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E-Cadherin Expression in Obesity-Associated, Kras-initiated
Pancreatic Ductal Adenocarcinoma in Mice

Alexander P. Stark, MD, Hui-Hua Chang, PhD, Xiaoman Jung, MD, Aune Moro, MS,
Kathleen Hertzer, MD, PhD, Mu Xu, MD, PhD, Andrea Schmidt, MD, O. Joe Hines, MD, and
Guido Eibl, MD

Department of Surgery, David Geffen School of Medicine at UCLA, Los Angeles, CA

Abstract

Background—The epithelial-mesenchymal transition (EMT) is critical in the development of
invasive epithelial malignancies. EMT is accelerated by inflammation, and results in decreased E-
cadherin expression. Diet-induced obesity is an inflammatory state that accelerates pancreatic
carcinogenesis; its effect on EMT and E-cadherin expression in the development of pancreatic
ductal adenocarcinoma is unclear.

Methods—Conditional Kras®2P mice were fed a control diet (CD) or a high fat, high calorie
(HFCD) for 3 or 9 months (n = 10 each). Immunohistochemistry with anti-E-cadherin antibody
was performed. E-cadherin expression was characterized by staining intensity, location, and
proportion of positive cells. In vitro expression of E-cadherin and Slug in primary PanIN and
cancer cells was determined by Western blot.

Results—The HFCD led to increased weight gain in both 3- (15.8 vs. 5.6g, p<.001) and 9-month
(19.8 vs. 12.9g, p=.007) mice. No differences in E-cadherin expression among various stages of
pre-invasive PanIN lesions were found—regardless of age or diet. In invasive cancer, E-cadherin
expression was aberrant with loss of membranous staining and prominent cytoplasmic staining.
This was associated with strong, cytoplasmic expression of B-catenin. In vitro expression of E-
cadherin was highest in primary PanIN cells, accompanied by absent Slug expression. Cancer cell
lines demonstrated significantly decreased E-cadherin expression in the presence of upregulated
Slug.

Conclusion—Despite increased pancreatic inflammation and accelerated carcinogenesis, the
HFCD did not induce changes in E-cadherin expression in PanIN lesions of all stages. Invasive
lesions demonstrated aberrant cytoplasmic E-cadherin staining. Loss of normal membranous
localization may reflect a functional loss of E-cadherin.
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INTRODUCTION

The incidence of pancreatic cancer in the United States is rising, and despite advancement in
diagnostic imaging, surgical management, and the rise of specialized centers in the treatment
of pancreatic ductal adenocarcinoma (PDAC), the prognosis for the majority of these
patients remains strikingly poor.l: 2 Complete surgical resection remains the only chance for
cure, however 80-90% of patients present with evidence of metastatic or locally advanced
disease precluding curative resection.3 Because early invasion and metastasis present such a
barrier to treatment in PDAC, attention is increasingly geared towards understanding the
mechanism and risk factors for the epithelial-mesenchymal transition (EMT), a critical
process in the development of invasive disease. In the context of carcinoma progression,
EMT is the process by which a transformed epithelial cell loses its normal attachments and
inherent polarity—thereby exhibiting a ‘mesenchymal’ phenotype—and crosses the
basement membrane. In addition to promoting invasiveness, EMT may play a role in
resistance to cell death and senescence, resistance to chemo- and immunotherapy, and may
impart cells with stem cell like properties.* ®

The transmembrane glycoprotein E-cadherin is a prototypic type | cadherin that functions
primarily to mediate cell-cell adhesion by way of adherens junctions. The loss of E-cadherin
is highly indicative of a loss of an epithelial phenotype.8 EMT inducing transcription factors
Snail and Slug actively repress E-cadherin expression.” Loss of E-cadherin has been shown
to be a key step in the progression from adenoma to carcinoma.8 In PDAC, reduced E-
cadherin expression may be found in as many as 60% of resected tumors, and is correlated
with tumor dedifferentiation, increasing stage, and lymph node involvement.® Although
tumors with total loss of E-cadherin are associated with the worst prognosis, partial E-
cadherin loss has been shown an independent predictor of poor outcome, and the percentage
of E-cadherin loss has been shown inversely related to overall survival.1% 11 Interestingly,
there has been recent evidence in a mouse model of PDAC to suggest that EMT and
dissemination may occur prior to bona fide tumor formation in the pancreas. Circulating
pancreatic cells with a mesenchymal phenotype—demonstrating E-cadherin loss and/or
upregulated upstream EMT transcription factors—were identified in the pancreatic stroma,
blood, and liver in mice that did not have demonstrable carcinoma in the pancreas, only pre-
invasive pancreatic intraepithelial neoplasia (PanIN). Furthermore, this early EMT was
accelerated by inflammation.12

