KOMIStL: 1207 mice showed significant differences in overall
survival (Figure 2B). KC™MistL- 1207 mice exhibited cachexia, which is also frequently
observed in human pancreatic cancer patients (Figure 2C,D). The gross appearance of
KCMistL n1207f pancreata was strikingly abnormal and enlarged when compared to
KCOMIstL - p1 20wt pancreata (Figure 2E-G).

KCMistl: 5120ff pancreata show a prominent acute and chronic inflammatory response

As expected, p120 catenin was ubiquitously expressed in KCMiSIL: p120v/Wt and KOMistL:
p120"™ pancreata (Figure S2A,B). Minimal mosaic expression of p120 catenin was
observed in KC™MIstL: 1207 pancreatic acini (Figure S2C). KCMStL- n1207f pancreata
displayed marked acinar cell atrophy, pronounced inflammation, and contained stroma
characterized by a unique cellular constitution that differs from the stroma in KC/MstL:
pI120"" nancreata (Figure S2D-L). KCMIStL- n1207" pancreata displayed less mucinous
lesions than KCMMIStL- 1 20/t and KCIMISUL - 1 207"t pancreata, as manifested by Alcian
blue staining (Figure S1C). KCMst1 - p1207f pancreata also showed areas of ductal dilation
(Figure S2M-0). Disruption of contiguous basement membrane Laminin expression, a
characteristic of human pancreatic cancer (30), was also seen in KCMistL; 1207 pancreatic
lesions. This was accompanied by cells that escaped intact PanIN epithelium and invaded
into the underlying tissue (Figure S2P-R).

NF-kB signaling regulates formation of ADM/PanIN/fibrostroma in KCMistl: h120/f mice

Histologically, significant increases in ADM, low and high grade PanIN formation, and
fibrostroma were observed in KCMiStL - 1207 pancreata when compared to KC/Mist! -
p120" and KCIMIStL - p120WE pancreata beginning 2 weeks post tamoxifen injection
(Figures 3A—C’, S1D,D’). Two months post tamoxifen injection, KO'MistL: p1207f pancreata
displayed significantly increased fibrostroma (75.69% =+ 9.32% pancreatic area, n=4 mice)
when compared to KC/MIstL: 1207 pancreata (0.55% + 0.00% pancreatic area, n=2 mice)
(P=0.0058) and KCMIstL: p1 20" nancreata (1.09% + 0.54% pancreatic area, n=4 mice)
(P=0.0002).

Previously, we and others have demonstrated that p120 catenin loss results in immune cell
infiltration and inflammation, which is mediated in part by Nuclear factor-kB (NF-kB)
activation (29,31). We next queried whether NF-kB signaling contributed to formation of
ADM/PanIN/fibrostroma in KC/M#stL- p1207 mice. To this end, we treated KCMiSIL: p1207f
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mice with SN50, a potent inhibitor of NF-kB activation, and observed a significant reduction
in ADM/PanIN/fibrostroma in SN50 treated KC'MiStL: 1207 mice when compared to
controls (Figure 3D-F). These data establish NF-kB signaling as a mechanism by which
p120 catenin loss promotes increased ADM, PanIN, and inflammation in KC/M#stL - p1207f
mice.

Lineage tracing reveals that pancreatic loss of p120 catenin in cooperation with oncogenic
Kras promotes striking cell extrusion

The exit of epithelial cells across the basement membrane of discernable epithelial
structures, a process termed delamination, occurs in KPCP*1y and KC'MISILy panIN mice
and has been associated with epithelial-to-mesenchymal transition (EMT) (32). Since loss of
p120 catenin in pancreatic cancer cell lines results in increased migration and invasion, also
associated with EMT (33), we next sought to determine if p120 catenin regulated
delamination in PanIN mice. First, we examined expression of p120 catenin and E-cadherin
in delaminated cells in 2 lineage-traced murine models of PanIN: KPC”#1ay and KOMistlG
(34,35). Delaminated cells in KPCP"12y PanIN mice expressed decreased adherens junction
proteins p120 catenin and E-cadherin when compared to their surrounding pancreatic
epithelia (Figure S3A). KC'MIStLG - p120""Wt panIN mice showed decreased p120 catenin
and E-cadherin expression in non-epithelial delaminated cells, some of which have an
elongated fibroblast cell morphology (Figure 4A). These data show that decreased
expression of adherens junction proteins p120 catenin and E-cadherin is a manifest feature
of delaminated cells in PanIN mice.

