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Mesothelin (MSLN) and cancer antigen125/mucin 16 (CA125/MUC16) are potential biomarkers for
pancreatic cancer (PC) that are co-overexpressed at the invading edges of PC tissues, and their expression
correlates with poor survival rates. However, the role of MSLN-MUC16 molecular interaction in PC cell
motility and invasion has yet to be elucidated. Using sophisticated bioengineering and molecular biology
tools, we report that the binding of MSLN to MUC16 markedly enhances PC cell motility and invasion via
the selective induction of matrix metalloproteinase (MMP)-7. MSLN-mediated MMP-7 upregulation in
MUC16-expressing PC cells occurs via a p38 MAPK-dependent pathway. Depletion of MMP-7 or inhibition
of p38 activity abolishes MSLN-mediated PC motility and invasion. These findings provide a novel
perspective on the enhanced invasive potential associated with MSLN and MUC16 co-overexpression, and
the mechanism underlying MMP-7 activation in PC invasion and metastasis.

M
esothelin (MSLN) is a 40-kDa glycosylphosphatidyl inositol (GPI)-linked protein that is natively present
on mesothelial cells lining the peritoneum1. However, MSLN is highly overexpressed in various types of
cancer, such as mesothelioma1, ovarian1 and pancreatic cancer2,3, and is also detected in the sera of

ovarian and pancreatic cancer patients4,5. Recent studies have demonstrated a role for MSLN in cell survival,
migration, invasion and tumor progression6–9. Secreted MSLN is capable of binding to CA125/MUC1610–12, which
is a heavily glycosylated membrane-associated protein with molecular mass ranging from 2500 to 5000 kDa13.
MUC16 contains an extracellular N-terminus adjacent to O- and N-linked glycosylated tandem repeats, and a C-
terminal domain consisting of a transmembrane region along with a short cytoplasmic tail13,14. MUC16 is over-
expressed on the surface of ovarian10 and pancreatic15 cancer cells, but is not present in normal pancreatic
ducts15,16. MUC16 expression is strongly associated with poor survival of ovarian17 and pancreatic cancer15,18

patients. Recent immunohistological studies have shown that MUC16 and MSLN are co-expressed at the pan-
creatic cancer cell surface in patient tissue specimens, and the staining intensity of these two molecules is
significantly higher at the invasion front than in the main tumor19,20. Furthermore, the co-expression of
MUC16 and MSLN is strongly correlated with a poor prognosis and unfavorable patient outcome19,20.
Although MSLN binding to MUC16 may provide adhesive capacity for metastasizing tumor cells10–12, the
molecular mechanisms by which MSLN-MUC16 interaction contributes to pancreatic cancer invasion and
metastasis remain largely unknown.

Matrix metalloproteinases (MMPs) play a key role in tissue remodeling and have been implicated in tumor
progression and metastasis of various types of cancer including pancreatic cancer21. For instance, MMP-2, -7, and
-9 are overexpressed in pancreatic carcinoma tissues21–23. Importantly, MMP-7 expression is most pronounced at
the invasive front of tumors21. MMP-7, also known as matrilysin or pump-1, has been reported as an independent
prognostic factor and strongly correlates with tumor size, lymph node metastasis, and poor survival of pancreatic
cancer patients24–26, whereas there is no correlation between other MMPs and survival21. Recent work suggests
that MSLN overexpression promotes ovarian cancer and mesothelioma7,8 cell invasion by inducing MMP-7 or
MMP-9. However, the role of MSLN in MMP regulation in pancreatic cancer has been largely overlooked. Most
importantly, it is not known how the molecular interaction of MSLN and MUC16 regulates pancreatic cancer cell
motility and invasion. In this study, we demonstrate that MSLN binding to MUC16 expressed by metastatic
pancreatic cancer cells increases their motility and invasive potential by selectively upregulating MMP-7 via a p38
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mitogen-activated protein kinase (MAPK)-dependent pathway. Our
findings suggest that co-overexpression of MSLN and MUC16 may
facilitate early local invasion of pancreatic cancer cells via activation
of MMP-7, and warrant further investigation into the development
of therapies targeting both MSLN and MUC16 to combat pancreatic
cancer metastasis.

