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Chronic pancreatitis is a prominent risk factor for the development of pancreatic ductal adenocarci-
noma. In both conditions, the activation of myofibroblast-like pancreatic stellate cells (PSCs) plays a
predominant role in the formation of desmoplastic reaction through the synthesis of connective tissue
and extracellular matrix, inducing local pancreatic fibrosis and an inflammatory response. Yet the
signaling events involved in chronic pancreatitis and pancreatic cancer progression and metastasis
remain poorly defined. Cadherin-11 (Cad-11, also known as OB cadherin or CDH11) is a cell-to-cell
adhesion molecule implicated in many biological functions, including tissue morphogenesis and ar-
chitecture, extracellular matrix-mediated tissue remodeling, cytoskeletal organization, epithelial-to-
mesenchymal transition, and cellular migration. In this study, we show that, in human chronic
pancreatitis and pancreatic cancer tissues, Cad-11 expression was significantly increased in PSCs and
pancreatic cancer cells. In particular, an increased expression of Cad-11 can be detected on the plasma
membrane of activated PSCs isolated from chronic pancreatitis tissues and in pancreatic cancer cells
metastasized to the liver. Moreover, knockdown of Cad-11 in cancer cells reduced pancreatic cancer cell
migration. Taken together, our data underline the potential role of Cad-11 in PSC activation and
pancreatic cancer metastasis. (Am J Pathol 2017, 187: 146e155; http://dx.doi.org/10.1016/
j.ajpath.2016.09.012)
Supported by the Cedars-Sinai Medical Center Samuel Oschin
Comprehensive Cancer Institute Developmental Funds for Liver Metastasis
Team Grant Research Award “Colon, pancreas, and prostate cancer
engraftment in the liver metastatic niche”; the National Center for
Advancing Translational Sciences UCLA CTSI grant UL1TR000124
(Q.W.); the Department of Veterans Affairs grant I01BX001484 (S.J.P.);
and NIH grants P01CA163200, P50 AA11999, and P01DK098108 (S.J.P.).
Disclosures: M.B.B. is a consultant to Roche (Basel, Switzerland).
Pancreatic ductal adenocarcinoma (PDAC) is a highly
aggressive form of malignancy with a proclivity to metasta-
size and is commonly resistant to chemotherapy, radio-
therapy, or immunotherapy.1,2 PDAC comprises >85% of
pancreatic cancer and has a survival rate of approximately
5%.3,4 Currently, surgery is the only effective therapy, but it
can only be performed in a minority of the patients because of
the presence of local spread and/or metastases at the time of
the diagnosis.5,6 Chronic pancreatitis (CP), an inflammatory
disease of the exocrine pancreas, is associated with a signif-
icant risk of pancreatic cancer.7,8 The pathologic hallmarks of
CP are inflammation and fibrosis, which are associated with
the activation of pancreatic stellate cells (PSCs).9e12 PSCs are
stigative Pathology. Published by Elsevier Inc
myofibroblast-like cells that are quiescent in the normal
pancreas but become activated in pancreatitis, resulting in
increased proliferation, aberrant movement and attachment,
and production of collagen.9e12 Pancreatic cancer is charac-
terized by a desmoplastic environment that is also associated
. All rights reserved.
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Cadherin-11 in Activated PSC and PDAC
with activated PSCs.13e16 However, the precise molecular
mechanisms underlying CP and pancreatic cancer remain
obscure. Elucidating the signaling events involved would lay
the foundation for the development of novel therapeutic
approaches.