Obesity is now widely considered to promote a systemic, inflammatory state with elevations
in reactive oxygen species, pro-inflammatory cytokines, eicosanoids, circulating growth
factors (e.g. insulin IGF-1), and leptin.13 This pro-inflammatory state is a leading theory to
explain the growing link between obesity and PDAC, as posited by epidemiological studies
such as the National Cancer Institute Pancreatic Cancer Cohort Consortium.4 15 We have
previously shown in a mouse model of PDAC that a high fat, high calorie diet (HFCD) leads
to obesity, pancreatic inflammation, and accelerated pancreatic carcinogenesis.18 Although
data is limited, there is preliminary in vitro evidence that serum from obese mice and leptin
can promote EMT, decreased E-cadherin expression, and invasiveness in prostate, breast,
and lung cancer cell lines.17-19 The present study was undertaken to determine whether
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early loss of E-cadherin is part of the mechanism by which diet-induced obesity accelerates
pancreatic carcinogenesis in the conditional Kras®2P mouse model.

Mouse Model and Experimental Diet

Histology an

To study the effects of diet-induced obesity on E-cadherin expression during pancreatic
carcinogenesis, the conditional Kras®12P (LS_-KrasG12D; P48-Cre) mouse model
described by Hingorani was used.20 Prior to implementation of the diet, presence of both
Krasand Crealleles were confirmed by PCR in all experimental mice, as previously
described.2! Animals were fed either a control diet (CD) or the HFCD. Compared to the CD
the HFCD contains increased calories (4,536 kcal/kg vs. 3,726 kcal/kg), a higher percentage
of which come from corn oil based fat (40% vs 12%). The corn oil contains approximately
60% omega-6 polyunsaturated fatty acids, 27% monounsaturated fatty acids, 13% saturated
fatty acids, and small amounts of omega-3 polyunsaturated fatty acids. Further details
regarding the composition of the diet are described elsewhere.1® Mice were weighed weekly.
Cohorts were sacrificed at 3 months and 9 months of age.

d Immunohistochemistry

Formalin-fixed, paraffin-embedded pancreata were sectioned (4um) and stained with
hematoxylin and eosin (H&E). Murine PanIN lesions were classified according to current
histopathologic criteria.22 Immunohistochemistry was performed on 4um sections of
paraffin-embedded pancreata. Paraffin was removed with xylene and graded alcohol. Heat-
induced antigen retrieval was performed with citrate buffer (pH 6.0), and endogenous
peroxidase activity was blocked with 3% hydrogen peroxide. Slides were then incubated
overnight with primary antibody against E-cadherin (Cell Signaling, cat# 3195, 1:200
dilution) and B-catenin (Cell Signaling, cat# 8480, 1:100 dilution). Control images were
prepared using isotype matched rabbit IgG (Cell Signaling, cat #3900, 1:200 dilution). Anti-
rabbit secondary antibody conjugated with HRP was used (EnVision + R, Dako, cat#
K-4003). Betazoid DAB Chromogen kit was used to visualize protein-antibody complexes
(Biocare Medical, cat#BDB2004).

Immunoreactivity was semi-quantitatively analyzed in the following manner. The intensity
of E-cadherin expression was graded as absent (0), weak (+), moderate (++), and strong (++
+). The proportion of cells staining positive for E-cadherin were described as less than 25%
(0), 25 to 50% (+), 50 to 75% (++), and greater than 75% (+++). The pattern of E-cadherin
expression was described as membranous, cytoplasmic, or nuclear according to the
predominant location of staining in each lesion. Final semi-quantitative description of
immunoreactivity represents the consensus of two authors (GE; AS).

