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Abstract

Heparin-binding epidermal growth factor-like growth factor
(HB-EGF) is a member of the EGFgrowth factor family. Initially
synthesized as a membrane-bound precursor (pro-HB-EGF), it
is cleaved at the juxtamembrane domain to release the soluble
form of HB-EGF (s-HB-EGF) by sheddases, including matrix
metalloproteinases (MMP) and a disintegrin and metallopro-
teinases. This is a process referred to as ectodomain shedding
and is implicated in the process of all ligands of the EGF
receptor (EGFR) family. The tumorigenic potential of s-HB-EGF
has been studied extensively; however, the role of pro-HB-EGF
in tumor progression is unknown, despite the fact that a
considerable amount of pro-HB-EGF remains on the cell
membrane. Our data here clearly indicated the distinct role
of pro-HB-EGF in the regulation of E-cadherin expression and
the epithelial-mesenchymal transition. We showed here that
the expression of pro-HB-EGF was associated with the
differentiation status in pancreatic tumors and cell lines.
Expression of noncleaved pro-HB-EGF in pancreatic cells
resulted in the up-regulation of E-cadherin through suppres-
sion of ZEB1 , which is a transcriptional repressor of
E-cadherin . Inhibition of HB-EGF shedding using a MMP
inhibitor, GM6001, also dramatically augmented the
E-cadherin expression while suppressing the EGFR activation.
Moreover, up-regulation of E-cadherin by pro-HB-EGF not only
resulted in cellular morphologic change but also decreased
cell motility and enhanced apoptotic sensitivity in response
to gemcitabine-erlotinib treatment. Collectively, our data
defined a distinct role of pro-HB-EGF in the regulation of
E-cadherin , suggesting that inhibition of shedding may be a
novel approach to suppress pancreaticmetastasis and sensitize
cells to cancer therapy. [Cancer Res 2007;67(18):8486–93]

Introduction

Heparin-binding epidermal growth factor-like growth factor
(HB-EGF) is a member of the EGF growth factor family. It is
initially synthesized as a membrane-bound precursor (pro-HB-
EGF), which is subsequently cleaved at the juxtamembrane domain
by matrix metalloproteinases (MMP) and a disintegrin and

metalloproteinases, a process often referred as ectodomain
shedding (1–3). The soluble form of HB-EGF (s-HB-EGF) is then
released from the cell membrane and exerts its mitogenic activity
via activating the EGF receptor (EGFR) or other ErbB receptors
(4–7). Recent studies have indicated that s-HB-EGF plays a key
role in the acquisition of malignancy, such as tumorigenicity (8, 9)
and resistance to chemotherapy (10). However, little is known of
the pro-HB-EGF and its involvements in tumor development
and cancer therapy despite the fact that a considerable amount of
pro-HB-EGF remains on the cell membrane uncleaved.
Singh et al. (11) reported recently that pro-HB-EGF modulated

hepatocyte growth factor/scatter factor (HGF/SF)–induced cellular
responses in Madin-Darby canine kidney cells cells. Expression
of mutated noncleavable membrane-bound HB-EGF promoted
cell-matrix and cell-cell interaction, decreased cell migration,
and HGF/SF–induced cell scattering. By contrast, expression of
s-HB-EGF not only increased cell migration but also decreased cell-
matrix and cell-cell interactions and promoted the development of
long unbranched tubular structures in response to HGF/SF. These
findings suggested that pro-HB-EGF and s-HB-EGF had different
effects on cell-cell and cell-extracellular matrix interactions.
Meanwhile, Iwamoto et al. (12) observed that when interleukin-
3–dependent hematopoietic 32D cells were cocultured on a mono-
layer of Vero-H cells overexpressing pro-HB-EGF, growth inhibition
and subsequent apoptosis were induced in the DER cells even in
the presence of excess amounts of EGF or s-HB-EGF. They also
showed that the inhibitory signal induced by pro-HB-EGF was
mediated via EGFR and that the cytoplasmic domain of EGFR was
essential for pro-HB-EGF–induced apoptosis. The involvement of
pro-HB-EGF in cell-cell contact was also supported by the study
showing that coexpression of pro-HB-EGF and CD9 might render
the renal epithelial cells more resistant to the disruption of cell-cell
and cell-matrix interactions (13).
Our study found that pro-HB-EGF is involved in the epithelial-