To further investigate the role of p120 catenin in delamination in Kras-induced premalignant
pancreatic neoplasia, we next examined delaminated cells in lineage-traced KC/MStG;
p120" and KOMIstL G p120"f mice. Monoallelic and biallelic loss of p120 catenin resulted
in remarkable abundant delamination of GFP* cells that retained E-cadherin (Figure 4B,C).
These data show that p120 catenin is not required for maintenance of E-cadherin localization
to cell membranes in the context of oncogenic Kras. Both delamination, also termed basal
epithelial cell extrusion (16), as well as apical epithelial cell extrusion were significantly
increased in KOMIstL: p1207Wt and KCO'MistL: p120%f pancreata when compared to KCMist -
120" pancreata (Figure 4D-H). Abundant apical and basal epithelial cell extrusion was
100% penetrant in KCMIStL: n120™Wt and KO'MiSUL - p120"f pancreata, with the phenotype
evident in KC/MistL - p1207f pancreata by 2 weeks post tamoxifen injection (Figure S3B).
Quantification of extruded isolated CK19* cells revealed 838/7000 in KC'MistL; p1207f
pancreata, 76/7000 in KC/MIstL: 120" pancreata, and 19/7000 in KC/MIStL: p120mMwt
pancreata (Figure S3C). Lineage tracing in KCO'MistL: 120" pancreata showed extruded
GFP*, CK197 single cells were negative for Vimentin, a marker of mesenchymal
differentiation and EMT (Figure S3D), suggesting that basal epithelial cell extrusion
resulting from biallelic p120 catenin loss is not associated with incomplete EMT.
Furthermore, treatment of KC/M#stL- p1207f mice with the NF-kB inhibitor SN50
significantly reduced basal epithelial cell extrusion when compared to controls (Figure 41).
These data suggest that NF-kB signaling is a component of the regulatory network that
controls basal epithelial cell extrusion in KC/M#stL- p1207 mice.
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p120 catenin loss in the context of cerulean-induced pancreatitis promotes epithelial cell

extrusion

Biallelic loss of p120 catenin during pancreas development promotes apical epithelial cell
extrusion, and luminal cell extrusion has also been reported with p120 catenin loss in
developing kidney and MDCK cysts (29,36). Given the abundant apical and basal extrusion
observed in KC/MistL: n1207 pancreata, we next sought to interrogate the extrusion behavior
of adult pancreatic cells lacking p120 catenin in an experimental model of acute pancreatitis.
Acute pancreatitis was induced in C/MISL: p120WWE CIMISLL: 1207t and CIMISt - 1 207F
mice (Figure 5A). C/Mistl- 1207 pancreata showed significantly increased susceptibility to
injury and inflammation when compared to C/M#stL- 5120/t pancreata (Figure S4A-J).
Since activation of NF-kB signaling augments the severity of pancreatitis (37), we next
assessed the role of NF-kB activation in O'Mist- p120"fand control mice. Inhibition of NF-
kB signaling significantly reduced injury in C/M#St- p120"f pancreata to levels similar to
CIMIstl- n1 20m" dH,0 treated controls (Figure S4K, L), establishing NF-kB signaling as a
direct mechanism by which p120 catenin loss promotes increased susceptibility to injury in
COMistl: n1207f pancreata.

Quantification of apical and basal epithelial cell extrusion revealed significant increases in
CiMistl: n120f/f and CiMistl: p120fWt pancreata when compared to CIMistl; p120wt/wt
pancreata (Figure 5B-D). These data suggest that p120 catenin regulates both apical and
basal epithelial cell extrusion in adult mouse pancreas in the context of acute pancreatitis.
Furthermore, C'MS1 G 1207 mice treated with the NF-kB inhibitor SN50 show
significantly reduced basal epithelial cell extrusion (Figure 5E), demonstrating that
activation of NF-kB regulates extrusion in the setting of p120 catenin loss and experimental
pancreatitis.