PanlIN isolation and cell culture

Primary PanIN cells were harvested and isolated from 6-month old LSL-KrasG12D;P48-Cre
mice using techniques scribed previously.23 At this age, the majority of ductal epithelial
cells are of pathological grade PanIN-1a or higher, but no invasive cancer is present. We
confirmed the presence of epithelial and absence of acinar and endocrine markers via
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immunohistochemistry and immunofluorescence. The Kras®12P mutation was confirmed in
all PanIN lines via sequencing. These primary PanIN cells were plated on type | collagen
coated plates, and cultured in 5% CO» at 37°C using a DMEM/F12 based medium with
serum and specific growth factors, also as previously described.23 Similarly, KC and KPC
(immortalized murine PDAC lines derived from LS.-KrasG12D;Pdx-1-Creand LL-
KrasG12D; Trp53; Pdx-1-Cre mice, respectively) cells were plated on type | collagen coated
plates, and cultured in 5% CO2 at 37°C using an RPMI based medium with 10% fetal
bovine serum.

Western Blotting

Cells were grown to 70% confluence, then lysed following extraction from the collagen
matrix using collagenase. Samples were then centrifuged at 13,000 RPM for 10 minutes.
Prior to Western blotting, the protein concentrations of cell lysate supernatants were
measured using bicinchoninic acid protein assay (Pierce BCA Protein Assay Kit, Thermo
Scientific, cat#23227). Whole cellular protein extracts were separated by electrophoresis on
4-15% polyacrylamide gets (Mini-PROTEAN TGX, Bio-Rad, cat#456-1084). Proteins were
then transferred to a transfer membrane, and blocked at room temperature for 30 minutes
with 5% milk diluted in tris-buffered saline and 0.01% Tween 20 (TBST). The membranes
were then incubated overnight at 4°C with primary antibody to E-cadherin (Cell Signaling,
cat#3195, 1:4000 dilution), Slug (Cell Signaling, cat# 9585, 1:1000 dilution), and
glyceraldehyde-3 phosphate dehydrogenase (GAPDH, Cell Signaling, cat#5174, 1:4000
dilution) diluted in TBST with 5% bovine serum albumin as per manufacturer instruction.
After washing, the membranes were incubated with HRP-linked anti-rabbit secondary
antibody (Pierce, cat#31460). Signal intensities were analyzed and normalized relative to
GAPDH. Densitometry analysis was performed using publically available ImageJ software,
version 1.48.

Statistical analyses

Two-sided, Student’s t-test was performed to identify differences in the mean. Statistical
significance was set at p < .05.

RESULTS

Effects of the HFCD on weight gain, inflammation, and PanIN progression

Implementation of the HFCD led to significant weight gain in both the 3-month (n =10) and
9-month (n = 10) cohorts (see Table 1). Consistent with previously published data,16 mice
fed the HFCD for 3 months showed accelerated pancreatic neoplasia with more advanced
PanIN lesions. This acceleration of PanIN progression was also evident in the 9-month
cohort. Pancreatic inflammation as evident by acinar cell loss, fibrosis, and desmoplasia was
increased in mice fed the HFCD (Figure 1). Two invasive tumors were found in the 9-
month, HFCD-fed cohort. No cancers were found in the other cohorts.

E-cadherin expression in PanIN lesions and invasive cancer

E-cadherin was expressed in all PanIN lesions of all mice. Despite more severe pathology
and a higher proportion of advanced PanIN lesions in the HFCD cohorts, there were no
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demonstrable differences in the E-cadherin staining pattern in PanIN lesions seen in all four
cohorts. Regardless of diet, E-cadherin expression was of strong intensity, localized solely to
the cell membrane, and ubiquitously present in PanIN lesions in 3-month and 9-month old
mice (see Figure 2). In two 9-month old mice fed the HFCD, an invasive tumor was
identified in the pancreas. In both cases, the E-cadherin expression in adjacent PanIN lesions
remained strong, membranous, and ubiquitous. Overall, E-cadherin staining intensity in
pancreatic cancers was diminished relative to PanIN lesions in the adjacent pancreas. In both
cases, invasive lesions demonstrated aberrant E-cadherin expression with loss of
membranous localization and prominent cytoplasmic staining (Figure 3). No invasive ducts
demonstrated total E-cadherin loss. Table 2 summarizes the characteristics of E-cadherin
expression in PanIN lesions and invasive cancer.