Results
MUC16 expression correlates with pancreatic cell binding
capacity to MSLN. To delineate the role of MSLN-MUC16 inter-
action in pancreatic cancer, we first compared the binding capacity of
pancreatic cancer versus nonmalignant pancreatic epithelial cells to
immobilized MSLN. To this end, three pancreatic cancer cell lines
(PANC-1, SW1990, and Pa03C) and two nonmalignant pancreatic
epithelial cell lines (hTERT-HPNE and HPDE) were allowed to

incubate in MSLN-coated 96-well plates for 30 min under static
conditions. The number of adherent SW1990 and Pa03C cells to
MSLN-coated plates was 40% greater than that to BSA-coated
control plates (Fig. 1A). In contrast, no difference was noted for
hTERT-HPNE, HPDE, and PANC-1 cells (Fig. 1A). This dif-
ferential binding capacity correlates with MUC16 surface expres-
sion. Flow cytometry reveals that MUC16 is highly expressed on
the surface of metastatic SW1990 and Pa03C pancreatic cancer
cells27 but is essentially absent from the nonmalignant hTERT-
HPNE and HPDE cells as well as PANC-1 pancreatic cancer cells
(Fig. 1B). We confirmed that the increased binding of metastatic
SW1990 and Pa03C cells to MSLN is MUC16-dependent, as
evidenced by the use of a function-blocking anti-MUC16 mono-
clonal antibody (mAb)19 which blocked binding to control levels
(Fig. 1C). Further confirmation was provided by the use of

Figure 1 | MUC16 expression correlates with pancreatic cancer cell binding capacity to MSLN. (A) hTERT-HPNE, HPDE, PANC-1, SW1990, and

Pa03C cells were seeded in 96-well plates pre-coated with either mesothelin (MSLN) or BSA (control). After 30 min of incubation, the relative number of

adherent cells to MSLN- versus BSA-coated wells was quantified by WST-1 assay. Data represent the mean 6 S.E. of three independent experiments.

*, p , 0.05 with respect to control. (B) Representative flow cytometric histograms of MUC16 surface expression on hTERT-HPNE, HPDE, PANC-1,

SW1990, and Pa03C cells using indirect single-color immunofluorescence and an anti-MUC16 mAb or an isotype control. (C) MUC16-overexpressing

SW1990 or Pa03C cells were pre-incubated with either a function-blocking anti-MUC16 mAb M11 (20 mg/ml) or an isotype control for 1 h at 37uC, and

then used in the cell binding assay as described in (A). (D) Scramble control or MUC16-KD SW1990 and Pa03C cells were seeded in 96-well plates

pre-coated with MSLN or BSA (control). After 30 min of incubation, adherent cells were quantified by WST-1 assay. Data represent the mean 6 S.E. of

three independent experiments. *, p , 0.05 with respect to MUC16-KD cells.
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MUC16-knockdown (MUC16-KD) SW1990 and Pa03C cell lines27

(supplementary Fig. 1), which displayed basal levels of binding to
MSLN relative to scramble control cells (Fig. 1D).

Co-immunoprecipitation assays were carried out to confirm the
binding interaction between MSLN immobilized on a 15-cm petri-
dish and MUC16-expressing SW1990 and Pa03C cells. As shown in
Fig. 2A, MSLN was detected in the immunoprecipitate fraction of
MUC16 from both SW1990 and Pa03C cell lysates and vice versa. In
contrast, we failed to detect MUC16 in immunoprecipitated MSLN
from MUC16-KD cell lysates (Fig. 2B). Similarly, no MSLN was
found in MUC16 immunoprecipitate fractions generated from
MUC16-KD cell lysates (Fig. 2B).

MSLN-MUC16 interaction induces MMP-7 synthesis in pan-
creatic cancer cells. Previous studies have shown that MSLN may
facilitate ovarian carcinoma and mesothelioma cell invasion by
upregulating MMP production7,8. We thus wished to determine
whether MSLN binding to MUC16 induces MMP synthesis in
pancreatic cancer cells. hTERT-HPNE, HPDE, PANC-1, SW1990,
and Pa03C were treated with human recombinant MSLN overnight,
and analyzed for expression of MMP-2, -7, and -9, which have been
reported to be overexpressed in pancreatic cancer tissue21–23. MSLN
significantly and selectively upregulated MMP-7, but not MMP-2 or
-9, mRNA levels in MUC16-expressing SW1990 and Pa03C cells, as
assessed by qRT-PCR (Fig. 3A-C). In contrast, MSLN failed to
induce MMP-7 synthesis in hTERT-HPNE, HPDE, and PANC-1
cells (Fig. 3A), which are devoid of MUC16. Importantly, immuno-
histochemical analysis of tissue microarrays reveals strong immuno-
reactivity for MSLN, MUC16 and MMP-7 in , 90% of pancreatic
cancer tissue specimens, whereas no immunostaining was detected
in any of the 12 normal tissue samples (Fig. 3D).

