Table 2. Correlations between human endoplasmic reticulum
oxidoreductin 1-a (hERO1-a) status and other clinicopathological
factors in patients with breast cancer (n = 71)

hERO1-a (+) hERO1-2 (~) P-value

Mean age, years (range) 55.4 + 13.5 588 + 126 0.2764

Histological type

Papillotubular 16 12
Solid-tubular 4 3
Scirrhous 9 16
Others 4 7
pT
pT1(<2.0 cm) 10 12 0.8376
pT2 (2.0 < 5.0 cm) 19 23
pT3 (>5.0 cm) 4 3
pN
pN (=) 13 11 0.3535
pN () 20 27
ER, PgR, HER2 status
ER (+) or PgR (+) and HER2 () 14 28 0.0210
ER (+) or PgR {+) and HER2 (+) 5 5
ER (-) and PgR (-) 9 2
and HER2 (+) ’
ER (~) and PgR (-) 5 3
and HER2 ()
Nuclear grade (NG)
NG1 9 13 0.0010
NG2 7 20
NG3 17 5
Ly
Ly () 19 16 0.1926
y (=) 14 22
A%
V () 6 5 0.5600
V(~) 27 33

ER, estrogen receptor; HER2, human epidermal growth factor receptor
type 2; Ly, lymph node invasion; PgR, progesterone receptor; V, vascu-
lar invasion.

hEROI-q, indicating endoplasmic reticulum localization, was
found in 33 cases (46.5%) of the 71 patients with breast cancer
(Fig. 6¢c,d). Correlations of hEROl-o (+) and hEROIl-a (~)
with clinicopathological factors are shown in Table 2. Human
EROl-a (+) type was positively correlated with ER (—)
(P = 0.021) and high nuclear grade (P = 0.001). These results
suggest that hEROL-a (+) type has a more aggressive pheno-
type than that of hEROI-a (—) type in breast cancer. No
association of hERO1-0 (+) type with age, histology, tumor
size, or lymph node metastasis was found.

In univariate survival analysis, patients with hEROl-a (+)
cancer had significantly shorter disease-free survival
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Fig. 7. Kaplan-Meier analysis of disease-free survival (a) and overali
survival (b) for human endoplasmic reticulum oxidoreductin 1-2
(hERO1-4) expression in 71 cases of invasive breast carcinoma.

(P =0.01) (Fig. 7a) and overall survival (P = 0.04) (Fig. 7b)
than did patients with hEROl-u (—) cancer. In multivariate
analysis of disease-free survival by Cox regression analysis,
expression of hERO1-a was the only independent prognostic
factor (Table 3).

Importantly, we observed the intratumoral heterogeneity of
hEROI-a expression, ranging from negative to strong in inten-
sity by immunohistochemistry (Fig. 6¢). It has been shown
that the hypoxic areas were frequently observed within cancer
tissucs. As the expression of hEROl-a is induced under
hypoxia (Fig. 1d), we assumed that cancer cells residing
within hypoxic arcas showed augmented expression of
hERO1-a. Thus, the heterogeneity of hERO1l-a expression
seems to be attributed to the oxygen and blood supply. The
relationship between hEROI1-a and vessel distribution needs to
be investigated.

Table 3. Univariate and multivariate survival analyses in breast cancer patients (n = 71)

Univariate analysis

Multivariate analysis

Relative risk 95% Cl P-value Relative risk 95% Cl P-value
T{(>2cm, <2 cm) 0.97 0.30-4.32 0.9602 0.83 0.19-3.34 0.7988
NG (1 + 2, 3) 0.47 0.16-1.47 0.1862 0.80 0.22-3.04 0.7407
LN meta (+, =) 0.87 0.24-2.68 0.8193 0.83 0.19-3.35 0.7988
Ly (+, =) 1.24 0.41-3.85 0.6980 1.44 0.35-5.66 0.6020
V (+, ~) 0.44 0.02-2.21 0.3694 0.33 0.02-2.10 0.2640
hERO1-a (+, —) 4.46 1.36-19.90 0.0122 4.13 1.10-20.08 0.0352

Cl, confidence interval; hERO1-4, human endoplasmic reticulum oxidoreduction 1-0; LN meta, lymph node metastasis; Ly, lymph node invasion;

NG, nuclear grade; V, vascular invasion.
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Discussion