Immunohistochemistry with anti-p-catenin antibody was performed to investigate the
expression of B-catenin in lesions with cytoplasmic E-cadherin (see Figure 3). In non-
invasive PanIN lesions, B-catenin expression was found to be of weak intensity (+), absent to
intermittent (0 — +), and limited to the cell membrane. In contrast, in invasive areas
corresponding to cytoplasmic E-cadherin, p-catenin staining intensity was moderate to
strong (++ — +++), ubiquitous (+++), and located in the cytoplasm in addition to the cell
membrane. Isotype-matched control immunoglobulins were used for all IHC procedures (see
Figure 2G, 2H) to confirm the absence of non-specific staining.

In-vitro E-cadherin and Slug expression in PanIN and invasive pancreatic cancer cell lines

Having demonstrated that E-cadherin showed a different staining pattern in PanIN and
invasive cancer lesions in vivo, we sought to characterize the in vitro expression of E-
cadherin and EMT-inducing Slug in PanIN and invasive cell lines. Primary mouse PanIN
cells, KC cells, and KPC cells expressed E-cadherin by Western blot analysis. PanIN lines
(P1, P2, P3) derived from three different mice all expressed E-cadherin strongly, and all
demonstrated higher E-cadherin expression than KC and KPC cells after normalization to
GAPDH expression (Figure 4). By densitometry analysis, average E-cadherin expression in
PanIN cells was about 2—6 fold higher than in KC and KPC cell lines (p<0.01). Slug
expression is completely absent in all three PanIN lines, whereas it was present in both KC
and KPC cell lines. The magnitude of Slug expression in KPC cells is more than 4-fold
higher than in KC cells (p<0.01) (Figure 4).

DISCUSSION

Despite evidence that the HFCD leads to obesity, pancreatic inflammation, and accelerated
PanIN progression, 16 we did not identify a difference in E-cadherin expression in the PanIN
lesions of mice fed the HFCD as compared to the CD. Regardless of age or diet, PanIN
lesions strongly expressed E-cadherin in a membranous and ubiquitous fashion. This may
indicate that early EMT is not part of the mechanism by which the HFCD accelerates
pancreatic carcinogenesis. However, using IHC expression of E-cadherin as an indicator of
EMT has one major limitation. IHC will necessarily fail to identify epithelial cells that have
fully undergone EMT and migrated past the basement membrane, as these cells are located
in the stroma and are likely to have total loss of E-cadherin. Indeed, Rhim et al demonstrated
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the presence of epithelial cells in the pancreatic stroma of PanIN mice by way of a novel,
lineage labeled mouse model in which all pancreatic epithelial cells expressed yellow
fluorescent protein (YFP) via Cre-Lox recombination (Pdx-Cre; LSL-Kras®12D; L9 -
ROSAYP). The authors defined a YFP expressing cell as having undergone EMT if it co-
expressed Zeb1 and/or failed to express E-cadherin.12 Unfortunately, it appears the quantity
of cells identifiable by this method is low. It appears that the HFCD does not directly
accelerate E-cadherin loss in PanIN lesions, suggesting that changes in E-cadherin
expression and/or EMT likely occurs at a given stage in pancreatic carcinogenesis that is
independent from the disease promoting effects of diet-induced obesity.

Loss or decrease in E-cadherin expression is well described in the progression of epithelial
malignancies, including PDAC. Decreased expression of E-cadherin has been reported
previously in a mouse model of PDAC.24 In this study we report not a loss of E-cadherin,
but rather a prominent alteration in the E-cadherin staining pattern seen in invasive disease.
Alteration in the pattern of E-cadherin expression in PDAC as compared to PanINs has been
described, but not clearly characterized.2> Rather than its location on the cell membrane, we
found that E-cadherin was expressed prominently in the cytoplasm. Such aberrant E-
cadherin expression has been previously described in the literature. In human tissue
specimens, cytoplasmic E-cadherin has been found to be significantly more common in both
PanIN lesions and PDAC in comparison to normal pancreatic ducts.28 Another study of
human PDAC identified an association between aberrant, cytoplasmic localization of E-
cadherin, loss of tumor differentiation, and increasing stage.2’ Loss of membranous E-
cadherin is also reported in other pancreatic malignancies, including solid pseudopapillary
neoplasm, in which cytoplasmic E-cadherin is frequently observed.28 In pancreatic
neuroendocrine tumors, aberrant nuclear E-cadherin expression has been described, and may
correspond with higher rates of lymph node and liver metastasis.2?