We next examined the time- and dose-dependent effects of human
recombinant MSLN on MMP-7 induction in pancreatic cancer cells.
MMP-7 mRNA and protein levels increased progressively with the
time of MSLN stimulation and reached a peak at 12 h (Fig. 4A).
Moreover, maximal MMP-7 mRNA and protein levels were achieved
after stimulation with 1 mg/ml of MSLN (Fig. 4B). Similar time- and
dose-dependent trends were observed with Pa03C cells (supplement-
ary Fig. 2A and B). The MSLN-mediated upregulation of MMP-7 in

metastatic pancreatic cancer cells is MUC16-dependent, as evi-
denced by the failure of MUC16-KD SW1990 and Pa03C cells to
induce mRNA, protein, and secreted MMP-7 (Fig. 4C–E). As a con-
trol, MMP-9 protein levels remained unchanged between scramble
control and MUC16-KD cells in the presence or absence of human
recombinant MSLN (Fig. 4D).

MSLN-MUC16 binding promotes pancreatic cancer cell migra-
tion and invasion via MMP-7 activation. We used the Matrigel-
coated transwell invasion assay to determine the roles of MSLN,
MUC16 and MMP-7 in the invasive potential of pancreatic cancer
cells. Scramble control SW1990 and Pa03C cells treated with MSLN
(1 mg/ml) exhibited a markedly increased invasive capacity relative
to vehicle control cells (Fig. 5A, B). Moreover, MUC16 silencing
abrogated the enhanced MSLN-mediated pancreatic cancer inva-
sion (Fig. 5A, B). To delineate whether induction of MMP-7 by
MSLN-MUC16 binding enhanced pancreatic cancer cell invasion,
SW1990 and Pa03C cells were incubated with MSLN (1 mg/ml)
in the presence of an MMP-7 neutralizing antibody or an iso-
type control. Use of an anti-MMP-7 mAb abolished the enhanced
MSLN-induced pancreatic cancer invasion (Fig. 5A, B). In contrast,
incubation of SW1990 or Pa03C cells with an active form of human
recombinant MMP-7 promoted their invasive potential (Fig. 5C).

We next evaluated the contribution of MSLN and MUC16 to
pancreatic cancer cell motility using a microfluidic-based migration
chamber, which consists of 4-walled microchannels of prescribed
dimensions through which cells are induced to migrate in response
to a chemoattractant28,29 (Supplementary Figure 3). Single cell mot-
ility through collagen I-coated microchannels was tracked in real-
time by phase-contrast microscopy. The cross-sectional area of the
microchannels (WxH 5 6 3 10 mm2) was chosen to be comparable
to the 8 mm pore size in the transwell assay. Treatment of SW1990
cells with MSLN (1 mg/ml) relative to vehicle control for 6 h prior
to their infusion into the cell seeding inlet (Supplementary Figure
3) led to a marked increase in migration speed (Fig. 6A). However,
MSLN failed to alter the migratory potential of MUC16-KD
SW1990 cells (Fig. 6A and B). Similar observations were made
using Pa03C cells (Fig. 6C and D). Our microchannel data are in
agreement with our wound healing migration results, which reveal

Figure 2 | MSLN and MUC16 co-immunoprecipitate in pancreatic cancer cells. Whole lysates from scramble control (A) or MUC16-KD (B) SW1990

and Pa03C cells were immunoprecipitated with either an anti-MUC16 or anti-MSLN or an isotype control antibody, and analyzed for MSLN or MUC16

reactivity by immunoblotting. Lysates from SW1990 and Pa03C cells were also analyzed as input controls.
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that scramble control but not MUC16-KD cells treated with MSLN
closed the wounding gap more efficiently (supplementary Fig. 4).
In view of our observations showing that MSLN-MUC16 binding
induces MMP-7 activation, we sought to determine the role of
MMP-7 in cell motility. As shown in Fig. 6E, a MMP-7 neutralizing
antibody markedly attenuated the migration speed of MSLN-
treated SW1990 and Pa03C cells. Moreover, addition of exogenous
MMP-7 enhanced the migration speed of scramble control SW1990
and Pa03C cells (Fig. 6F).