mesenchymal transition (EMT) via regulating E-cadherin (CDH1)
expression in pancreatic carcinoma cells. EMT is a central process
implicated in the progression of primary tumors toward metastasis
(a switch from the polarized, epithelial phenotype to a highly
motile fibroblastoid or mesenchymal phenotype). Associated with
these phenotypic changes, loss of E-cadherin is the hallmark of
EMT (14). During tumor progression, E-cadherin can be silenced by
different mechanisms, such as the promoter hypermethylation (15)
or transcriptional repression (16, 17). The primary transcriptional
repressors of E-cadherin are zinc finger transcription factors,
including Snail, Slug, SIP/ZEB-2, and yEF/ZEB-1 (18–23). These
transcription factors down-regulate the expression of E-cadherin
via interacting with two 5¶-CACCTG (E-box) sequences of the
E-cadherin promoter (19, 24).
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In this study, we showed a distinct role of pro-HB-EGF in the
regulation of E-cadherin. Exogenous pro-HB-EGF was sufficient
to augment E-cadherin transcription through the suppression of
ZEB1 expression. Furthermore, up-regulation of E-cadherin by pro-
HB-EGF not only caused cell morphology change but also resulted
in higher sensitivity to chemotherapy treatment. Our data suggest
that inhibition of HB-EGF shedding to preserve more pro-HB-EGF
may be a novel approach in cancer therapy.

Materials and Methods

Reagents. Polyclonal antibody against HB-EGF was purchased from
R&D Systems, Inc., which recognizes predominantly the membrane-bound

HB-EGF. Polyclonal antibodies against E-cadherin, phospho-EGFR, EGFR,

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), respectively,
were purchased from Cell Signaling. ZEB1 antibody was purchased from

Abcam. FITC-labeled E-cadherin antibody was purchased from BD

Biosciences. SMARTpool small interfering RNA (siRNA) kits against HB-

EGF, ZEB1 , and nontargeting scramble siRNA were purchased from
Dharmacon, Inc. ZEB1-expressing construct was generously provided by

Dr. Michel M. Sanders (Department of Biochemistry, Molecular Biology &

Biophysics, University of Minnesota, Minneapolis, MN). Apoptosis assay kit

Annexin V-CY5 was purchased from BD PharMingen (BD Biosciences).
Cell culture and generation of stable clones expressing different

forms of HB-EGFs. Human pancreatic carcinoma cell lines, including

PANC-1, Capan-1, Capan-2, BxPc-3, and MiaPaCa-2, were purchased from
the American Type Culture Collection (ATCC) and cultured according to

ATCC recommendation. Generation of stable PANC-1 clones expressing

wild-type membrane-bound HB-EGF (wt-pro-HB-EGF) and mutated

uncleaved pro-HB-EGF (mut-pro-HB-EGF) was described previously (8, 10).

Wound healing assay. The wound healing assay was done as described
(25). Briefly, cells were grown to confluence in six-well plates. Cells were

treated with 100 mmol/L hydroxyurea (Sigma-Aldrich) for 24 h in serum-

free medium to block cell proliferation. The cross-shaped wound was made

on the monolayer using a sterile 200-AL pipette tip. Cells were rinsed with
PBS and maintained in serum-free medium for an additional 18 h, and the

cross-shaped wounds were photographed.

Immunocytochemistry. Cells were fixed in PBS containing 4%

paraformaldehyde for 20 min and washed thrice with PBS followed by
permeabilization with 0.1% Triton X-100 for 5 min. Antibodies were diluted

in PBS containing 5 mg/mL bovine serum albumin. In membrane

localization of E-cadherin, HB-EGF was detected by labeling nonpermea-

blized cells. Fixed cells were incubated with primary antibodies overnight at
4jC followed by incubation with secondary antibodies for another 60 min.