Cadherin-11 (Cad-11, also known as OB cadherin or
CDH11) is a member of the cadherin superfamily, a group of
transmembrane proteins that are principally located in adherens
junctions and mediate homophilic cell-to-cell adhesion.17e20

The intracellular domain includes binding sites for signaling
molecules, such as b-catenin.21 Cad-11 is also involved
in many other biological functions, including cytoskeletal
organization, tissue morphogenesis, cellular migration,
and invasion.22e27 In particular, Cad-11 plays a role in
epithelial-to-mesenchymal transition, which represents an
inflammation-induced response that has a fundamental role in
the progression from chronic inflammation to cancer.28,29

Dysregulation of Cad-11 expression has been associated with
many pathologic processes such as inflammation (eg, rheu-
matoid arthritis18), fibrosis (eg, kidney,30 pulmonary,31

dermal20), and cancer (eg, prostatic,32 breast,33 gastric,34

bladder,35 renal carcinoma,34 and glioblastoma36). Specif-
ically, Cad-11 is a mesenchymal cadherin that is associated
with more undifferentiated and aggressive cancer.37

In the present study, we examined Cad-11 expression levels
in both normal and diseased human pancreatic tissues and
determined the role of Cad-11 in cancer cell migration and
proliferation. We found an association between the up-
regulation of Cad-11 and the activation of PSCs associated
with CP and PDAC. We provide evidence that Cad-11 is
involved inPSCactivation and pancreatic cancer cellmigration.

Materials and Methods

Cell Culture

Human pancreatic cancer cell lines BxPC-3, HPAF-II, and
MIA PaCa-2 were acquired from ATCC (Rockville, MD).
Human primary PSCs were isolated from normal and CP tis-
sues (PSC-N and PSC-CP, respectively) using a modified
protocol.38Briefly, the tissueswere digested inGey’sBalanced
Salt Solution (Sigma-Aldrich, St. Louis, MO) supplemented
with 1.3 mg/mL collagenase P (Roche Diagnostic, Indian-
apolis, IN), 1 mg/mL pronase (Sigma-Aldrich), and 0.01 mg/
mL deoxyribonuclease (Roche Diagnostic), followed by sep-
aration using Nycodenz-based gradient centrifugation. The
immortalized human pancreatic ductal epithelial cell line
(HPDE6)39,40 was propagated in Keratinocyte-serum-free
medium supplemented with epidermal growth factor and
bovine pituitary extract (Gibco, Carlsbad, CA).

Antibodies

The following antibodies were used: antieCad-11 anti-
bodies, 5B2H5 (Life Technologies, Carlsbad, CA), 23C6, or
3H1018; antieglyceraldehyde-3-phosphate dehydrogenase
The American Journal of Pathology - ajp.amjpathol.org
antibody (Cell Signaling, Danvers, MA); antiea-smooth
muscle actin (a-SMA; ab5694) and Fluor 647-conjugated
anti-mouse IgG antibody (ab150103; Abcam, Cambridge,
MA); horseradish peroxidase-conjugated anti-mouse or
-rabbit IgG antibodies (Bio-Rad, Hercules, CA); Alexa
488 or cyanine 3-conjugated anti-mouse or -rabbit IgG an-
tibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA).

RT-PCR and Quantitative PCR

RNA was extracted using TRIzol reagent (Life Technolo-
gies). cDNA was generated using iScript (Bio-Rad). For the
initial screen of cDNA quality, PCR was performed using
the following primers: b-actin forward sequence,
50-TGACGGGGTCACCCACACTGTGCCCATCTA-30;
b-actin reverse sequence, 50-CTAGAAGCATTTGCGGTG-
GACGATGGAGGG-30; Cad-11 forward sequence, 50-AC-
CAGATGTCTGTGTCAGA-30; Cad-11 reverse sequence,
50-GTCATCCTTGTCATCTGCA-30 as described in a pre-
vious study.37 The amplification of a 661-bp b-actin frag-
ment and a 192-base Cad-11 fragment rules out genomic
contamination (Supplemental Figure S1).

Real-time quantitative PCR (qPCR) was performed using
SYBR green mix (Bio-Rad) on CFX Connect Thermocycler
(Bio-Rad). The following primers were used: Cad-11
forward sequence, 50-GGTCTGGAACCAGTTCTTCG-30;
Cad-11 reverse sequence, 50-TCTCGATCCAACGTCTTG-
GT-30; GAPDH forward sequence, 50-GAAGGTGAA-
GGTCGGAGTCA-30; GAPDH reverse sequence, 50-
GACAAGCTTCCCGTTCTCAG-30. Ct values were normal-
ized to GAPDH, and relative expression levels are presented as
fold change against control. Representative reactions were
resolved on 1.5% agarose gel.