In this study, we showed that EROl-a was overexpressed in
the highly metastatic breast cancer cell line 4T1 and in patients
with breast cancer recurrence. Depletion of ERO1-o by shRNA
in 4T1 cells inhibited in vivo tumor growth as well as lung
metastasis, suggesting that EROL-a plays a pivotal role in
tumor progression and metastasis. Moreover, a positive corre-
lation was found between hERO1-u expression and recurrence
in breast cancer patients, which is mainly caused by dissocia-
tion of tumor cells from the primary tumor and dissemination
into other sites during tumor progression. Thus, these results
suggested that EROI-a (+) tumor cells were more likely to
invade into the stroma and vasculature and then metastasize to
remote organs, as indicated by the results of knockdown of
EROl-o. We also found an association between hERO1-o
expression and high levels of nuclear grade in clinical speci-
mens, indicating high proliferative activity of tumor cells.
Moreover, we showed that EROl-a plays a pivotal role in
VEGF production through disulfide bond formation by PDI
within VEGF protein, suggesting that ERO1-a affects tumor
growth through angiogenic signaling pathways.!' Most notably,
the fact that the cxpression of EROIl-a is induced under
hypoxic conditions seems to be beneficial to tumor cells to
overcome such stressful conditions through production of
VEGF-A and other angiogenic factors. These results suggest
that ERO1-a plays a pivotal role in survival of cancer cells at
the tumor origin against hypoxic conditions, as well as acceler-
ating metastasis through production of angiogenic factors
including VEGF-A through disulfide bond formation. In fact,
hEROI-a (+) breast cancer patients showed a higher recur-
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rence rate and more dismal outcome after surgery. All of these
findings indicate that the expression of hEROIl-a is signifi-
cantly related to aggressive phenotype of breast cancer;
hEROi-a can be a new prognostic marker for breast cancer
after surgery. However, it should be determined how EROI-a
expression is regulated under hypoxia and within tumor cells
and, more importantly, the precise mechanism for tmor cell
growth should be elucidated.

Until now, there has been no ideal tumor marker with prog-
nostic value. The predictive significance of hEROI-a in breast
cancer could help clinicians identify patients at high risk for
recurrence, and enable clinicians to carry out rational adjuvant
therapy after surgery. Taken together, our results indicate that
hEROl-a may be a suitable prognostic marker for breast
cancer.

In addition, the potential for targeting hEROl-a in cancer
therapy seems promising, as hEROl-a is overexpressed in
many human cancers but is barely detectable in normal tissues.
Thus, cancer therapy targeting hEROl-o activity may be a
promising strategy for treatment of various types of cancer.
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Protein kinase Coa (PKCa) is highly expressed in pancreatic
cancer. However, the effects of PKCa on Snail and claudin-1,
which play crucial rofes in epithelial cell polarity during epi-
thelial-mesenchymal transition (EMT), remain unclear. In this
study, we investigated the mechanisms of regulation of Snail and
claudin-1 via a PKCa signal pathway during EMT in pancre-
atic cancer cells and in normal human pancreatic duct epithelial
cells (HPDESs). By immunostaining, overexpression of PKCa and
downregulation of claudin-1 were ebserved in poorly differenti-
ated human pancreatic cancer tissues and the pancreatic cancer
cell Jine PANC-1. Treatment with the PKCa inhibitor G66976
transcriptionally decreased Snail and increased claudin-1 in
PANC-1 cells. The PKCa inhibitor prevented upregulation of
Snail and downregulation of claudin-1 during EMT induced by
transforming growth factor-$1 (TGF-B1) treatment and under
hypoxia in PANC-1 cells. The effects of the PKCa inhibitor were
in part regulated via an extracellular signal-regulated kinase
(ERK) signaling pathway. The PKCa inhibitor also prevented
downregulation of the barrier function and fence function dur-
ing EMT in well-differentiated pancreatic cancer cell line HPAC.
In normal HPDEs, the PKCa inhibitor transcriptionally induced
not only claudin-1 but also claudin-4, -7 and occludin without a
change of Snail. Treatment with the PKCa inhibitor in normal
HPDEs prevented dewnregulation of claudin-1 and occludin by
TGF-B1 treatment and enhanced upregulation of claudin-1, -4, -7
and occludin under hypoxia. These findings suggest that PKCa
regulates claudin-1 via Snail- and mitogen-activated protein
kinase/ERK-dependent pathways during EMT in pancreatic can-
cer. Thus, PKCa inhibitors may be potential therapeutic agents
against the malignancy of human pancreatic cancer cells.

Introduction

Pancreatic cancer, which has a strong invasive capacity with frequent
metastasis and recurrence, is known to be one of the most malignant
human diseases and its death rate has not decreased over the past few
decades (1), Thus, there is an urgent need to develop novel diagnostic
and therapeutic strategies to reduce the mortality of pancreatic cancer
patients.