Images were acquired on an inverted immunofluorescence microscope

(100� objective, model IX70, Olympus).
Immunohistochemistry. Tissue samples from normal human pancreas

(n = 5) and pancreatic ductal adenocarcinoma (PDAC) patients (n = 20)

were generously provided by Dr. Sarah Thayer (Division of General Surgery,

Massachusetts General Hospital, Boston, MA) or obtained from Massachu-
setts General Hospital tumor bank. Freshly removed tissue samples were

fixed in 10% formaldehyde solution and paraffin embedded for histologic

analysis. Following antigen demasking for 20 min in the preheated water

bath (95–100jC), sections were subsequently deparaffinized in xylene. Slides
were then blocked with normal horse serum (diluted 1:20 in PBS) for

30 min. Antigens were detected using a standard three-step method with

primary goat anti–HB-EGF antibody (1:100 working dilution), biotinylated
secondary antibody (1:50 working dilution), and streptavidin-horseradish

peroxidase (1:300 in PBS). After blocking the endogenous peroxidase activity

by 0.3% hydrogen peroxide in methanol and after two washes in PBS, the

reaction was visualized with 3,3¶-diaminobenzidine (DAKO) according to

Figure 1. HB-EGF mRNA and protein expression in human PDAC tissues (A ) and in human pancreatic cancer cell lines (B and C ). A, HB-EGF immunostaining
of specimens from normal pancreas and PDACs. HB-EGF immunoreactivity was faint in normal pancreas and poorly differentiated PDACs, whereas it was
abundant in well-differentiated to moderately differentiated PDACs. Original magnification, �20. B, HB-EGF mRNA expression was analyzed by q-RT-PCR in
normal pancreas and pancreatic carcinoma cell lines, including Capan-1, Capan-2, and BxPc-3 (well differentiated to moderately differentiated) and PANC-1 and
MiaPaCa-2 (poorly differentiated). C, pro-HB-EGF protein was analyzed by Western blotting in normal pancreas and pancreatic carcinoma cell lines. Housekeeping
gene GAPDH was used as internal control. Pro-HB-EGF was highly expressed in well-differentiated to moderately differentiated cell lines.
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the manufacturer’s instructions. A negative control was set up by

replacement of the polyclonal anti–HB-EGF antibody with normal goat
IgG. All negative control specimens showed no nonspecific staining.

siRNA-mediated gene silencing of HB-EGF and ZEB1 . Cells were

grown to 60% to 80% confluence and SMARTpool siRNAs against HB-EGF

or ZEB1 were transfected into cells using the TransIT-TKO (Mirus) or

DharmaFECT2/4 transfection reagents (Dharmacon) according to the

manufacturer’s instructions. Nontargeting scramble siRNA was used as a

negative control. Briefly, transfection reagent was incubated in serum-free

medium for 5 min. Subsequently, the respective siRNA was added. After

incubation for 15 min at room temperature, the mixture was diluted with

medium and added to each well. The final concentration of each siRNA in

transfection was 50 nmol/L. After incubation for 24 h, cells were washed

and resuspended in fresh culture medium for an additional 24 to 48 h before

harvest.

Detection of gene expression using quantitative reverse transcrip-
tion-PCR. Expression of HB-EGF, E-cadherin , and ZEB1 genes were

measured by quantitative reverse transcription-PCR (q-RT-PCR). Taqman-

labeled specific probes of HB-EGF, E-cadherin , and ZEB1 genes were

purchased from Applied Biosystems. The reaction of q-RT-PCR was done

using Taqman Gene Expression Assays on Applied Biosystems 7300 Real-

time PCR Systems (Applied Biosystems). Human endogenous GAPDH gene

was used as control group.
Cell motility assay. Motility assay was done in 6.5-mm-diameter

Transwell chambers (Costar) with a porous polycarbonate membrane

(8.0 micron pore size). In the experiment, after 6 h of serum starvation, the

cells (104 each per well) were seeded on the upper side of the filter in serum-
free medium and 10% fetal bovine serum (FBS)–containing medium was

added to the lower chambers. After 12 h, cells on the upper side of the filters

were mechanically removed. Cells migrated to the lower side were fixed

with 4% paraformaldehyde and stained with 0.25% Coomassie blue. The
filters were photographed and the cells were counted.

Flow cytometry assay. Apoptosis was assessed by fluorescence-

activated cell sorting analysis using Annexin V staining (Roche Diagnostics)

as described previously (10). Flow cytometric analysis of stained cells was
done on the Becton Dickinson FACSCalibur (Becton Dickinson).