Western Blot Analysis

Cell lysate preparation and Western blot analysis were per-
formed as described previously.41 Membranes were probed
with antibodies as indicated, followed by chemiluminescence
imaging (Syngene PXi, Federick, MD). Bands were quanti-
fied using ImageJ Fiji software (NIH, Bethesda, MD) and
normalized to glyceraldehyde-3-phosphate dehydrogenase.

Flow Cytometry

PSC-N (passage 2), PSC-CP (passage 2), or BxPC-3 cells
were stained with Cad-11 antibodies 3H10 or 23C6 and
were analyzed using FACSCanto II (Becton Dickinson, San
Jose, CA).

siRNA Knockdown

BxPC-3 cells were transfected with either control siRNA
(antisense sequence, 50-UUGGUGCUCUUCAUCUUGUU-
GUU-30) or withCadherin-11 targeting siRNAH3 (antisense
147
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Figure 1 Cad-11 expression in normal
and diseased pancreatic tissues. A:
Immunohistochemistry analysis of Cad-11
expression in normal pancreas and tissues
of CP and PDAC. B: Immunohistochemistry
analysis of Cad-11 expression in two cases
of pancreatic cancer metastasis to the liver
(M1 and M2). Note that Cad-11 can be
detected in cancer cells (arrows) and stel-
late cells (arrowheads). Scale bars Z 100
mm. Original magnification, �20. Cad-11,
cadherin-11; CP, chronic pancreatitis; N,
normal pancreas; PDAC, pancreatic ductal
adenocarcinoma.

Birtolo et al
sequence, 50-UACUGUACACUAACUUGGCGCUU-30) or
H4 (antisense sequence, 50-AAUUGGCUGGUUGGAAA-
GUGGUU-30) using Lipofectamine RNAiMAX (Life Tech-
nologies), and harvested for further analysis 48 hours after
transfection.
Figure 2 Cad-11 expression in activated pancreatic stellate cells. A: Immunofl
DAPI. a-SMA (green), Cad-11 (red), and DAPI (blue). Note that Cad-11 can be detec
cells (arrowheads). B: Images of PDAC tissue stained in the same way as in A, showi
also express Cad-11. Original magnification, �63. Cad-11, cadherin-11; PDAC, pan
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Cell Migration Assay

BxPC-3 cells seeded in Transwell inserts (Costar, NY)
were exposed to serum-free RPMI supplemented with or
without 5 ng/mL transforming growth factor (TGF)-b in
uorescence staining of PDAC tissue using antiea-SMA, Cad-11 antibody, or
ted on the membrane of the cancer cells (arrows) and in the a-SMAþ, stellate
ng a field predominantly of stellate cells. Note that the a-SMAþ, stellate cells
creatic ductal adenocarcinoma; a-SMA, a-smooth muscle actin.

ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Cad-11 levels are elevated in human pancreatic cancer. A:
Oncomine analysis of Cad-11 mRNA levels using the Badea et al44 micro-
array. Cad-11 mRNA levels are elevated in PDAC compared with normal
tissues. B: Oncomine analysis of Cad-11 mRNA levels in pancreatic cancer
and normal tissues, using the Pei et al45 microarray data set. n Z 39
normal tissues (A); n Z 39 PDAC tissues (A); n Z 16 normal tissues (B);
n Z 36 pancreatic cancer tissues (B). P < 2.23 � 10�15 (A); P < 3.77 �
10�6 (B). Cad-11, cadherin-11; PDAC, pancreatic ductal adenocarcinoma.