Protein kinase C (PKC) belongs to the family of serine-threonine
kinases and regulates various cellular functions, including adhesion,
secretion, proliferation. differentiation and apoptosis (2). At least 12

Abbreviations: EMT, epithelial-mesenchymal transition; ERK, extracellular
signal-regulated Kinase: FBS, fetal bovine serum: HPDEs, human pancreatic
duct epithelial cells; hTERT. telomerase reverse transcriptase; JNK. c-Jun
N-terminal kinase; mRNA. messenger RNA: NF-xB, nuclear factor-kappaB:
PI3K. phosphatidylinositol 3-kinase; PKC, protein kinase C: pMAPK, phos-
pho-MAPK: pPKCe, phospho-PKCat: siRNA. small intesference RNA; TER.
trapsepithelial electrical resistance: TGF-B1. transforming growth factor-B1:
TPA, 12-O-letradecanoylphorbol 13-acetate.

different isozymes of PKC are known and can be subdivided into
three classes (classic or conventional, novel and atypical isozymes)
according to their responsiveness to activators (3,4). Levels of PKCa,
PKCP1, PKCO and PKCt are higher in pancreatic cancer, whereas
that of PKCe is higher in normal tissue (3,6). In addition, PKCo. is
thought to be one of the biomarkers for diagnosis of cancers (7). In
pancreatic cancer, tumorigenicity is directly related to PKCa. expres-
sion as demonstrated by decreased survival when it is overexpressed
(8). The increased level of PKCa is also associated with pancreatic
cancer cell proliferation (9). PKCa is also one of the regulators and
therapeutic targets in cancer ( 10),

Epithelial-mesenchymal transition (EMT) is closely related to car-
cinoma progression and acts as a major driver of morphogenesis and
tumor progression (11). The activation of PKC is involved in EMT.
The PKC activator 12-O-tetradecanoylphorbol 13-acetate (TPA)
induces EMT in human prostate cancer cells and pancreatic cancer
cell line HPAC (12,13). Expression of PKCa and PKC? closely con-
tributes to EMT in colon cancer cells (14.15). Snail, which is a tran-
scription repressor that plays a central role in EMT, directly binds
to E-boxes of the promoters of claudin/occludin genes, resulting in
repression of their promoter activities and loss of epithelial cell polar-
ity (16).

In several human cancers, including pancreatic cancer, some tight
junction protein claudins are abnormally regulated and therefore
promising molecular targets tor diagnosis and therapy (17,18). Tight
junctions are the most apical components of intercellular junctional
complexes in epithelial and endothelial cells. They separate the api-
cal and basolateral cell surface domains, maintaining cell polarity
(termed the *fence’ function), and selectively control solute and water
flow through the paracellular space (termed the ‘barrier’ function)
(19-22). It is thought that loss of tight junction function in part leads
to invasion and metastasis of cancer cells (23). In particular, clau-
din-1, which is expressed in various types of epithelial cells, plays an
important role in epithelial cell polarity, cancer invasion and metas-
tasis (24-28).

Tight junction proteins are regulated by various cytokines and
growth factors via distinct signal transduction pathways including
PKC (29,30). We previously found that, in pancreatic cancer cell line
HPAC, tricellulin localized at tricellular tight junctions was in part
regulated via PKC® and PKCg pathways (31), and the expression of
claudin-~18 and localization of claudin-4 and occludin were in part
regulated via a PKCo pathway (13.32,33). Furthermore, in normal
human pancreatic duct epithelial cells (HPDEs), some tight junction
proteins are regulated via PKCa and PKCS6 (34). However, little is
known about how PKCa regulates claudin-1 in pancreatic cancer cells
and normal HPDEs.

In this study, overexpression of PKCa and downregulation of clau-
din-1 were observed in poorly differentiated human pancreatic cancer
tissues and pancreatic cancer cell lines. Treatment with the PKCa
inhibitor G66976 prevents upregulation of Snail and downregulation
of claudin-1 during EMT induced by transforming growth factor-p1
(TGF-B1) treatment or under hypoxia in a pancreatic cancer cell line
(28). Our findings suggest that PKCo inhibitors may be potential ther-
apeutic agents against human pancreatic cancer cells.