Epithelial cells that extrude basally in KCIMistl: noowtiwt K CiMistl. 5120wt gnd KCIMistl:
p120"f pancreata survive

We next sought to determine the fate of both apically and basally extruded epithelial cells in
KCIMIStL: 1 20wt K CIMIStL - 51 207t and KC/MIStL: p1207f pancreata. Since epithelial
cells can extrude apically by a mechanism involving S1P/S1pr2 signaling and activation of
cleaved Caspase-3 (11,14), we next examined cleaved Caspase-3 expression in extruded
CK197 cells. Consistent with this previously reported mechanism of apical cell extrusion,
we observed cleaved Caspase-3 expression in apically extruded CK19* cells, but not in
basally extruded CK19* cells in KC/MIStL- p1 20/t K CIMISL - 1 20PWE and KCIMIStL -
p1207 pancreata (Figure S5A—C), suggesting that basally extruded CK19™ cells exit intact
pancreatic epithelium and remain viable.

Basally extruded isolated epithelial cells in KCMistl: n120ff pancreata display aneuploidy
and nuclear enlargement

Because we observed prominent nucleoli and nuclear enlargement of basally extruded
epithelial cells in KCM#StL- p1207f pancreata, we next analyzed the DNA content of isolated
CK19* cells in KC™Mistl - p1207f pancreata using OTMIAS Image Analysis Software on
Feulgen stained slides (Figure S6A-C). A population of pancreatic cells was observed with a
DNA index of 1.5, which was indicative of aneuploidy (Figure S6C). In addition, 8.3%
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(21/253) pancreatic cells analyzed showed abnormal DNA content with a DNA index of =
2.5 (Figure S6C). The histology of KCMstL- p120"f pancreata thus comprises a very unique
phenotype with overall benign neoplasia and reactive stroma containing isolated epithelial
cells that display features of malignancy including enlarged, hyperchromatic and
pleomorphic nuclei, prominent nucleoli, aneuploidy and occasional binuclear cells. These
findings suggest that p120 catenin loss in the context of oncogenic Kras promotes formation
of invasive pancreatic neoplasia (Figure S6D).

Isolated epithelial cells in human PDA misexpress p120 catenin

As we identified that loss of p120 catenin in cooperation with oncogenic Kras promotes
invasion of epithelial cells displaying characteristics of malignancy in pancreatic neoplasia,
we next examined expression of p120 catenin in isolated epithelial cells in human pancreatic
ductal adenocarcinoma (PDA). Single malignant epithelial cells in human PDA are depicted
in Figure S7A,B. Quantification of p120 catenin subcellular localization in 253 isolated
epithelial cells from 17 patients with PDA showed a sparse 4.74% of cells with normal
membrane labeling and 95.26% of cells with predominant cytoplasmic or absent p120
catenin localization (Figure S7C,D). These data show that altered p120 catenin subcellular
localization is a distinctive feature of isolated malignant epithelial cells in human PDA.

KCMistl: h120%f pancreata display a unique transcriptome signature and a downregulated
S1P biosynthetic pathway

As a means to identify a molecular basis by which p120 catenin ablation in cooperation with
oncogenic Kras promotes epithelial cell extrusion, we performed whole transcriptome
analysis on fluorescence activated cell sorted (FACS) GFP* pancreatic cells in KC/MIStLG:
p120""Wtand KOMISLG: p1207f mice 2 weeks post tamoxifen injection (Figure S8A). IPA
analysis showed 56 statistically significant differentially expressed pathways, several of
which are related to actin cytoskeleton signaling, the inflammatory response, and cell
adhesion and migration (Figure S8B). We next sought to validate these results by examining
expression of select genes in each of these categories using IHCIHC. Previously, we showed
that actin cytoskeleton organization was disrupted in C”%Z p1207f pancreata, and that this
observation was associated with increased cytoplasmic PKC{, a known modulator of actin
cytoskeleton dynamics (29). Here, we similarly find that KCMistL; p1207f pancreata show
increased cytoplasmic PKCZ when compared to KC/MIStL: p1 207"t and KC/MIStL - p1 20/t
pancreata (Figure S8C—E). Expression of adherens junction components E-cadherin and -
catenin was also reduced in KCM#stL - p1207f pancreata (Figure S8F-K). In addition, IHC
confirmed intrinsic activation of NF-kB in KOst - p120%f pancreata (Figure S8L-N).