Cadherin-11 in Activated PSC and PDAC
12-well plates. The cells that migrated to the bottom of the
inserts after 24 hours were imaged using Olympus CX41
microscope (Center Valley, PA) or were stained with 0.1%
crystal violet, followed by extraction with methanol.
Absorbance at 590 nm wavelength was recorded on a
spectrophotometer (SpectraMax; Microdevices, Sunny-
vale, CA).
Cell Proliferation and Viability Assay

BxPC-3 cells transfected with siRNA oligos were cultured
in RPMI supplemented with 0.5% fetal bovine serum and
analyzed by MTT assay as described previously.42 Absor-
bance at 560 nm and 700 nm was measured on spectro-
photometer (SpectraMax; Microdevices).
The American Journal of Pathology - ajp.amjpathol.org
Human Specimens

Formalin-fixed, paraffin-embedded human tissues of in-
dividuals with pancreatic cancer, CP, and normal pancreas
were acquired from the biorepository at Cedars-SinaiMedical
Center and analyzed under a protocol approved by theCedars-
Sinai Internal Review Board (protocol 34086). Patients with
histologically provenCPor PDACwere included in the study.
Patients who had undergone chemotherapy or radiotherapy or
patients with pancreatic adenocarcinomas who have CP-like
morphologic changes adjacent to the tumor were excluded.
The Oncomine analysis tool (Thermo Fisher Scientific,
Waltham,MA)43 was used to analyze the microarray data sets
of Badea et al44 and Pei et al.45
IHC and IF

Immunohistochemistry (IHC) and immunofluorescence (IF)
were performed as described previously.46 Briefly, formalin-
fixed, paraffin-embedded sections (4 mm) were subjected to
de-paraffin treatment and heat-induced antigen retrieval,
blocked in Animal-free Blocker (Vector Laboratories, Bur-
lingame, CA), and stained with antibodies as indicated or an
isotype-matched IgG as negative control. For IHC, the Dia-
minobenzidine Peroxidase substrate kit (SK4100; Vector
Laboratories) was used. The images were captured using
Aperio Imagescope (Leica, Buffalo Grove, IL) or Leica TCS
SP5 Confocal microscope (Leica).
Statistical Analysis

All data were collected from three or more independent ex-
periments, and values were expressed as means � SD. Sta-
tistical significance was assessed using t-test or Fisher’s exact
test (for gene coexpression analysis in the IF study). Results
with P < 0.05 were considered statistically significant.
Results

Cah-11 Expression in Normal and Diseased Human
Pancreatic Tissues

To evaluate Cad-11 expression levels in clinical specimens,
we performed IHC on normal pancreas, CP, and pancreatic
cancer tissues obtained from eight individuals for each
condition. In normal pancreas, Cad-11 can be detected at
low levels in acinar cells, with a membrane localization
pattern that is consistent with its known role in establishing
cell-to-cell contact (Figure 1A). Among tissues of both CP
and pancreatic cancer, significantly elevated levels of Cad-
11 were observed in stromal cells that resemble the
morphologic characteristics of activated PSCs (Figure 1). In
addition, Cad-11 can be detected on the plasma membrane
of cancer cells of primary PDAC tissues (Figure 1A) and of
the cancer cells disseminated to the liver (Figure 1B).
149
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Table 1 Correlation Coefficient for Selected Genes Coexpressed with Cad-11 Identified in the Badea et al44 Data Set