Results

Expression of membrane-bound HB-EGF in PDAC tissues
and cell lines. Previous clinical studies have indicated that the
pro-HB-EGF expression was correlated with small size and early-
stage tumor formation and inversely related to lymph node
metastasis in colonic neoplasm, hepatocellular carcinoma, and
breast cancer (26–29). To investigate the pro-HB-EGF expression in
pancreatic cancer, we first analyzed the expression of HB-EGF in
PDAC tissue samples using immunohistochemistry. The primary
antibody against HB-EGF recognized predominantly the pro-HB-
EGF. Stronger HB-EGF immunoreactivity was observed in well-
differentiated and moderately differentiated PDAC tissues, whereas
faint HB-EGF staining was present in normal pancreatic tissue and
poorly differentiated PDACs (Fig. 1A). Then, the expression of HB-
EGF mRNA was analyzed in a panel of pancreatic carcinoma cell
lines with different differentiation status (30) compared with
normal pancreas using q-RT-PCR. As shown in Fig. 1B , higher
expression of HB-EGF mRNA was observed in well-differentiated to
moderately differentiated cell lines, including Capan-1, Capan-2,

Figure 2. Pro-HB-EGF expression changes cell morphology via up-regulating E-cadherin expression. A, mut-pro-HB-EGF induces the expression of E-cadherin
protein in PANC-1 and Capan-1 cells. B, mut-pro-HB-EGF expression promoted the transcriptional activity of E-cadherin . The mRNA level of E-cadherin in PANC-1 and
Capan-1 cells was measured by q-RT-PCR. GAPDH expression was used as endogenous control. C, expression of mut-pro-HB-EGF induces morphologic change
in PANC-1 cells. Phase-contrast images of cells (PANC-1/vector and PANC-1/mut-pro-HB-EGF) were cultured for 3 d on collagen I–coated plate. Mut-pro-HB-EGF–
expressing cells show highly packed cuboidal epithelial-like morphology, whereas vector cells form a fibroblastic spindle-like morphology. D, immunofluorescent
staining of PANC-1/vector– and PANC-1/mut-pro-HB-EGF–expressing cells. Fluorescence signals specific to E-cadherin antibody was visualized as green,
and fluorescence signals specific to HB-EGF were visualized as red. DAPI (blue ) was used to indicate nuclear. The induced E-cadherin by mut-pro-HB-EGF was
expressed exclusively in the cellular basolateral membrane, whereas, in the vector control cells, E-cadherin was stained randomly in and around the cytoplasm.
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and BxPc-3 cells, whereas in poorly differentiated cell lines, HB-
EGF mRNA level was relatively low (in PANC-1 cells) or
undetectable (in MiaPaCa-2 cells). Similar results were obtained
at the protein level, as we observed that the expression of pro-HB-
EGF protein was relatively higher in well-differentiated to
moderately differentiated cell lines compared with poorly differ-
entiated cell lines using Western blotting (Fig. 1C). These data
indicated that pro-HB-EGF expression in pancreatic carcinoma
cells was associated with cell differentiation status.
HB-EGF expression changes cell morphology via up-regula-

tion of E-cadherin. Because the process of cell differentiation is
often related to EMT, we attempted to investigate the potential role
of pro-HB-EGF in the regulation of EMT-related gene expression.
To differentiate the roles of membrane-bound and s-HB-EGF, we
developed stably transfected PANC-1 cells expressing mutated
uncleaved pro-HB-EGF (PANC-1/mut-pro-HB-EGF) and vector-
transfected control (PANC-1/vector). Meanwhile, Capan-1 cells
were also transiently transfected with vector or mut-pro-HB-EGF
constructs. We detected stronger expression of E-cadherin in mut-
pro-HB-EGF–expressing cells compared with vector control cells
by use of Western blotting and q-RT-PCR (Fig. 2A and B). When
cells were grown on collagen-coated two-dimensional surface,
PANC-1/mut-pro-HB-EGF cells retained tightly packed cuboidal
epithelial-like morphology, whereas PANC-1/vector cells exhibited
a fibroblastic spindle-shaped morphology (Fig. 2C). Immunocyto-
chemistry was further done to monitor the subcellular distribution
of E-cadherin (Fig. 2D). The induced E-cadherin by mut-pro-HB-
EGF expression was observed exclusively in the cellular basolateral
membrane, whereas, in the vector control cells, E-cadherin was
stained randomly in and around the cytoplasm. Because mut-pro-
HB-EGF and E-cadherin were both present at the cell membrane,
we attempted to detect whether mut-pro-HB-EGF could physically