Materials and methods

Reagents and inhibitors

Rabbit polyclonal anti-occludin, anti-claudin-1, anti-claudin-4, anti-clandin-7,
anti-Snail and mouse monoclonal anti-occludin (QC-3F10) antibodies were
obtained from Zymed Laboratories (San Francisco, CA). A rabbit polyclonal
anti-actin antibody and a nuclear factor-kappaB (NF-xB) inhibitor (IMD-
0354) were purchased from Sigma~Aldrich, (St Louis, MO). Rabbit polyclonal
anli-Snail, anti-phospho-PKCa (pPKCa) and PKCa antibodies were obtained
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from Cell Signaling (Beverly. MA). Alexa 488 (green)-conjugated anti-rabbit
1gG and Alexa394 (red)-conjugated anti-mouse IgG antibodies were purchased
from Molecular Probes (Eugene, OR). Inhibitors of panPKC (GF109203X),
PKCa (G56976), mitogen-activaied protein kinase (MAPK) (U0126), p38
MAPK (SB203580), phosphatidylinositol 3-kinase (PI13K) (LY294002) and
c-Jun N-terminal Kinase (JNK) (SP600125) were purchased from Calbiocheni-
Novabiochem Corporation (San Diego, CA). TGF-i1 was purchased from
PeproTech EC (London, UK).

Immunohistochemical analvsis

Immunohistochemical analysis was performed to evaluate the expression and
disuibution of PKCa and claudin-1 in normal pancreatic tissues, well-differ-
entiated and poorly differentiated pancreatic cancer tissues. Deparaffinized tis-
sue sections were immersed in 10mM Tris—-1 mM cthylenediaminetetraacetic
acid buffer (pH 9.0) for staining of PKCa or 10mM sodium citrate (pH 6.0)
for staining of claudin-1 and boiled for antigen retrieval by microwave (95°C,
30min). Endogenous peroxidase activity was blocked using 3% hydrogen
peroxidase for 10min, The sections were incubated with rabbit polyclonal
PKCux and clandin-1 antibodies (1:100 dilution) overnight at 4°C. The sections
were incubated with a Dako REAL™ EnVision™/HRP. Rabbit/Mouse (Dako
REAL™ EnVision™ Detection System: Dako, code K5007) for ih at room
temperature. After washing with phosphate-buffered saline, the labeled second-
ary antibody was visualized by adding Dako REAL™ Substrate Buffer (Dako
REAL™ EqnVision™ Detection System; Dako. code K3007) containing Dako
REAL™ DAB + Chromogen (Dako REAL™ EnVision™ Detection System:
Dako, code K5007). The sections were counterstained with hematoxylin.

Culrures of cell lines and treatment

Human pancreatic cancer cell lines PANC-1, HPAF-1I, BXPC-3 and HPAC
were purchased from American Type Culture Collection (Manassas, VA).
PANC-1 and HPAC cells were maintained in Dulbecco’s modified Eagle's
medium (Sigma-Aldrich) supplemented with 10% dialyzed fetal bovine
serum (FBS: Iavitrogen, Carlsbad, CA). HPAF-1I cells were maintained in
Dulbecco’s modified Eagle’s medium containing 10% FBS and supplemented
with 0.1 mM non-essential amino acids (Sigma-Aldrich) and 1 mM sodium
pyravate {Sigma-Aldrich). BXPC-3 cells were maintained in RPMI-1640
{Sigma-Aldrich) supplemented with 10% FBS. The media for all cell lines
confained 100 U/mi penicillin, 100 pg/ml streptomyein and 2.5 pg/ml ampho-
tericin-B. All cells were plated on 60 mm culture dishes (Corning Glass Works,
Corning, NY) that were coated with rat tail collagen (500 pg of dried tendon/
ml in 0.1% acetic acid) and incubated in a humidified 5% CO, incubator at
37°C.

PANC-1 and HPAC cells were treated with 0.01-2 ug/ml G66976 for 24 h or
100 ng/ml TGF-B1 for 24 and 48h. PANC-1 cells were prefreated with 20 uyM
U0126, 10 pM SB203580, 10 pM LY294002, 10 pM GF109203X, 10 uM
SP600125 and 0.1 pM IMD-0354 for 30 min before treatment with 1 pg/mi
G66976 for 24 h and were pretreated with 1 pg/mi Go6976 for 30 min before
treatment with 100ng/ml TGE-P1 for 24h. The PANC-| cells were incubated
in a 2% CO,4:2% O, incubator balanced with nitrogen with or without | pg/ml
G66976 for 24h. HPAC cells were pretreated with | pg/ml G66976 for 30min
before treatment with {00ng/m] TGF-B1 for 24 h.