Gene symbol Full name Reporter ID Correlation

EDNRA* Endothelin receptor type A 204464_s_at 0.962
SPARC* Secreted protein acidic and cysteine rich 200665_s_at 0.962
F2R* Coagulation factor II (thrombin) receptor 203989_x_at 0.949
NREP Neuronal regeneration related protein 201309_x_at 0.939
COL4A2 Collagen type IV a 2 211966_at 0.933
COL4A1 Collagen type IV a 1 211980_at 0.933
COL1A1* Collagen type I a 1 202311_s_at 0.910
COL1A2* Collagen type I a 2 229218_at 0.910
COL3A1* Collagen type III a 1 232458_at 0.910
COL5A1* Collagen type V a 1 203325_s_at 0.910
FN1 Fibronectin 1 210495_x_at 0.910
LOXL1 Lysyl oxidase-like 1 203570_at 0.910
RUNX1* Runt-related transcription factor 1 209360_s_at 0.910
SRPX2* Sushi-repeat-containing protein, X-linked 2 205499_at 0.910
SH3PXD2A* SH3 and PX domains 2A 224817_at 0.910
Thy-1* Thy-1 cell surface antigen 213869_x_at 0.910
TIMP1* TIMP metallopeptidase inhibitor 1 201666_at 0.910
TPBG Trophoblast glycoprotein 203476_at 0.910
THBS2* Thrombospondin 2 203083_at 0.910
VCAN* Versican 211571_s_at 0.910
GPNMB Glycoprotein (transmembrane) nmb 201141_at 0.910
PLXDC2 Plexin domain containing 2 227276_at 0.910
MYOF Myoferlin 211864_s_at 0.910
DACT1* Dapper, antagonist of b-catenin, homolog 1 219179_at 0.910
AEBP1* AE binding protein 1 201792_at 0.910
CTHRC1* Collagen triple helix repeat containing 1 225681_at 0.910
SULF1* Sulfatase 1 212344_at 0.910
MXRA5* Matrix-remodelling associated 5 209596_at 0.902
VGLL4 Vestigial like 4 212399_s_at 0.895
RASAL2 RAS protein activator like 2 222810_s_at 0.895
MRC2* Mannose receptor, C type 2 37408_at 0.885
PDGFRB* Platelet-derived growth factor receptor, b 202273_at 0.885
NOTCH3 Notch homolog 3 203238_s_at 0.885
LOX Lysyl oxidase 204298_s_at 0.861
SNAI2 Snail homolog 2 213139_at 0.861
NUAK1 NUAK family kinase 1 204589_at 0.856
POSTN* Periostin 1555778_a_at 0.844
FAP* Fibroblast activation protein, a 209955_s_at 0.838

*Genes also identified in the Pei et al45 data set.
Cad-11, cadherin-11; ID, identification.

Birtolo et al
By IF, Cad-11 shows a membranous expression pattern in
the cancer cells (Figure 2A). In the stromal regions, almost
all of the cells that are stained positively for Cad-11 also
express a-SMA (Figure 2B and Supplemental Table S1), an
established marker of activated PSCs.16 These results indi-
cate that Cad-11 is expressed in activated PSCs that are
closely associated with CP and pancreatic cancer.

We compared Cad-11 mRNA levels between normal and
PDAC tissues of a larger sampling size using publically
available microarray data sets.44,45 The results indicate that
PDAC is associated with a significant increase of Cad-11
expression (Figure 3 and Supplemental Figure S2). We also
used the Oncomine coexpression tool to identify genes
coexpressed with Cad-11. Interestingly, many of the top genes
identified represent stromal signature genes (Tables 1 and 2
and Supplemental Figure S2). These include genes that
150
encode proteins known for playing a role in fibrosis or stellate
cell functions (eg, various forms of collagens, FN1, FAP,
LOXL1, LOX, MXRA5, TIMP1, SPARC, and POSTN)
(Tables 1 and 2). A search using other mesenchymal cad-
herins, such as N-cadherin, does not produce similar results,
indicating that the coexpression pattern is unique to Cad-11.

Up-Regulation of Cah-11 in Activated PSCs and
Pancreatic Cancer Cell Lines

We examined Cad-11 expression in human PSCs isolated
from CP and in human pancreatic cancer cells by qPCR.
The early passages of PSCs isolated from a CP patient
(ie, PSC-CP) are activated, as indicated by high expression
levels of a-SMA compared with those isolated from the
adjacent normal pancreatic tissue in the same patient
ajp.amjpathol.org - The American Journal of Pathology
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Table 2 Correlation Coefficient for Selected Genes Coexpressed with Cad-11 Identified in the Pei et al45 Data Set