MSLN-MUC16 interaction activates MMP-7 and induces pancrea-
tic cancer cell motility and invasion via a p38 MAPK-dependent
pathway. We next wished to decipher the molecular pathway(s) by
which MSLN-MUC16 interaction promotes pancreatic cancer cell
motility and invasion. Prior work has reported the activation of
extracellular-signal-regulated kinase (ERK), phosphatidylinositol 3-
kinase (PI3K)/Akt, and p38 to be involved in pancreatic cancer cell
migration and invasion30,31. MSLN stimulation increased ERK1/2
phosphorylation in both scramble control and MUC16-KD SW1990
cells without impairing total ERK1/2 levels (Fig. 7A), suggesting that

MSLN-mediated ERK1/2 activation is independent of MUC16
expression. In addition, incubation with the ERK specific inhibitor
PD98059 suppressed both the phosphorylation of MSLN-mediated
ERK and MMP-7 protein expression (supplementary Fig. 5). MSLN
treatment failed to alter the total and phosphorylated levels of Akt
(data not shown), thereby eliminating the possibility of Akt involve-
ment in this process. Interestingly, MSLN induced p38 phosphory-
lation in scramble control, but not MUC16-KD, SW1990 cells without
affecting total p38 levels (Fig. 7A). This finding suggests that MSLN
may regulate p38 MAPK activity via binding to MUC16 on the
SW1990 cell surface. Indeed, incubation with the p38 MAPK speci-
fic inhibitor SB203580 abolished both the phosphorylation of MSLN-
mediated p38 MAPK and MMP-7 protein expression (Fig. 7B). Along
these lines, SB203580 or an MMP-7 antisense oligonucleotide blocked
the MSLN-mediated invasive potential of SW1990 cells down to basal
levels (Fig. 7C). Similar trends were noted in our cell motility assays
(Fig. 7D). Taken together, our data suggest that MSLN binding to
MUC16 on pancreatic cancer cell surface induces MMP-7 activation
through a p38 MAPK-dependent pathway, thereby promoting the cell
invasive and migratory potentials (Fig. 8).

Figure 3 | MUC16 expression correlates with MSLN-mediated MMP-7 induction in pancreatic cancer cells. hTERT-HPNE, HPDE, PANC-1, SW1990,

and Pa03C cells were starved in serum-free medium and incubated in the presence or absence of MSLN (1 mg/ml) overnight. (A) MMP-7, (B) MMP-2,

and (C) MMP-9 mRNA levels were then determined by qRT-PCR. GAPDH served as internal control. Data represent the mean 6 S.E. of at least three

independent experiments. *, p , 0.01 with respect to corresponding control. (D) MUC16, MSLN, and MMP-7 expression in pancreatic cancer tissue

specimens was determined by immunohistochemical staining using an anti-MUC16, anti-MSLN, or anti-MMP-7 antibody, respectively. Strong

immunostaining was detected in , 90% of cancerous tissues, whereas no immunoreactivity was present in the ducts or acini of normal pancreas tissue.
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Discussion
MUC16 expression in pancreatic ductal adenocarcinoma correlates
with poor survival independent of other prognosis predictors15.
CA125, the specific epitope expressed on MUC16, has been sug-
gested as a marker for diagnosis of pancreatic cancer with high pos-
itive predictive value at , 88%32. MSLN, physiologically present on
mesothelial cells lining the peritoneum1, is overexpressed in the
majority of pancreatic cancer cells, but is minimally detected in
normal pancreas and in chronic pancreatitis2,3. Elevated levels of
circulating MSLN are detected in the serum of 99% of patients with
pancreatic adenocarcimona but not in healthy individuals as assessed
by ELISA assays5, thereby suggesting the potential of MSLN as a
diagnostic marker and a therapeutic target for pancreatic cancer.
The molecular mechanism(s) underlying the overexpression of
MSLN in pancreatic cancer tissue is not well understood. However,
some studies suggest that this is attributed to hypomethylation of the
MSLN promoter region33 and its upstream enhancer containing a
transcription enhancer factor (TEF-1) dependent MCAT motif34.

Interestingly, recent immunohistological studies have shown that
MUC16 and MSLN are co-localized at the invading edge in pancre-
atic cancer tissue specimens, and this co-expression is statisti-
cally associated with a poor prognosis and unfavorable patient
outcome19,20. However, the molecular mechanism by which MSLN-
MUC16 binding promotes pancreatic cancer progression has yet to
be deciphered. We herein demonstrate that the molecular interaction
of MSLN with MUC16 expressed by pancreatic cancer cells induces
MMP-7 synthesis, and promotes their migratory and invasive poten-
tials. Indeed, MSLN fails to induce MMP-7 in MUC16-knockdown
pancreatic cancer cells as well as in nonmalignant cells (i.e. hTERT-
HPNE and HPDE) and pancreatic cancer cells (i.e. PANC-1), which
are devoid of MUC16. The binding interaction between MSLN
and MUC16 selectively stimulates MMP-7, but not MMP-2 or -9,
expression in pancreatic cancer cells, thereby offering a novel
perspective on the poor prognosis and unfavorable patient outcomes
associated with MSLN and MUC16 co-overexpression19,20, and
MMP-7 activation24–26 in PC.