Because we were unable to identify early changes in E-cadherin expression regardless of age
or diet, but noticed a different staining pattern in PanIN and invasive lesions, we sought to
investigate the expression of E-cadherin and other EMT markers in vitro using PanIN and
invasive ductal cells. Our in vitro data supports our in vivo observations. Not only is E-
cadherin expression by Western blot analysis strongest in PanIN cells, but also the complete
absence of Slug in these cells contrasts sharply with its upregulated presence in the invasive
KC and KPC cell lines. Part of the EMT-inducing properties of Slug include transcriptional
repression of E-cadherin; total absence of Slug in PanIN cells may in part explain why we
found strong and ubiquitous expression of E-cadherin in all PanIN lesions regardless of age
or diet. Furthermore, the relative decrease in E-cadherin expression in the presence of
upregulated Slug strongly suggests the presence of an EMT program in the invasive cell
lines. Unfortunately, we were unable to reliably detect and determine Slug expression in
vivo. This may have been related to low levels of Slug expression in the tissue, but technical
factors and poor quality of tested antibodies could not be ruled out.

Our results, along with the data described above, raise an important question regarding the
interpretation of E-cadherin expression as a marker of EMT. The question is, namely,
whether E-cadherin loss is the true phenotype of cells having undergone EMT, or whether it
is more fundamentally the loss of membranous E-cadherin that signifies EMT has occurred.
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One study has specifically reported that loss of membranous E-cadherin is associated with
lymph node metastasis, advanced stage, and high grade in human PDAC.3% As shown in
Figure 3, we identified areas of clearly invasive disease where epithelial cells with
cytoplasmic E-cadherin had invaded past the basement membrane into the stroma and no
longer formed ducts, which indicate that these cells had undergone some degree of EMT.

The change in the localization of E-cadherin from the cell membrane to the cytoplasm may
indicate a functional loss of E-cadherin. As the key component of adherens junction located
at the cell membrane, E-cadherin maintains cellular polarity, cell-cell adhesion, and the
epithelial phenotype. Disruption of the adherens junction and loss of the adhesive properties
of E-cadherin have been shown to facilitate tumor progression.3l: 32 Another important
component of the adherens junction is p-catenin, which is associated with E-cadherin and
the actin cytoskeleton near the cell membrane. -catenin typically localizes to the plasma
membrane in normal pancreatic ducts, but aberrant nuclear and cytoplasmic j-catenin has
been identified in high-grade human PanIN lesions and in PDAC. More specifically, it has
been reported that human PanIN lesions and PDAC are more likely to exhibit both aberrant
E-cadherin and B-catenin staining relative to normal pancreatic ducts.26 Active Wnt/p-
catenin signaling has been demonstrated in human PDAC specimens, may be involved in
tumor initiation, and is likely to play a critical role in tumor progression.33: 34 E-cadherin
has been posited a role in the sequestration of 3-catenin at the plasma membrane, thus
limiting to an extent the oncogenic activity of p-catenin.3> 38 Membranous E-cadherin may
therefore act as a negative suppressor of canonical Wnt signaling.32 We identified stronger
staining intensity and markedly increased cytoplasmic localization of p-catenin in areas of
invasive disease known to have cytoplasmic E-cadherin. While this observation cannot be
taken as proof that f-catenin activity is altered in areas with cytoplasmic E-cadherin, it
provides a rationale for further investigation into the relationship between loss of
membranous E-cadherin and WNT/B-catenin activity in PDAC models. The absence of E-
cadherin on the cell membrane may therefore contribute to pancreatic carcinogenesis in two
distinct ways, namely by loss of the epithelial phenotype and by the loss of a tumor
suppressor effect on the canonical Wnt/B-catenin signaling pathway.