Gene symbol Full name Reporter ID Correlation

THBS2* Thrombospondin 2 203083_at 0.957
VCAN* Versican 204619_s_at 0.954
SPARC* Secreted protein acidic and cysteine rich 200665_s_at 0.945
COL3A1* Collagen type III a 1 215076_s_at 0.945
COL1A2* Collagen type I a 2 202403_s_at 0.945
COL5A1* Collagen type V a1 212489_at 0.945
CTHRC1* Collagen triple helix repeat containing 1 225681_at 0.945
FAP* Fibroblast activation protein, a 209955_s_at 0.932
COL6A3 Collagen type VI a3 201438_at 0.924
Thy-1* Thy-1 cell surface antigen 213869_x_at 0.924
SULF1* Sulfatase 1 212344_at 0.908
LEF1 Lymphoid enhancer-binding factor 1 221558_s_at 0.908
RUNX2 Runt-related transcription factor 2 232231_at 0.908
POSTN* Periostin 1555778_a_at 0.908
SRPX2* Sushi-repeat-containing protein, X-linked 2 205499_at 0.908
EDNRA* Endothelin receptor type A 201666_at 0.893
DACT1* Dapper, antagonist of b-catenin, homolog 1 219179_at 0.884
AXL AXL receptor tyrosine kinase 202686_s_at 0.871
BMPR2 Bone morphogenetic protein receptor, type II 225144_at 0.871
PALLD Palladin 200906_s_at 0.871
TIMP1* TIMP metallopeptidase inhibitor 1 201666_at 0.856
COL1A1* Collagen type I a1 202311_s_at 0.856
FBN1 Fibrillin 1 235318_at 0.855
CTSK Cathepsin K 202450_s_at 0.855
RUNX1* Runt-related transcription factor 1 209360_s_at 0.842
MXRA5* Matrix-remodelling associated 5 209596_at 0.832
MRC2* Mannose receptor, C type 2 37408_at 0.819
SH3PXD2A* SH3 and PX domains 2A 231823_s_at 0.819
PDGFRB* Platelet-derived growth factor receptor, b 202273_at 0.819
F2R* Coagulation factor II (thrombin) receptor 203989_x_at 0.819
AEBP1* AE binding protein 1 201792_at 0.819
Gli2 GLI family zinc finger 2 228537_at 0.819

*Genes also identified in the Badea et al44 data set.
Cad-11, cadherin-11; ID, identification.

Cadherin-11 in Activated PSC and PDAC
(ie, PSC-N) (Figure 4B). Interestingly, the mRNA levels of
Cad-11 were 29.2- � 1.3-fold greater in the PSCs isolated
from CP tissue than PSCs isolated from normal pancreatic
tissue (Figure 4A). We noted that HPDE6, an immortalized
human pancreatic ductal epithelial cell line, shows the
lowest levels of Cad-11 mRNA levels (Figure 4A). In
comparison, Cad-11 levels are higher among the pancreatic
cancer cell lines that we tested, with the HPAFII and MIA
PaCa 2 cells exhibiting 6.9- � 1.3-fold and 2.3- � 1.5-fold
higher levels of Cad-11 mRNA expression, respectively,
and BxPC-3 cells exhibiting a 20.7- � 2.5-fold higher level
of Cad-11 over that of HPDE6 (Figure 4A).

Next, we evaluated overall Cad-11 protein levels by
Western blot analysis using two previously established
Cad-11especific monoclonal antibodies, which are reactive
with an intracellular (5B2H547) and extracellular
(3H1048,49) epitope, respectively. Consistent with the qPCR
data, our results showed that the PSCs from CP samples
expressed 5.1- � 1.3-fold higher levels of Cad-11 protein
than those isolated from normal tissue (Figure 4B). Of note,
Cad-11 protein was detected at low levels in the
The American Journal of Pathology - ajp.amjpathol.org
immortalized, but untransformed, HPDE6 cells
(Figure 4B). Among the human pancreatic cell lines we
examined, BxPC-3 exhibited the highest levels of Cad-11 at
4.4- � 1.2-fold above the HPDE6 control (Figure 4B).