For RNA interference studies, small interference RNA (siRNA) duplexes
targeting the messenger RNA (mRNA) sequences of human Snail were pur-
chased from Invitrogen. The sequences were as follows: siRNA-1 of Snail
(sense 3-CCUCGCUGCCAAUGCUCAUCUGGGA-3'). siRNA-2 of Snail
(sense 5-AGGCCAAGGAUCUCCAGGCUCGAAA-Y), siRNA of PKCa
(sense 5-CCCAGUGAAACUCACGGACUUCAAU-3) and siRNA of PKCH
(sense 5-GAGACCGGAUGAAACUGACCGAUUU-3). A scrambled siRNA
sequence (BLOCK-T Alexa Fluor fluorescent; Invitrogen) was employed as
control siRNA. One day before transfection, the PANC-1 cells were plated
in medium without antibiotics such that they would be half confluent at the
time of transfection. The cells were transfected with 100nM siRNAs using
Lipofectamine RNAIMAX (Invitrogen) as a carrier according to the manufac-
turer’s instructions.

Isolation and culture of HPDEs
Human pancreatic tissues were obtained from patients with pancreatic or bil-
iary tract diseases whe underwent pancreatic resection in the Sappore Medical
University hospital. Informed consent was obtained from all patients, and the
study was approved by the ethics conunittee of Sapporo Medical University.
The procedures for primary culture of HPDEs were as reported previously
(31,32,34). Some primary cultured HPDESs were transfected with the catalytic
component of telomerase, the human catalytic subunit of the telomerase reverse
ranscriptase (WTERT) gene as described previously (31,32,34). The hTERT-
HPDEs were cultured in serum-free Bronchial Epithelial Cell Medium kit (Lonza
Walkersville, Walkersville, MD) and incubated in 2 humiditied, 5% CO,:95% air
incubator at 37°C. In this experiment, second and third passaged cells were used.

Protein kinase Ca regulates claudin-1 in pancreatic cancer

The hTERT-HPDEs were treated with 1 and 2 pg/ml G86976 for 24h or
20ng/mt TGF-B1 for 24 and 48h. Some cells were pretreated with 20 pM
0126, 10 pM SB203580, 10 pM LY294002, 10 pM GF109203X. 10 pM
SP600125 and 0.1 pM IMD-0354 for 30min before treatment with 1 pg/ml
G66976 for 24h and some cells were pretreated with 1 pg/inl G66976 for
30min before treatment with 20ng/m! TGF-B1 for 24h. The h\TERT-HPDEs
were incubated in a 2% C0,:2% O, incubalor balanced with nitrogen with or
without | pg/ml G66976 for 24 h.

Western blot analysis

Western blot analysis was performed as described previously (31,32.34). The
membranes were incubated with polyclonal anti-claudin-1, anti-claudin-4,
anti-claudin-7, anti-occludin, anti-Snail, anti-pPKCa, anti-PKCa. anti-phos-
pho-extracellular signal-regulated kinase (ERK1/2), anti-ERK1/2 and anti-
actin antibodies (1:1000) for 1h at room temperature. The membranes were
incubated with horseradish peroxidase-conjugated anti-rabbit IgG (Dako A/S,
Copenhagen. Denmark) at room temperature for th. The immunoreactive
bands were detected using an enhanced chemiluminescence western blotting
analysis system (GE Healthcare, Little Chalfont, UK).

RNA isolation and real-time PCR analysis

Total RNA was extracted and purified using TRIzol (Invitrogen). One micro-
gram of total RNA was reverse transcribed into complementary DNA using
a mixture of oligo (deoxythymidine) and superscript II reverse transcriptase
according to the manufacturer’s recommendations (Invitrogen). Real-time
PCR detection was performed using a TagMan Gene Expression Assay kit
with a StepOnePlus™ real-time PCR system (Applied Biosystems. Foster
City, CA). The amount of 18S ribosomal RNA (Hs99999901) mRNA in
cach sample was used to standardize the quantity of the {ollowing mRNAs:
claudin-1 (Hs00221623), claudin-4 (Hs00533616). claudin-7 (Hs00154575),
occludin (Hs00170162) and Snailt (Hs00195591). The relative mRNA expres-
sion levels between the control and treated samples were calculated by the dif-
ference of the threshold cycle (comparative C; [AAC, ] method) and presented
as the average of triplicate experiments with a 95% confidence interval.