Figure 4 | MSLN-MUC16 interaction induces MMP-7 synthesis in pancreatic cancer cells. (A) SW1990 cells were starved in serum-free medium

overnight and incubated with MSLN (1 mg/ml) for the indicated periods of time. The mRNA levels of MMP-7 were quantified by qRT-PCR. GAPDH

served as internal control. Data represent the mean 6 S.E. of at least three independent experiments. *, p , 0.05 with respect to cells treated with MSLN

(1 mg/ml) for 0 h. MMP-7 protein expression from SW1990 cell lysates was analyzed using Western blotting. b-actin served as an internal control.

(B) SW1990 cells were starved in serum-free medium overnight and incubated with different concentrations of MSLN (0–2.0 mg/ml) for 12 h. MMP-7

mRNA and protein expression were then analyzed by qRT-PCR and Western blotting, respectively. Data from qRT-PCR represent the mean 6 S.E. of

three independent experiments. *, p , 0.05 with respect to untreated control cells. (C, D) Scramble control or MUC16-KD SW1990 and Pa03C cells were

serum-starved overnight and then incubated for 12 h in the presence or absence of MSLN (1 mg/ml). MMP-7 mRNA (C) and protein (D) levels were

quantified by qRT-PCR and immunoblotting, respectively. Data represent the mean 6 S.E. of at least three independent experiments. *, p , 0.01 and 1, p

, 0.05 with respect to the corresponding scramble control cells. (E) Conditioned media from scramble control or MUC16-KD pancreatic cancer cells pre-

treated with MSLN (1 mg/ml) for 12 h were collected and analyzed for MMP-7 secretion. Data are reported as the fold of MMP-7 levels detected in the

conditioned medium of each cell line compared to that in the medium of untreated scramble control cells. Data represent the mean 6 S.E. of three

independent experiments. *, p , 0.05 with respect to corresponding untreated scramble control cells.
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Figure 5 | MSLN-MUC16 interaction promotes pancreatic cancer cell invasion via MMP-7 activation. Scramble control or MUC16-KD SW1990 (A) or

Pa03C (B) cells were incubated with MSLN (1 mg/ml) in the presence of either a neutralizing MMP-7 antibody (2 mg/ml) or an isotype control and then

used in transwell invasion assays. Data are reported as normalized cell number that invaded through the transwell membrane relative to untreated

scramble control (100%), and represent the mean 6 S.E. of three independent experiments. **, p , 0.01; ***, p , 0.001 (one-way ANOVA followed by

Tukey test). (C) SW1990 and Pa03C pancreatic cancer cells were incubated with either human recombinant active MMP-7 (2 mg/ml) or vehicle control,

and then used in transwell invasion assays. Data are reported as normalized cell number that invaded through the membrane relative to vehicle control-

treated cells (100%), and represent the mean 6 S.E. of three independent experiments. *, p , 0.05 with respect to vehicle control cells (Student’s t-test).

Figure 6 | MSLN binding to MUC16 promotes pancreatic cancer cell motility via MMP-7 activation. Representative time-lapse images of scramble

control and MUC16-KD SW1990 (A) and Pa03C (C) pancreatic cancer cells migrating through channels of prescribed dimensions (WxHxL 5 6 3 10 3

200 mm) using 10% FBS as chemoattractant. In all experiments, cells were incubated with or without MSLN (1 mg/ml) for 6 h before being seeded to the

microchannel device. The average migration speed of individual scramble control and MUC16-KD SW1990 (B) and Pa03C (D) cells was determined over

a 10 h period for . 30 cells from three independent experiments. *, p , 0.05 with respect to scramble control and MSLN-treated MUC16-KD cells.

(E) The average migration speed of MSLN-stimulated SW1990 and Pa03C cells in the presence of either an MMP-7 neutralizing antibody (2 mg/ml) or an

isotype control was quantified for . 30 cells from three independent experiments. *, p , 0.05 with respect to the control treatment. (F) The average

migration speed of SW1990 and Pa03C cells in the presence or absence of human recombinant active MMP-7 (2 mg/ml) was quantified for . 30 cells from

three independent experiments. *, p , 0.05 with respect to untreated control.
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Figure 7 | MSLN-MUC16 interaction promotes pancreatic cancer cell motility and invasion via MMP-7 induced by a p38 MAPK-dependent pathway.
(A) Scramble control and MUC16-KD SW1990 cells were serum-starved overnight, and then treated with MSLN (1 mg/ml) for 12 h. The levels of

phospho-ERK1/2 (Thr202/Tyr204) and phospho-p38 MAPK (Thr180/Tyr182) from whole cell lysates were analyzed by immunoblotting using specific