To demonstrate expression of Cad-11 on the plasma
membrane, we conducted flow cytometric analysis using
antieCad-11 antibody 3H10. We found that the intensity of
Cad-11 staining on the cell surface of PSCs isolated from
CP tissue was 18.1- � 4.6-fold greater than that from
normal tissue (Figure 4, C and E, and Supplemental
Figure S3). Similarly, BxPC-3 cells also exhibited a
7.6- � 2.4-fold greater level of Cad-11 expression on the
plasma membrane than HPDE6 cells (Figure 4, D and E,
and Supplemental Figure S3).

Effect of Cad-11 Knockdown on BxPC3 Cell Migration
and Proliferation

Using two different siRNAs specific for Cad-11 (siCad-11-
H3 and siCad-11-H4), we were able to suppress cad-11
expression levels in BxPC-3 cells, as documented by both
151
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Figure 4 Cad-11 expression in isolated human primary PSCs and pancreatic cell lines. A: Quantitative PCR analysis of Cad-11 mRNA levels expressed as fold
change compared with PSC-N or HPDE6 control. B: Western blot analysis of Cad-11 protein levels. Densitometric quantification of data is shown in the graph as
fold change using PSC-N or HPDE6, respectively, as control. The arrowheads indicate the bands that represent the pro- and mature forms of the Cad-11
protein. C: Flow cytometric analysis of Cad-11 in PSC-N and PSC-CP. Overlay of the histogram is shown. D: Flow cytometric analysis of Cad-11 in BxPC-3
and HDPE6 cells. E: Flow cytometric comparison of Cad-11 between PSC-N and PSC-CP or HPDE6 and BxPC-3. Data are expressed as fold change compared
with PSC-N or HPDE6 control, and the error bars represent SD (A, B, and E). n Z 3 separate experiments (A, B, and E). *P < 0.05, **P < 0.01. APC-A,
allophycocyanin area; Cad-11, cadherin-11; CP, chronic pancreatitis; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDPE6, immortalized human
pancreatic epithelial cell; PSC, pancreatic stellate cell; PSC-CP, PSC isolated from CP tissue; PSC-N, primary PSC isolated from normal pancreas; a-SMA,
a-smooth muscle actin.
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Western blot analysis and qPCR (Figure 5, A and B).We then
used the Transwell assay to evaluate the effect of Cad-11
silencing on cancer cell migration. As shown in previous
studies, TGF-b can enhance BxPC-3 cell migration.50,51 We
found that TGF-b, as well as fetal bovine serum, can up-
regulate Cad-11 expression in BxPC-3 cells cultured in
serum-free medium (Figure 5C). The migratory capacity of
BxPC-3 was significantly suppressed after Cad-11 silencing,
both in the presence and absence of TGF-b (Figure 5, D and
E). However, ablation of Cad-11 expression did not affect
BxPC-3 cell proliferation (Figure 5F). Moreover, the migra-
tory behavior of the pancreatic cancer cell lines we tested
correlates with their Cad-11 expression levels (Figure 4 and
Supplemental Figure S4). Together, these results indicate that
cad-11 exerts a role in the migration, but not proliferation, of
the pancreatic cancer cell line BxPC3 in the in vitro setting.

Discussion

In this study we examined Cad-11 expression levels in both
normal and diseased pancreatic tissues. Our data indicate
152
that, although Cad-11 is expressed at low levels on the
membrane of the parenchymal cells in normal pancreas, its
expression is significantly increased in CP and pancreatic
cancer tissues. The association between increased expres-
sion of Cad-11 levels and PDAC was further corroborated
by our analysis of gene microarray data sets. At the cellular
level, up-regulation of Cad-11 has been found in both
cancer cells and PSCs associated with PDAC or CP. In
addition, we showed an increased Cad-11 expression in
pancreatic cancer cell lines BxPC-3 and MIA PaCa-2
compared with the untransformed pancreatic ductal cell
line HPDE. These findings in pancreatic cancer are consis-
tent with previous reports that implicated Cad-11 signaling
in other forms of human malignancy.32e36