Immunocvtochemistry

The cells were grown on 35mm glass-base dishes (Iwaki, Chiba. Japan)
coated with rat tail collagen. They were fiked with cold acetone and ethanol
(1:1) at 20°C for 10min. After rinsing in phosphate-buffered saline, the sec-
tions and cells were incubated with polyclonal anti-claudin-1 and monoclonal
anti-occludin antibodies (1:100) at room temperature for Lh and then with
Alexa Fluor 488 (green)-conjugated anti-rabbit IgG (1:200) and Alexa Fluor
594 (red)-conjugated anti-mouse IgG (1:200) at room temperature for 1h.
4’ 6-diamidino-2-phenylindole (Sigma-Aldrich) was used for counterstaining
of nuclei in the cells. The specimens were examined using an epifluorescence
microscope (Olympus, Tokyo. Japan).

Measurement of transepithelial electrical resistance

The cells were cultured to confluence on inner chambers of 12 mm Transwell
0.4 pmi pore-size filters (Coming Life Science). Transepithelial electrical resist-
ance (TER) was measured using an EVOM voltmeter with an ENDOHM-12
(World Precision Instraments, Sarasota, FL) on a heating plate (Fine, Tokyo,
Japan) adjusted to 37°C. The values are expressed in standard vnits of ohms
per square centimeter and presented as the mean x SD of triplicate experi-
ments. For calculation, the resistance of blank filters was subtracted from that
of filters covered with cells.

Diffusion of BODIPY-sphingomyelin

For measurement of the tight junctional fence function, we used diffusion
of BODIPY-sphingomyelin with some moditication (28). The samples were
anatyzed by confocal laser scanning microscopy (LSMS10: Carl Zeiss, Jena.
Germany). All pictures shown were generated within the first Smin of analysis.
Data analysis

Signals were quantified using Scion Image Beta 4.02 Win (Scion, Frederick,
MD). Each set of results shown is representative of at least three sepa-
rate experiments. Results are given as means % standard error of the mean.
Differences between groups were lested by analysis of variance followed by a
post hoc test and an unpaired two-tailed Student’s r-test.

Results

Expression and distribution of PKCua and claudin-1 in normal pancre-
atic ducts, well- and poorly differentiated pancreatic duct carcinomas
Inthis study, we examined the expression and distribution of PKCa and
claudin-1 in normal pancreatic ducts, well- and poorly differentiated
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pancreatic duct carcinomas (Figure 1). PKCa was detected in
cytoplasm of both pancreatic duct carcinomas and the expression in
poorly differentiated pancreatic duct carcinoma was stronger than
in well-differentiated pancreatic duct carcinoma, whereas in normal
pancreatic ducts, PKCa was not detected. Claudin-{ was localized at
the cell membranes of normal pancreatic ducts and well-differentiated
pancreatic carcinoma, whereas in poorly differentiated pancreatic
carcinoma, it was weakly detected in cytoplasm.

Expression patterns of PKCa, Snail, claudin-1, -4, -7 and occludin
in hTERT-HPDEs and human pancreatic cancer cell lines

To study the relationship between activation of PKCa and expression
of tight junction proteins in human pancreatic cancer cells and nor-
mal pancreatic duct epithelial cells, we first investigated the expres-
sion patterns of pPKCu, panPKCu and claudin-1 in h\TERT-HPDEs,
which are models of normal pancreatic duct epithelial cells (34), and
human pancreatic cancer cell lines HPAF-I and HPAC, which are
models of well- or moderately differentiated pancreatic cancers and
BXPC-3 and PANC-1. which are models of poorly differentiated
pancreatic cancers (35). pPKCa and panPKCa were detected in all
pancreatic cancer cell lines and were strongly expressed in PANC-1
cells, whereas in hTERT-HPDES, they were not detected (Figure 1B).
Snail, an EMT marker, was highly expressed only in PANC-1 celis
(Figure 1B). Claudin-1, -4 and occludin were detected in all cell types,
but at a low level in PANC-1 cells compared with other cancer cells,
whereas claudin-7 was not detected in PANC-1 cells (Figure 1C). In
the poorly differentiated pancreatic cancer cell line PANC-1, PKCa
and Snail were upregulated and claudin-1 was downregulated.

PKCa inhibitor downregulates Snail and upregulates claudin-1
and occludin in PANC-] cells

To investigate the effects of the PKCa inhibitor on the expression of Snail
and tight junction proteins in the poorly differentiated pancreatic cancer
cell line PANC-1, the cells were treated with 0.01-2 pg/ml PKCa inhib-
itor G66976 for 24h. In western blots, a significant decrease of Snail and
a significant increase of claudin-1 and occludin were observed after treat-
ment with G66976 in a dose-dependent manner, whereas no changes of
claudin-4 and -7 were observed compared with the control (Figure 2A;
Supplementary Figure 1, available at Carcinogenesis Online). In real-
time PCR, a significant decrease of Snmail mRNA and a significant
increase of clandin-1 mRNA were induced by treatment with G56976,
whereas no change of occludin mRNA was observed (Figure 2B). In
immunocytochemistry, claudin-1 and occludin were strongly observed
at the membranes after treatment with G86976 compared with the con-
trol (Supplementary Figure 2, available at Carcinogenesis Online).