Abs. Equal loading in each lane was ensured by the similar intensities of total ERK1/2, p38 MAPK, and b-actin. (B) SW1990 cells were incubated with

MSLN (1 mg/ml) for 12 h in the presence or absence of the p38 MAPK inhibitor SB203580 (20 mM). The levels of phospho-p38 MAPK (Thr180/Tyr182)

and MMP-7 expression from cell lysates were analyzed by Western blotting using specific Abs. Equal loading in each lane is ensured by the similar

intensities of total p38 MAPK and b-actin. These Western blots are representative of three independent experiments, all revealing similar results. The

intensity of bands was quantified using the NIH ImageJ software and then normalized with respect to the value obtained for the untreated control.

(C, D) SW1990 cells were stimulated with MSLN (1 mg/ml) in the presence or absence of SB203580 (20 mM) or an MMP-7 antisense oligonucleotide

(50 nM), and then subjected to either transwell invasion or microchannel motility assays. (C) Data are reported as percentage of untreated control cells

that invaded through the transwell membrane, and represent the mean 6 S.E. of three independent experiments. (D) The average migration speed of

individual cells was determined over a 10 h period for . 30 cells from three independent experiments for each of the indicated conditions. *, p , 0.01.
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The role of MMPs in cancer cell invasion and metastasis has been
well documented in a variety of tumor types, including pancreatic
cancer35. MMPs mediate ECM digestion, thereby facilitating cancer
cell invasion and metastasis. Importantly, MSLN expression corre-
lates with MMP-7 production and increased cell invasive capability
in ovarian cancer7. Malignant pleural mesothelioma cells overexpres-
sing MSLN were found preferentially at the tumor invasion front and
co-localized with sites of MMP-9 expression8. Additionally, MSLN
silencing resulted in the reduction of mesothelioma, ovarian, and
pancreatic tumor cell invasiveness9. Along these lines, we herein
show that MSLN-treated MUC16-expressing pancreatic cancer cells
display . 2-fold increased MMP-7 expression and , 3-fold higher
invasive potential relative to either untreated MUC16-expressing
pancreatic cancer cells or MSLN-treated MUC16-negative cells.
These observations clearly show that the MSLN-MUC16 molecular
interaction is responsible for MMP-7 induction and the increased
invasive potential. Of note, MMP-7 is primarily present at the invas-
ive front of the pancreatic tumors21, and has been suggested as an
independent prognostic factor due to its strong correlation with
lymph node metastasis and poor survival of patients24–26. In our
study, MMP-7 expression tended to be lower in MUC16-KD cells
relative to scramble controls even in the absence of exogenously
added MSLN, suggesting that endogenous MSLN may contribute
to MMP-7 synthesis via its interaction with MUC16 on pancreatic
cancer cell surface.

Prior work has suggested a role for MSLN in cancer cell migra-
tion6,9. However, these observations were made using either the tra-
ditional Boyden chamber or wound healing assays, which fail to
replicate the physiological environment encountered in vivo. Cells
migrate in vivo through three-dimensional (3D) ECMs and 3D lon-
gitudinal tracks with bordering 2D interfaces (i.e. channels)36. We
herein used a microchannel assay28,29 to track chemotactic-driven

migration of single pancreatic cancer cells in real-time through con-
fined (narrow) channels encountered in vivo36. Our data reveal that
incubation of MUC16-expressing pancreatic cancer cells with exo-
genously added MSLN markedly increased their motility through
narrow channels, and was suppressed by the use of an MMP-7 neut-
ralizing antibody. This finding is in line with previous observations
showing that MMP-7 plays a crucial role in the regulation of colon
and gastric cancer cell migration37,38. Of note, activation of MMP-7
may also be involved in the induction of pancreatic carcinoma cell
dissociation and disruption of tight junctions from the primary
tumor tissue39.

MSLN has been reported to be involved in cancer cell survival and
proliferation6,9. However, our data show that the rate of cell prolif-
eration in either scramble control or MUC16-KD pancreatic cancer
cells is not significantly altered by MSLN stimulation for up to 24 h
(supplementary Fig. 6). This finding along with our single cell mot-
ility assays rule out the potential involvement of cell doubling in the
enhanced MSLN-stimulated invasive and migratory potentials of
pancreatic cancer cells. However, we cannot exclude a potential
MSLN effect on cell proliferation at longer time points.