Our results indicate that Cad-11 may be involved in
pancreatic cancer cell migration. Expression of Cad-11 on the
surface of cancer cells circulating in the blood has been re-
ported.52,53 Indeed, Cad-11emediated cell adhesion has been
shown to facilitate breast and prostate cancer cell migration
to distant sites, particularly to the bone.34,54e57 Of note, we
showed that TGF-b treatment leads to up-regulation of Cad-
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Knockdown of cad-11 reduced pancreatic cancer cell migration. A: Quantitative PCR analysis of Cad-11 mRNA levels in BxPC-3 cells transfected
with control (siControl) or Cad-11especific siRNAs (siCad-11 H3 and H4). B: Western blot analysis of Cad-11 protein levels in BxPC-3 cells transfected with
control or Cad-11especific siRNAs. The graph shows densitometric quantification of Cad-11 levels normalized to GAPDH. C: Western blot analysis of Cad-11 and
GAPDH protein levels in BxPC-3 cells after 24-hour incubation in medium containing 10% FBS, SF, or SF containing 5 ng/mL TGF-b. D: Microscopic image of
migrated BxPC-3 cells in Transwell. BxPC-3 cells were transfected with control or Cad-11especific siRNA (siCad-11 H3). The concentration of TGF-b is indicated.
E: Quantification of Transwell migration as shown in D by crystal blue staining. F: MTT assay of BxPC-3 cell viability 72 hours after transfection with control or
Cad-11especific siRNA (siCad-11 H3). Data are expressed as fold change compared with siControl, and the error bars represent SD (A, B, E, and F). n Z 3
separate experiments (A, B, E, and F). *P < 0.05, **P < 0.01. Cad-11, cadherin-11; CTRL, control; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; SF, serum-free medium; TGF-b, transforming growth factor b.

Cadherin-11 in Activated PSC and PDAC
11 expression in BxPC3 cells, similar to previous studies
using a lung cancer cell line31 or cardiac valve myofibro-
blasts.58 This accounts for, as least in part, our finding that
silencing Cad-11 can reduce TGF-beinduced cancer cell
migration. Downstream of TGF-b signaling, the epithelial-to-
mesenchymal transitioneassociated transcriptional factor
ZEB2 and Sp1 appear to be involved in up-regulation of
Cad-11 expression, as shown by studies using colon, gastric,
or liver cancer cells.59 Conversely, Cad-11 may also mediate
TGF-b production31,60 and constitute a feed-forward mech-
anism in TGF-b signaling. Clearly, additional work is needed
to decipher the crosstalk between Cad-11 and TGF-b
signaling pathways that mediates the aberrant migratory
behavior of pancreatic cancer cells.

Our finding of elevated levels of Cad-11 in the PSCs
associated with CP and PDAC suggests that Cad-11 could
potentially represent a cell surface marker for stellate cell
activation. In this regard, Cad-11 signaling may play an
important role in mediating the function of activated stellate
The American Journal of Pathology - ajp.amjpathol.org
cells, which act as a central player in defining the fibrotic
and inflammatory microenvironment in both pancreatitis
and cancer.16,61 The PSCs associated with PDAC, by pro-
ducing growth factors and cytokines that promote cell pro-
liferation and inflammation,16 can conceivably contribute to
the progression of malignancy. However, the fibrotic envi-
ronment generated by the stellate cells may also constrain
the growth of the tumor. Notably, several recent studies
showed that depletion of stellate cells lead to undifferenti-
ated and more aggressive malignancy, suggesting that the
stellate cells may play a role in restricting pancreatic cancer
progression.62,63 It is also possible that the cancer-associated
stellate cells consist of distinct subpopulations that play
opposing roles in cancer progression.61 It would be of in-
terest to determine the role of Cad-11eexpressing PSCs in
the progression of pancreatic malignancy.

In summary, our study demonstrated the expression pat-
terns of Cad-11 in both normal and diseased human pancreas.
The elevated expression levels of Cad-11 in PSC associated
153
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with CP and pancreatic cancer implicate a role in maintaining
the activated phenotype of PSCs. Moreover, our data support
the notion that Cad-11emediated cell adhesion and signaling
events participate in cancer cell migration involved in the
spread and metastasis of the tumor.
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