Since defective S1P/S1pr2 mediated cell extrusion has been shown to shift the predominant
direction of cell extrusion from apical to basal (19), we next queried whether p120 catenin
regulated S1P/S1pr2 signaling. We performed gPCR on FACS-sorted GFP* pancreatic cells
at 1 month post tamoxifen injection, which showed an overall decrease in expression of
genes mediating S1P/S1pr2 signaling in KC'MIStLG - p1207f mice when compared to
KCMISLLG- n1 20" mice (Figure 6A). The expression of genes involved in the
biosynthetic pathway of S1P, SphkZ and Sphk2, was significantly decreased —5.83 fold and
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-3.96 fold, respectively, suggesting that p120 catenin regulates biosynthesis of S1P in a
mutant Kras-dependent context.

We next sought to understand how p120 catenin regulated expression of S1P/S1pr2 pathway
members. Since we observed activation of NF-kB in KC'M#StL- p1207f mice, we
hypothesized that this regulation may occur though NF-kB signaling. Similar to our
observations in KC'MistL: p120%f mice, AsPC-1 cells treated with p120 catenin siRNA
showed significantly reduced expression of S1pr2 (Figure 6B,C). Inhibition of NF-kB
activation with SN50 completely restored expression of S1pr2 in p120 catenin siRNA
treated AsPC-1 cells, suggesting that p120 catenin regulates expression of S1pr2 through
activation of NF-kB (Figure 6B,C).

We next investigated the relationship between p120 catenin loss and epithelial cell extrusion
mediated by S1P/S1pr2 signaling using an epithelial, Kras mutant, human pancreatic cancer
cell line. CFPAC-1 cells express both p120 catenin and S1pr2 and form spheres (CFPAC-1
spheres) that can extrude cells basally when grown in Matrigel (Figure 6D,E). The
percentage of CFPAC-1 spheres extruding epithelial cells basally increased significantly
following p120 catenin knockdown (Figure 6F). Furthermore, the specific S1pr2 agonist
CYM-5520 (38) significantly decreased the frequency of basal extrusion in p120 catenin-
deficient spheres to levels similar to those observed in p120 catenin-expressing spheres
(Figure 6D). The ability of restored S1P/S1pr2 signaling to rescue the p120 catenin loss of
function phenotype indicates a direct mechanism by which p120 catenin loss promotes
increased basal epithelial cell extrusion.

DISCUSSION

The critical role of the cell-cell adhesion apparatus during tumorigenesis of epithelial
cancers is firmly established (1,39). The association of p120 catenin with E-cadherin at
epithelial cell membranes is crucial for formation and maintenance of adherens junctions
(40). p120 catenin loss or mislocalization can destabilize E-cadherin and affect the adhesive
repertoire of the cell and its signal transduction status. In KC/M#StL- p1207f mice,
simultaneous p120 catenin and E-cadherin loss likely destabilizes cell adhesion and
promotes migration and invasion.

Studies have shown that p120 catenin can function as a bona fide tumor suppressor in
murine oral cavity, esophagus, and forestomach (3). In contrast, targeted knockout of p120
catenin in murine salivary gland (21), intestine (31,41), brain (42), mammary gland (43),
Kidney (36), eye (44), epidermis (31,45), and lung (46) is not sufficient to promote formation
of cancer. It is therefore likely that the requirement for p120 catenin in development and
progression of cancer is tissue-specific. For pancreas, ablation of p120 catenin in pancreatic
progenitor cells in €7, p1207 mice (29) and somatic knockout of p120 catenin in adult
pancreatic acinar cells in O'Mi5tL: p1207f mice does not result in development of pancreatic
cancer, so evidence for a bona fide tumor suppressor role for p120 catenin in pancreas is
lacking.
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The inflammation suppression function of p120 catenin is well documented (47). Loss of
p120 catenin generates a microenvironment disposed to chronic inflammation in normal,
injured, and neoplastic pancreas. We show that formation of ADM/PanIN/fibrostroma in
KCMistl- n120"f mice and injury in C/MSELG; p1207f mice is mediated in part through
activation of NF-kB. Dexamethasone, which has anti-inflammatory and immunosuppressant
effects (including inhibition of NF-kB activation), has been shown to reduce ADM and
PanIN formation in mice (32), suggesting a potential link between inflammation and
premalignant lesion formation.