The mechanisms by which the HFCD accelerate pancreatic carcinogenesis remain
incompletely understood. Regardless of diet, E-cadherin expression in PanIN lesions is of
strong intensity, localized to the cell membrane, and ubiquitously present. In our study
PanIN lesions in mice fed the HFCD exhibit the same pattern of E-cadherin expression as
PanIN lesions of similar grade in mice fed the CD. Diet-induced obesity may promote
pancreatic carcinogenesis by a mechanism that is independent from the induction of EMT.
Loss of E-cadherin is considered the hallmark of EMT, and is strongly associated with
aggressive disease and poor prognosis. We report cytoplasmic localization of E-cadherin in
invasive disease; whether such aberrant expression represents a tumor phenotype distinct
from the “mesenchymal” phenotype of tumors with partial or complete E-cadherin loss
remains unknown. However, our data and the published literature suggest that loss of
membranous E-cadherin may be biologically equivalent to a total loss of E-cadherin. Further
inquiry into the interpretation of E-cadherin expression as a marker of EMT is required, and
may be beneficial in understanding the progression of PDAC.
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Figure 1. Age and HFCD increase the percentage of pancreatic acinar loss, desmoplasia, and
extent of inflammation

Representative H&E sections of mouse pancreata (age, diet): (A) 3-month, CD, (B) 3-
month, HFCD, (C) 9-month, CD, and (D) 9-month, HFCD. For both 3-month and 9-month
mice, those fed the HFCD demonstrate increased stigmata of pancreatic inflammation. All
images 4x magnification.
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Figure 2. E-cadherin expression is strong, membranous, and ubiquitous in PanIN lesions
regardless of age, diet, or PanIN stage

Representative sections of IHC expression of E-Cadherin in mouse pancreata (age, diet):
20x magnification image of (A) 3-month, CD, (B) 3-month, HFCD, (C) 9-month, CD, and
(D) 9-month, HFCD mice. (E) 40x magnification view of low-grade PanIN lesion in CD fed
mouse, and (F) 40x magnification view of high-grade PanIN lesion in HFCD demonstrating
similar E-cadherin staining pattern. 20x magnification images of (G) 3-month and (H) 9-
month HFCD fed mice using isotype-matched control rabbit IgG demonstrating lack of
nonspecific binding.
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Figure 3. In invasive lesions, E-cadherin staining is cytoplasmic, with loss of membranous
localization

IHC expression of E-Cadherin in invasive pancreatic cancer found in a 9-month, HFCD fed
mouse. (A) Invasive duct characterized by an aberrant and cytoplasmic E-Cadherin staining
pattern, adjacent to PanIN lesion with preserved membranous expression. 20x
magnification. (B) Magnified image of inset from (A). (C) IHC expression of p-catenin from
the same specimen and location (deeper section) as shown in (A) and (B). In non-invasive
PanIN lesions, expression of B-catenin is weak, absent or intermittent, and limited to the cell
membrane when present. In invasive lesions corresponding to areas with cytoplasmic E-
cadherin, B-catenin staining is moderate to strong, ubiquitous, and located in both the
cytoplasm as well as on the cell membrane. (D) and (E); magnified images of insets from

(©).
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Figure 4. In-vitro expression of E-cadherin and upstream EMT transcription factor Slug in

primary mouse PanIN and pancreatic cancer cells

(A) Representative Western blot demonstrating expression of E-cadherin, Slug, and GAPDH
in PanIN cell lines P1, P2, and P3 relative to KC and KPC cancer cell lines. (B)
Densitometric analysis of E-cadherin expression in PanIN, KC and KPC cells. (C)
Densitometric analysis of Slug expression in PanIN, KC and KPC cells (no identifiable Slug
expression present in PanIN cell lines). For (B) and (C), relative optical density is measured
as an average of 4 separate western blots after normalization to GAPDH. Standard deviation
bars are shown. Student’s t-test for the mean was performed to obtain the reported p-values.
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Table 1
HFCD Induced Weight Gain in 3- and 9-month Mice

Age Diet Avg. weight gain (g) pvalue
CD(n=5) 5.6

3-month <.001
HFCD (n=5) 15.8
CD (n=5) 12.9

9-month .007
HFCD (n=5) 19.8
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Table 2

Semi-Quantitative Analysis of E-Cadherin Expression in Early PanIN lesions, Late PanIN lesions, and PDAC.

PanIN1 PanIN2, 3 PDAC
Staining Intensity +++ +++ +to +++
Proportion of Positive Cells +++ +++ ++t0 +++
Staining Pattern Membranous Membranous  Cytoplasmic and membranous
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