interact with E-cadherin using coimmunoprecipitation. However,
we did not observe any interaction between E-cadherin and mut-
pro-HB-EGF or wt-pro-HB-EGF (data not shown).
Suppression of endogenous HB-EGF expression using siRNA

down-regulates E-cadherin expression. To investigate the role of
endogenous HB-EGF in the regulation of E-cadherin expression, we
transiently transfected PANC-1, BxPc-3, and Capan-2 cells with
siRNA against the HB-EGF gene. Seventy-two hours later, we
observed that endogenous HB-EGF and E-cadherin expression were
both suppressed as measured by q-RT-PCR and Western blotting
(Fig. 3A and B). These data suggested that HB-EGF expression was
necessary to sustain E-cadherin expression.
Mut-pro-HB-EGF up-regulates E-cadherin due to the sup-

pression of ZEB1 expression. Two major causes of aberrant
E-cadherin expression have been established: the promoter hyper-
methylation (15) and the transcription repression (16, 17). In
PANC-1 cells, the promoter of E-cadherin gene remains intact and
the expression of E-cadherin is regulated by collagen type I and II
(31). Based on these findings, we suspected that pro-HB-EGF
expression might regulate the transcriptional repressor genes.
Because the primary transcriptional repressors that suppress
E-cadherin expression are zinc finger proteins including the
members of Slug/Snail family, we attempted to detect the
expression level of these repressors in response to mut-pro-HB-
EGF expression. We did not observe any significant change of Snail,
Slug, Twist , or SIP mRNA or protein in mut-pro-HB-EGF cells as
evidenced by Western blotting or q-RT-PCR (data not shown).
However, ZEB1 expression was suppressed by mut-pro-HB-EGF, as
we observed a 50% inhibition of the endogenous ZEB1 expression
in PANC-1/mut-pro-HB-EGF cells compared with PANC-1/vector
control (Fig. 4A). Transient transfection of siRNA against the
endogenous ZEB1 gene in PANC-1 cells resulted in a 4.2-fold

Figure 3. siRNA-mediated silencing of HB-EGF gene results in the down-regulation of E-cadherin expression. A, PANC-1, BxPc-3, and Capan-2 cells were
transiently transfected with SMARTpool siRNA against HB-EGF . Nontargeting scramble siRNA was used as negative control. Seventy-two hours later, the mRNA
was extracted and the expression of HB-EGF and E-cadherin mRNA was analyzed by q-RT-PCR. B, the protein level of HB-EGF and E-cadherin was analyzed by
Western blotting after transient transfection with siRNA against HB-EGF . Depletion of HB-EGF resulted in the inhibition of E-cadherin expression.
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increase of the endogenous E-cadherin expression compared with
scramble siRNA control transfection (Fig. 4B). We then transiently
transfected cells with ZEB1-expressing construct and observed that
ZEB1 dramatically down-regulated E-cadherin expression in both
mut-pro-HB-EGF cells and vector control PANC-1 cells (Fig. 4C).
Meanwhile, depletion of HB-EGF expression by use of siRNA
resulted in the up-regulation of ZEB1 in PANC-1, BxPc-3, and
Capan-2 cells as measured by q-RT-PCR (Fig. 4D). These data
suggested the potential link of ZEB1 in pro-HB-EGF–mediated
E-cadherin induction, although the mechanism underlying this
regulation is unknown.
Inhibition of the ectodomain shedding by MMP inhibitor