We show loss of p120 catenin in delaminated cells associated with EMT and non-EMT in
PanIN mice. While loss of p120 catenin precedes non-EMT associated delamination in
KCMISUG - p1207f pancreata, it is unclear if loss of p120 catenin precedes or occurs after
delamination associated with EMT in KPCP 12y and KOMISUG ; p120"""! pancreata. Actin
cytoskeleton remodeling events are necessary for EMT, and loss of cytoplasmic p120 catenin
before occurrence of delamination may prevent cytoskeletal restructuring required for
delamination associated with EMT. Biallelic loss of p120 catenin results in significant
downregulation of genes mediating S1P/S1pr2 signaling in PanIN mice and AsPC-1 cells, an
observation which we demonstrate /n vitro is mediated partly through activation of NF-kB.
Activation of S1pr2 /n vitrocompletely rescues increased basal epithelial cell extrusion seen
with p120 catenin loss. These data suggest that p120 catenin loss in the context of oncogenic
Kras may promote neoplastic epithelial cell invasion in part by altering S1P/S1pr2 signaling
through activation of NF-kB (Figure 7).

Few mechanisms for non-EMT associated delamination are described, yet the evidence that
EMT is not absolutely required for invasion, dissemination, and metastasis is emerging (48—
50). In summary, we have created a model in which cooperating genetic insults have
unraveled a new mechanism for neoplastic epithelial cell invasion in premalignant pancreatic
cancer. The evidence that p120 catenin regulates epithelial cell extrusion through activation
of NF-kB is compelling, as p120 catenin loss affects this biologic process in injured and
neoplastic pancreata. Further studies are needed to clarify the metastatic potential associated
with monoallelic and biallelic p120 catenin loss in different pancreatic cell types and how
these characteristics determine the evolution of PDA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Expression of p120 catenin in human pancreas. A,B) IHC shows high p120 catenin

expression in normal acinar and duct cells and medium p120 catenin expression in normal
islets. IF labeling showing p120 catenin overlaid with CK19 and Dapi allowed visualization
of punctate cytoplasmic and nuclear p120 catenin expression in normal pancreatic cells. C—-
H) Representative images for pancreatitis, ADM, PanIN1-3, tumor, and metastasis are
shown. 1,J) Numerical scoring of p120 catenin expression and analysis of predominant p120
catenin subcellular localization are depicted. The Pvalue for (J) was calculated using
Fisher’s exact test. Scale bars are 50um.
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Oncogenic Kras and loss of p120 catenin lead to decreased overall survival, cachexia, and
increased pancreas size. A) Breeding and tamoxifen administration scheme. B) Kaplan-
Meyer survival analysis showed overall median survival was 18 weeks for KC/MistL:
120" mice (n=9), 17 weeks for KOMIstL- p1 20"t mice (n=18), and 9 weeks for
KCOMistL- p120" mice (n=37). Log-rank test revealed significantly longer survival of
KCIMIstl - n1 20w (P<0.0001) mice and KCOMistL: 1207t (P=0.0035) mice when
compared to KC'M#stL- p1207 mice. C) A KOMIStL: p1 20vWtand KCMISIL: 51207 mouse
sacrificed 9 weeks post tamoxifen injection. D) KCO'MistL- p120"f (n=70 total) mice exhibit
cachexia when compared to KC/MIStL: p 120w (n=62 total) mice. Limited data was
available for longer time points for KC/M#stL - 1207 mice due to survival. E-G) 1 month
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post tamoxifen injection, KCMiStL - p1207f (n=13) pancreata show significantly increased
weight when compared to KCM/stL- p1207Wt (n=13) pancreata.
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Figure 3.
p120 catenin restrains formation of Kras-induced premalignant pancreatic cancer. A-C’)