The involvement of ERK, PI3K/Akt, and p38 MAPK as mediators
of cell invasion and migration has been documented in numerous
types of malignancies, including pancreatic cancer30,31. Here, we
observed that MSLN stimulation of both MUC16-expressing and
MUC16-KD pancreatic cancer cells markedly enhanced the phos-
phorylation of ERK but not PI3K/Akt. This finding is in line with
previous reports showing that MSLN regulates ERK activation in
ovarian cancer cells7 and mesothelioma cells9. However, MUC16 is
not likely involved in the MSLN-induced ERK activation given that
ERK is activated in both MUC16-expressing and MUC16-KD cells.
Interestingly, we herein report that MSLN induces activation of p38
MAPK in a MUC16-dependent manner in pancreatic cancer cells, as
evidenced by the increased levels of p38 MAPK phosphorylation in
MSLN-stimulated scramble control but not MUC16-KD cells.
Moreover, treatment with the p38 MAPK inhibitor SB203580 abro-
gates the p38 MAPK phosphorylation induced by the MSLN-
MUC16 molecular interaction without altering total p38 MAPK
levels. This pharmacological intervention also markedly suppressed
MMP-7 synthesis and pancreatic cancer cell motility and invasion.
The role of p38 MAPK-activated MMP-7 in the enhancement of
invasiveness and motility of pancreatic cancer cells stimulated with
MSLN was validated by the use of an MMP-7 neutralizing antibody
and an MMP-7 antisense oligonucleotide. Taken together, our data
illustrate the synergistic roles of MUC16 and MSLN in the regulation
of MMP-7 via a p38 MAPK-dependent pathway, which results in the
promotion of cell motility and invasion in pancreatic carcinoma
cells. Our data contribute to a better understanding of the role of
MSLN-MUC16 binding interaction in pancreatic cancer cell inva-
sion and metastasis.

Methods
Cell culture. Human pancreatic nonmalignant epithelial hTERT-HPNE cells and
carcinoma cell lines PANC-1 and SW1990 were obtained from the ATCC (Manassas,
VA). The human pancreatic ductal epithelial (HPDE) cells and adenocarcinoma cell
line Pa03C have been previously described40. hTERT-HPNE cells were cultured in
medium containing three volumes of glucose-free DMEM, one volume of Medium
M3 base (InCell, San Antonio, TX), 5% FBS, 5.5 mM glucose, 10 ng/mL human
recombinant EGF, and 50 mg/ml gentamicin. PANC-1, SW1990, and Pa03C were
cultured in DMEM with 10% FBS. HPDE cells were cultured in keratinocyte-SFM
supplemented with 0.1 ng/ml epidermal growth factor and 30 mg/ml bovine pituitary
extract (Invitrogen, Carlsbad, CA). MUC16-knockdown SW1990 and Pa03C cell
lines were generated as previously described27,41,42. Prior to use, cells were harvested by
mild trypsinization, and surface glycoproteins were regenerated, as previously
described41,43,44.

Mesothelin-mediated cell binding assay. 96-well plates were coated with human
recombinant MSLN (R&D systems, Minneapolis, MN) or PBS as vehicle control
overnight before incubation with D-PBS/1% BSA for 1 h. 100 ml of cell suspension
(104 cells/well) were seeded in triplicate onto the plates. After 30 min of incubation at

Figure 8 | Proposed molecular pathway induced by MSLN-MUC16
binding, which results in MMP-7 induction in pancreatic cancer cells.
The binding of MSLN to MUC16 present on the pancreatic cancer cell

surface activates a p38 MAPK-dependent pathway, which in turn

upregulates MMP-7 synthesis, resulting in increased invasive and

migratory potentials. In the absence of MUC16 expression by pancreatic

cancer cells, MSLN is capable of upregulating MMP-7 expression via

activation of an ERK-dependent pathway.
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37uC, the suspension was aspirated off, and the wells were gently washed with D-PBS.
The number of cells adherent to the plate was then determined by WST-1 assay
(Roche Molecular Biochemicals, Indianapolis, IN) according to the manufacturer’s
instructions.

Flow cytometry. Surface expression of MUC16 on cells was assessed by single-color
immunofluorescence and flow cytometry as previously described27.

Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). qRT-
PCR assays were performed as previously described45,46. The forward (F) and reverse
(R) primers were as follows: MMP-2, F-TCTCCTGACATTGACCTTGGC and R-
CAAGGTGCTGGCTGAGTAGATC; MMP-7, F-TCCAACCTATGGAAATGG
AGA and R-GGAGTGGAGGAACAGTGCTT; MMP-9, F-ACGTGACCTAT
GACATCCTGCAGT and R-TTGTATCCGGCAAACTGGCTCCTT; GAPDH,
F-CCACCCATGGCAAATTCCATGGCA, R-TCTAGACGGCAGGTCAGGT
CCACC.