PKCa inhibitor upregulates claudin-1. -4, -7 and occludin and
increases TER values in h\TERT-HPDEs

To investigate the effects of the PKCa inhibitor on tight junction proteins
in normal pancreatic duct epithelial cells, h\TERT-HPDESs were treated
with | and 2 pg/ml G66976 for 24h. In western blots, claudin-1,-4,-7
and occludin were significantly increased by treatment with G66976
(Figure 2C; Supplementary Figure 1, available at Carcinogenesis
Online). In real-time PCR, claudin-1,-4.-7 and occludin mRNAs were
significantly increased by treatment with G66976 (Figure 2D). In immu-
nocytochemistry, claudin-1 and occludin were detected at the mem-
branes after treatment with G66976 (Supplementary Figure 2, available
at Carcinogenesis Online). Furthermore, to investipate whether the
PKCa inhibitor affected barrier function in nonmal pancreatic duct epi-
thelial cells, \TERT-HPDEs were treated with 1 pg/ml G66976 for 24h
and then TER was measured. TER values were significantly increased
from 2h after treatment with G66976 (Figure 2E).

PKCa inhibitor induces activation of MAPK/ERK in both PANC-1
cells and hTERT-HPDESs

PKCu functions as a potent activator of ¢-Raf-1 and s on the
MAPK/ERK cascade (36). Thus, we investigated the effect of
Go6976 on MAPK/ERK activation in pancreatic cancer cells and

nornal pancreatic duct epithelial cells. Wesfern blots revealed that
G66976 induced phosphorylation of MAPK of both PANC-1 cells
and hTERT-HPDE:s in a dose-dependent manner (Figure 3A and B;
Supplementary Figure 3, available at Carcinogenesis Online).

MAPK/ERK inhibiior prevents upregulation of claudin-1 and
occludin by treatment with PKCa inhibitor in PANC-1 cells, but
not in ATERT-HPDEs

To investigate whether MAPK/ERK activation affected changes of
claudin-1, occludin and Snail induced by treatment with G36976,
PANC-I cells and hTERT-HPDEs were pretreated with 20 uM MAPK
inhibitor U0126 before treatment with 1 pg/m!l Go6976. In western
blots, 110126 prevented upregulation of phospho-MAPK (pMAPK)
after treatment with G66976 in both PANC-1 cells and hTERT-
HPDEs (Figure 3C and D; Supplementary Figure 3, available at
Carcinogenesis Online). In PANC-| cells, U0126 prevented upregula-
tion of claudin-1 and occludin after treatment with G66976, whereas
downregulation of Snail was decreased (Figure 3C; Supplementary
Figure 3, available at Carcinogenesis Online). In hTERT-HPDEs,
upregulation of occludin after treatment with G66976 was enhanced
by treatment with U0126, whereas upregulation of claudin-1 was not
affected by the treatment (Figure 3D; Supplementary Figure 3, avail-
able at Carcinogenesis Online).

Upregulation of claudin-1 by treatment with PKCa inhibitor is
involved in distinct signaling pathways in PANC-1 cells and in
hTERT-HPDEs

As shown in Figure 3, MAPK inhibitor U0126 prevented upregulation
of claudin-1 after treatment with G§6976 in PANC-1 cells but not in
hTERT-HPDEs. To investigate which signaling pathways were asso-
ciated with induction of claudin-1 by G66976 in PANC-1 cells and
hTERT-HPDESs, the cells were pretreated with U0126, p38 MAPK
inhibitor SB203580, PI3K inhibitor LY294002, panPKC inhibitor
GF109203X, INK inhibitor SP600125 and NF-xB inhibitor IMD-
0354 before treatment with G66976. In western blots, induction
of claudin-1 after treatment with G66976 was inhibited by U0126,
SB203580, LY294002 and GF109203X in PANC-| cells (Figure 3E;
Supplementary Figure 3. available at Carcinogenesis Online),
whereas in hTERT-HPDEs, induction of claudin-1 after treatment
with G66976 was inhibited by SB203580, LY294002, GF109203X,
SP600125 and IMD-0354 (Figure 3F; Supplementary Figure 3, avail-
able at Carcinogenesis Online).