Representative histology and quantification of ADM, PanIN, and fibrostroma are depicted.
N=2-6 for each genotype at each time point. D,E) KC'M*!L: p120"f mice 2 weeks post
tamoxifen injection were treated with either SN50 (n=4) or water (n=3) for 2 weeks. F) An
orange arrow shows low level nuclear localization of NF-kB p65 (phospho S536) in IHC
images of SN50 treated KC'M#StL: p120" mice. Scale bars are 50um.
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Page 20

E-cadherin

NF-kB si
cell extrusion in KC’M‘S"Gp120’” mice.
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o

Loss of p120 catenin promotes epithelial cell extrusion in Kras-driven neoplasia. A—C)
KCOMIS G- 120" mice show decreased expression of p120 catenin and E-cadherin in
delaminated cells. E-cadherin expression is retained in basally extruded GFP* cells in
KCMIstL G- p1 20"t and KCIMISL G, 1207 mice. Yellow arrows point to lineage traced
delaminated cells. D-H) Yellow arrows show single apically and basally extruded CK19*
cells. Quantification of 7000 CK19* cells in 4 animals for each genotype at one month post
tamoxifen injection revealed significantly increased apically and basally extruded epithelial
cells in KCMISL G- p120"Wt and KC'MISLG: 1207 mice when compared to KC™MStL G-
p120""mice. 1) Mice were treated according to schematic in Figure 3D. N=6124 cells in 3
dH,0 treated mice and 6753 cells in 3 SN50 treated mice. Scale bars are 50um.
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Figureb.
p120 catenin regulates apical and basal epithelial cell extrusion in cerulean-induced acute

pancreatitis. A) Schematic for tamoxifen injection and induction of experimental acute
pancreatitis. B-D) Yellow arrows point to apically and basally extruded cells in CK19 and
cleaved Caspase 3 IHC images. A subset of apically extruded cells are positive for cleaved
Caspase-3. Quantification of apically extruded CK19* cells at Days 5 and 7 post cerulean
administration revealed a significant increase in C/M/t1- p1207f pancreata (n=8750 cells in 6
pancreata) when compared to /ML 1207t pancreata (n=3323 cells in 4 pancreata) and
CIMistl - 1 20" pancreata (n=3288 cells in 3 pancreata). Quantification of basally
extruded CK19* cells at Days 5 and 7 post cerulean treatment showed a significant increase
in C/Mistl- n120"f pancreata (n=10710 cells in 6 pancreata) and C/M/5tL- p1 207 pancreata
(n=4594 cells in 4 pancreata) when compared to C'MiStL: p1 20"/t nancreata (n=6217 cells
in 3 pancreata). E) Inhibition of NF-kB signaling significantly reduced basal epithelial cell
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extrusion in C'MiStL: p1207f pancreata (n=5162 cells in 3 dH,0 treated pancreata and 7849
cells in 3 SN50 treated pancreata). For C'MistL: 120" nancreata, n=2477 cells in 4 dH,0
treated pancreata and 1268 cells in 4 SN50 treated pancreata. Scale bars are 50um.
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Figure6.

Loss of p120 catenin induces significant transcriptional changes in genes affecting S1P/
S1pr2 signaling. A) gPCR showed significant downregulation of genes involved in the
biosynthesis of S1P in KC/M#stL- p1207f pancreata (n=3 pancreata) when compared to
KCIMIstL- n1 20w pancreata (n=4 pancreata). B,C) Western blot images and quantification
shown are representative of 3 independent experiments. D) IF images show effective p120
catenin knockdown in siRNA treated CFPAC-1 spheres. E) Western blot depicts expression
of p120 catenin and S1pr2 in CFPAC-1 cells. F) Quantification shown represents n=3
experiments for each condition. Scale bars are 50um.
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Figure7.
Illustration depicting p120 catenin regulation of epithelial cell extrusion. a) p120 catenin

loss in adult pancreatic acinar cells in the context of experimental pancreatitis promotes
apical and basal epithelial cell extrusion. b) In the context of oncogenic Kras, PanIN
epithelial cells extruding basally through delamination associated with EMT express less
adherens junction proteins p120 catenin and E-cadherin. Mutant Kras PanIN epithelial cells
deficient for p120 catenin retain epithelial morphology after extruding basally and display
features of malignancy.
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