up-regulates E-cadherin expression. Lu et al. (32) showed
previously that activation of EGFR inhibited E-cadherin expression
through up-regulation of Snail. Therefore, we suspected that
inhibition of HB-EGF shedding using MMP inhibitor might produce
more pro-HB-EGF and abrogate EGFR activation, resulting in the
up-regulation of E-cadherin. As we anticipated, treatment of
GM6001, a broad range of MMP inhibitor that has been shown to
inhibit HB-EGF shedding (10, 33, 34), resulted in a dramatic
increase of E-cadherin in wt-pro-HB-EGF–expressing cells (Fig. 5A).
Although the endogenous pro-HB-EGF expression remains very low
in PANC-1 cells, the treatment of GM6001 still had an effect on
E-cadherin induction, as we observed the increased level of pro-
HB-EGF along with E-cadherin up-regulation under GM6001
treatment (Fig. 5A). These data indicated the importance of
endogenous pro-HB-EGF in the regulation of E-cadherin expres-
sion. Meanwhile, the phosphorylation of EGFR was dramatically
diminished in the presence of GM6001, which led us to suspect that
direct inhibition of EGFR activation may also augment E-cadherin

expression. This was confirmed by the treatment of EGFR inhibitor
AG1478, which resulted in the inhibition of EGFR phosphorylation
and up-regulation of E-cadherin expression in both wt-pro-HB-EGF
cells and vector cells (Fig. 5A). Inhibition of EGFR signaling
transduction and shedding activity also had a dramatic effect on
cell morphology, as we observed that treatment of AG1478 or
GM6001 switched cells from fibroblast-like to epithelial-like
morphology on collagen-coated culture surface (Fig. 5B).
Pro-HB-EGF down-regulates cell migration and motility. To

determine whether this up-regulation of E-cadherin was reflected
in the change of cell motility, we first evaluated the ability of
migration of PANC-1/vector cells and PANC-1/mut-pro-HB-EGF
cells. Cells were grown to reach confluence and treated with
hydroxyurea for 24 h in serum-free medium. A cross-shaped wound
was created in the monolayer, and cells were cultured in the serum-
free medium for another 18 h. Figure 5C showed the representative
digital images of the wounded region before and after the
incubation time. Our data showed that mut-pro-HB-EGF expres-
sion significantly reduced the migration ability compared with
vector cells. Similar results were obtained when motility assay was
done. The PANC-1/mut-pro-HB-EGF cells showed less ability to
invade the basement membrane (70% decrease) even in presence of
10% FBS compared with PANC-1/vector cells (Fig. 5D).
Mut-pro-HB-EGF enhances gemcitabine/erlotinib–induced

apoptosis. Studies have shown the correlation between sensitiv-
ity to gefitinib (EGFR inhibitor) and the expression of E-cadherin
and ZEB1, suggesting their predictive value for the responsive-
ness to EGFR tyrosine kinase inhibitors. The up-regulation of
E-cadherin expression increased the sensitivity to EGFR inhibi-
tion in vitro and in vivo in non–small cell lung carcinoma

Figure 4. Mut-pro-HB-EGF promotes E-cadherin expression via suppressing ZEB1 expression. A, mut-pro-HB-EGF expression down-regulated the transcriptional
activity of ZEB1 by 50% as confirmed by q-RT-PCR in PANC-1/mut-pro-HB-EGF cells compared with PANC-1/vector cells. B, suppression of endogenous ZEB1
expression using siRNA increased the endogenous mRNA level of E-cadherin by 4.2-fold as supported by q-RT-PCR. C, exogenous expression of ZEB1 abrogated the
E-cadherin expression in both PANC-1/vector and PANC-1/mut-pro-HB-EGF cells. D, PANC-1, BxPc-3, and Capan-2 cells were transiently transfected with siRNA
against HB-EGF . Seventy-two hours later, the expression of ZEB1 mRNA was analyzed by q-RT-PCR. Suppression of endogenous HB-EGF expression using siRNA
increased the transcriptional activity of ZEB1 .
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(35–37). Based on our findings, we suspected that mut-pro-HB-
EGF expression may augment the sensitivity of chemotherapy
and EGFR inhibition therapy. We treated PANC-1 cells with
erlotinib (EGFR inhibitor) alone or combined with gemcitabine,
which has been approved for locally advanced pancreatic cancer
or metastatic cancer patients. The effect of mut-pro-HB-EGF on
apoptosis in the presence of gemcitabine/erlotinib was analyzed
by flow cytometry. As shown in Fig. 6A , we observed the
increased apoptotic sensitivity in mut-pro-HB-EGF cells in all
three treatments (a 1.73-fold increase in gemcitabine treatment, a
1.36-fold increase in erlotinib treatment, and a 1.81-fold increase
in gemcitabine/erlotinib combination) compared with the same
treatments in control groups. Pretreatment of GM6001 to inhibit
shedding activity also achieved higher sensitivity in all three
treatments (a 1.57-fold increase in gemcitabine treatment, a 1.87-
fold increase in erlotinib treatment, and a 2.41-fold increase in
gemcitabine/erlotinib combination) compared with the group
without GM6001 pretreatment (Fig. 6A). These data indicated

that up-regulation of E-cadherin by pro-HB-EGF enhanced the
apoptotic response to gemcitabine/erlotinib.