Immunohistochemistry. Pancreatic tissue microarrays (US Biomax, Rockville, MD)
included 60 carcinoma tissue cores and 12 normal tissue cores, which were 1.5 mm in
diameter and 5 mm in thickness. Slides were first deparaffinized with xylene,
rehydrated in a graded series of ethanol, and submerged in 3% hydrogen peroxide to
eliminate endogenous peroxidase activity. Immunohistochemical staining with
antibodies for MUC16 (clone M11; Dako, Burlington, ON, Canada), MSLN (clone
MN-1; Novus Biologicals, Littleton, CO), and MMP-7 (clone JL07; Santa Cruz) were
performed according to standard procedures described previously41. Samples stained
with matched IgG or unstained with the primary mAb were used as negative controls.

Cell lysis and immunoprecipitation. Whole cell lysates for Western blotting or
immunoprecipitation assays were prepared as previously described42,47,48. MUC16
and MSLN were immunoprecipitated from cell lysates using anti-MUC16 (clone
X306 or M11) and anti-MSLN (clone MN-1) mAbs, respectively, and recombinant
protein G agarose spheres (Invitrogen)42,47,49.

Western blotting. Western blotting assays were performed as previously
described27,50 and stained with antibodies for MUC16, MSLN, MMP-7, MMP-9,
b-actin, or signaling proteins including ERK1/2, p-ERK1/2 (Thr202/Tyr204), Akt,
p-Akt (Ser473), p38 MAPK, and p-p38 MAPK (Thr180/Tyr182) (Cell Signaling
Technology, Danvers, MA).

Enzyme-linked immunosorbent assay (ELISA). MUC16-KD and scramble control
cells were seeded in 6-well plates (5 3 105/well) and starved in serum-free medium
overnight, followed by treatment with MSLN at 1.0 mg/ml for 12 h. Supernatants
were collected, and total amount of secreted MMP-7 from cells was quantified using
Human total MMP-7 DuoSet ELISA development systems (R&D Systems) according
to the manufacturer’s instructions. Data were then normalized to the total cell lysate
protein concentration of the sample as measured via BCA assays and corrected for
background against serum-free medium that had not been incubated with cells.

Transwell invasion assay. MUC16-KD and scramble control cells treated with
MSLN (1 mg/ml) or vehicle control were seeded on 24-well transwell inserts (8 mm
pore size) pre-coated with Matrigel (Becton Dickinson, Bedford, MA) in serum-free
media and incubated with either a neutralizing anti-MMP-7 (2 mg/ml) (R&D
systems) or a control IgG antibody, whereas the bottom chamber contained media
with 10% FBS as chemoattractant. After 24 h incubation, cells on the upper side of the
inserts were removed with cotton-tipped swabs, and cells that had penetrated through
Matrigel were fixed with 3.7% formaldehyde and stained with D-PBS/0.1% crystal
violet. Invaded cells were counted at 3 100 magnification in 5 random fields of view
by phase-contrast microscopy. In select experiments, cells were treated with human
active MMP-7 (2 mg/ml) (EMD Chemicals, Gibbstown, NJ) and used in invasion
assays.

Microchannel migration assay. The fabrication and use of the microchannel device
for cell migration was recently described28,29. Briefly, the microchannels of prescribed
dimensions (WxHxL 5 6 3 10 3 200 mm) were pre-coated with 20 mg/ml of collagen
I for 1 h and washed with PBS for 1 min. MUC16-KD or scramble control cells (1 3

105) in the presence or absence of MSLN (1 mg/ml) were seeded at the cell inlet wall
(Fig S3). Cell migration was induced using 10% FBS as chemotactic stimulus.
Migration along the chemoattractant gradient was recorded at multiple-stage
positions via controlled stage automation (Nikon, Japan) in conjunction with phase-
contrast microscopy. To calculate the cell migration velocity, the cell center was
identified as the midpoint between poles of the cell body and was tracked for changes
in Y position at 20 min intervals over a 10 hour period to generate an average value.

Cell viability assay. Scramble control and MUC16-KD cells were seeded in triplicate
wells (104 cells/well) onto 96-well plates and starved in serum-free media overnight
followed by treatment with MSLN (1 mg/ml) or vehicle control for 0, 6, 12, and 24 h.
Cell viability was then determined by WST-1 assay according to the manufacturer’s
instructions.

Statistical analysis. Data are expressed as mean 6 S.E. for at least 3 independent
experiments. Statistical significance of differences between means was determined by
paired Student’s t-test or one-way ANOVA, wherever appropriate. If means were

shown to be significantly different, multiple comparisons by pairs were performed by
the Tukey test. The statistical significance was set at probability values of p , 0.05.
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