Discussion

Our interest in pro-HB-EGF stems from a previous study by
Ongusaha et al. (8) and prior findings in our laboratory that
suggested the dual roles of s-HB-EGF and pro-HB-EGF in the
regulation of tumor progression and chemotherapy response (10).
s-HB-EGF has been extensively studied as a growth factor of EGF
family as it exerts the mitogenic function via activation of the
EGFR signaling transduction. However, a considerable amount of
pro-HB-EGF retains on the cell membrane, and the functional
consequence of pro-HB-EGF is largely unknown. Our results as
well as the work of others (8, 11, 12, 38) suggest that s-HB-EGF and
pro-HB-EGF have distinct roles in tumor development, especially in
the regulation of cell-cell contact and chemotherapy sensitivity.
In our study, we observed a significant increase of E-cadherin

mRNA as well as protein level in mut-pro-HB-EGF–expressing cells.

Figure 5. Inhibition of HB-EGF shedding by use of GM6001 up-regulates E-cadherin via suppressing the EGFR activation. A, PANC-1/vector and PANC-1/wt-
pro-HB-EGF cells were treated with MMP inhibitor (GM6001, 10 Amol/L) or EGFR inhibitor (AG1478, 10 Amol/L) for indicated time. The expression of E-cadherin,
phospho-EGFR, and total EGFR and the shedding of HB-EGF were detected using Western blotting. Inhibition of MMP activity abolished HB-EGF shedding as
supported by the disappearance of tail fragment (10–15 kDa, representing the proteolytic COOH-terminal fragments) and the increased pro-HB-EGF expression
(29 kDa). Treatment of GM6001 or AG1478 both augmented wt-pro-HB-EGF–induced E-cadherin expression via inhibiting EGFR activation. B, treatment of
GM6001 or AG1478 induced the morphology changes. Phase-contrast images of cells (PANC-1/vector and PANC-1/mut-pro-HB-EGF) cultured for 3 d on collagen
I–coated plate in the presence of GM6001 (10 Amol/L) or AG1478 (10 Amol/L). PANC-1/wt-pro-HB-EGF–expressing cells showed highly packed cuboidal epithelial-
like morphology, whereas vector cells exhibited the fibroblastic morphology. C, mut-pro-HB-EGF expression inhibited cell migration. A cross-shaped wound was created
in the monolayer of PANC-1 cells and the representative digital images of the wounded region before and after the incubation periods were visualized. D, effects of
mut-pro-HB-EGF expression on motility of PANC-1 cells were assessed using BD Transwell chamber assays. Cells that migrated to the filter lower side were stained,
photographed, and counted. Histogram showed the inhibition of motility in PANC-1/mut-pro-HB-EGF cells by 70% compared with PANC-1/vector cells. The cells in
eight different fields were counted.
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The induced E-cadherin seemed to localize on the cell membrane
and promoted the E-cadherin expression. Inhibition of endogenous
HB-EGF expression by siRNA clearly showed the down-regulation
of E-cadherin expression. Moreover, the expression of E-cadherin
was negatively associated with EGFR activation and inhibition of
EGFR activation either by EGFR inhibitor (AG1478) or by MMP
inhibitor (GM6001) significantly restored E-cadherin expression.
Multiple zinc finger repressors, including Snail, Slug, Twist, ZEB1,

and SIP, negatively regulate E-cadherin transcription and this
mechanism accounts for most cases of transcriptional repression of
E-cadherin (14, 16, 17, 19, 20, 22, 23). Of thosewell-known transcription
repressors, we found that only the ZEB1 gene expression was
suppressed by mut-pro-HB-EGF, and the inhibition of endogenous
HB-EGF expression by siRNAwas accompanied by 1.6-fold increase of
the endogenous ZEB1 mRNA and decreased E-cadherin expression.
Exogenous ZEB1 restored the suppression of E-cadherin expression in
mut-pro-HB-EGF cells, indicating that mut-pro-HB-EGF regulates
E-cadherin expression via suppressing ZEB1 expression. However, the
mechanism underlying such regulation is unknown yet.
The involvement of pro-HB-EGF in EMT was most evident in the

morphologic change and its effect on cellmigration andmotility. Mut-
pro-HB-EGF–expressing cells retained epithelial-like shape compared
with vector cells with fibroblastic morphology when cultured on the
collagen-coated surface. Cellmotility was also suppressed bymut-pro-
HB-EGF expression as supported by wound healing assay and cell
motility assay. Most importantly, exogenousmut-pro-HB-EGF expres-
sion achieved higher sensitivity to gemcitabine/erlotinib–induced
apoptosis compared with the vector group. Suppression of MMP
activity by GM6001 pretreatment also dramatically enhanced
gemcitabine/erlotinib–induced apoptosis compared with vector
groups. These data provided strong evidence indicating the applica-
bility of combining MMP inhibitors in pancreatic cancer treatment.
There are several clinical studies indicating the negative

involvement of pro-HB-EGF and metastasis. In colonic neoplasm,

hepatocellular carcinoma, breast cancer, and pancreatic adenocar-
cinoma, pro-HB-EGF expression was correlated with small size and
early-stage tumor formation and inversely related to lymph node
metastasis (26–29). In these studies, immunohistochemistry had
been used to detect the expression of HB-EGF in patients with
different cancers, and the expression of HB-EGF detected in tumor
samples was predominantly membrane-bound HB-EGF. These data
coincided with our immunohistochemical study of the pancreatic
tumors and cell lines, which indicated that the expression of pro-
HB-EGF was associated with differentiation status and might be
negatively involved in the regulation of EMT. However, it remains
unclear whether the transcription activity of HB-EGF gradually
decreases during tumor progression or rather it is the shedding
activity increased so that the pro-HB-EGF is not detectable at late
stage of tumor development? Further studies are needed to address
these questions.
Based on our findings, we propose a model of HB-EGF in tumor

development (Fig. 6B). After shedding, the s-HB-EGF activates
EGFR or other ErbB receptors to promote cell proliferation,
tumorigenesis, and EMT. In contrast, pro-HB-EGF up-regulates
E-cadherin via suppression of ZEB1 expression, which results in the
negative control of EMT and sensitizes cells to chemotherapy.
Therefore, the shedding activity of HB-EGF is a rather critical step
in balancing the protumorigenesis or antitumorigenesis function of
HB-EGF, and inhibition of shedding activity may represent a critical
target to inhibit pancreatic metastasis and promote the efficacy of
cancer therapy.
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Figure 6. Mut-pro-HB-EGF modulates gemcitabine/erlotinib induced apoptosis (A ) and the model of the roles of HB-EGF in the regulation of EMT (B). A,
PANC-1/vector and PANC-1/mut-pro-HB-EGF cells were treated with gemcitabine (Gem ; 1 Ag/mL) and/or erlotinib (1 Amol/L) for 48 h. Cells were stained with Annexin
V and 7-amino-actinomycin D. Chemotherapy-induced apoptosis was measured by flow cytometry. Mut-pro-HB-EGF expression increased the chemosensitivity of
PANC-1 cells to gemcitabine/erlotinib–induced apoptosis compared with PANC-1/vector cells. Pretreatment of GM6001 also increased the chemotherapy sensitivity
in all three treatments compared with the group without GM6001 pretreatment. B, model of the distinct roles of HB-EGF in the regulation of EMT. s-HB-EGF activates
EGFR or other ErbB receptors to promote cell proliferation, tumorigenesis, and EMT. In contrast, pro-HB-EGF up-regulates E-cadherin via suppressing ZEB1
expression, which results in the negative regulation of EMT and sensitizes cells to chemotherapy. Therefore, the shedding activity of HB-EGF is a rather critical
step in balancing the protumorigenesis or antitumorigenesis function of HB-EGF and other ligands of EGFR family. ADAMs, a disintegrin and metalloproteinases.
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