TGF-BI upregulates Snail and downregulates claudin-1, -4 and
occludin fogether with activation of pPKCa and pMAPK/ERK in
PANC-] cells

To investigate changes of' Snail and claudins/occludin caused by
PKCa and MAPK/ERK during EMT induced by TGF-5 in PANC-1
cells, the cells were treated with 100ng/ml TGF-51 for 24 and
48h. PANC-1 cells acquired a spindle cell morphology from 24h
after treatment with TGF-P1 (Supplementary Figure 4, available at
Carcinogenesis Online). In western blots, claudin-1,-4 and occludin
were decreased and Snail was increased at 24 and 48 h after treat-
ment with TGF-$1, whereas no change of claudin-7 was observed
(Figure 4A; Supplementary Figure 5, available at Carcinogenesis
Online). Furthermore, TGF-$1 enhanced phosphorylation of
PKCa and MAPK/ERK at 24 and 48h, respectively (Figure 4A:
Supplementary Figure 5, available at Carcinogenesis Online).

TGF-B1 downregulates claudin-1, -7 and occludin and upregulates
claudin-4 in hTERT-HPDEs

To investigate changes of claudins/occludin, Snail, PKCa and MAPK
induced by treatment with TGF-f31 in hTERT-HPDEs, the cells were
pretreated with 49 FBS for 24 h and then treated with 20 ng/ml TGF-
B1 for 24 and 48h. In phase-contrast images, hTERT-HPDEs also
acquired spindie cell morphology from 24 h after treatment with TGF-
P! (Supplementary Figure 4, available at Carcinogenesis Online). In
western blots, claudin-1 and occludin were decreased and claudin-4
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Fig. 1. (A) Hematoxylin and eosin staining and immunohistochemical staining for PKCa and claudin-1 in normal pancreatic ducts. well- and poorly
differentiated pancreatic carcinomas. Bar: 50 pm. (B and C) Western blotting for pPKCa, panPKCa (PKCaw). Snail, claudin-1, -4, -7 and occludin in normal
pancreatic duct epithelial cells (WTERT-HPDEs) and pancreatic cancer cell lines HPAC, HPAF-11, BXPC-3 and PANC-1. Snail (1: exposed to X-ray film for
I min, Snail (2): exposed to X-ray film for 20min. The corresponding expression levels of B and C are shown as bar graphs. 5 = 3, *P < 0.05 and **P < 0.0t
versus hTERT-HPDEs.
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Fig. 2. (A) Western blotting for Snail. claudin-1. -4. -7 and occludin in PANC-1 cells after treatinent with 0-2 pg/ml G66976 for 24h. (B) Real-time PCR for
Snail. claudin-1 and oceludin in PANC-1 cells after treatment with 0-2 pg/iml G66976 for 24 h. (€) Western blotting Jor claudin-1. -4, -7 and occladin in hTERT-
HPDEs after treatment with | and 2 pg/ml G56976 for 24 h. (D) Real-time PCR for claudin-1. -4, -7 and occludin in hTERT-HPDE:s after treatment with | pg/
ml G66976 for 24h. (E) TER values in h\TERT-HPDES after treatment with 1 pg/ml G66976 tor 24h. iPKCa: PKCa inhibitor Go6976. 1 = 3, #P < 0.05 and

P < 0.0 versus control (0 pg/ml).
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Fig. 3. Westem blotting for pMAPK and panMAPK (MAPK) in PANC-1 cells (A) and h'TERT-HPDEs (B) after treatment with 0-2 pg/ml Gi36976 for 24 h.
Western blotting for claudin-1, occludin, pMAPK, MAPK and Snail in PANC-1 cells (C) and hTERT-HPDEs (D) pretreated with 20 pM MAPK/ERK ishibitor
L0126 betore treatiment with | pg/ml G66976 for 24h. Western blotting for claudin-1 in PANC-{ cells (E) and hTERT-HPDEs (F) pretreated with 20 uM
MAPK/ERK inhibitor U0126. 10 ¢M p38 MAPK inhibitor SB203580 (SB), 10 1M PI3K inhibitor LY294002 (LY). 10 M panPKC inhibitor GF109203X (GF).
10 uM INK inhibitor SP60012S (SP) and 0.1 uM NF-xB inhibitor IMD-0354 (IMD) before treatment with 1 pg/ml PKCa inhibitor Gi6976 for 24h. iPKCa:
PKCa inhibitor GG6976.
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Fig. 4. (A) Western blotting for Snail, pPKCa, panPKCa (PKCet), pMAPK. panMAPK (MAPK), claudin-1, -4, -7 and occludin in PANC-1 cells after treatment
with 100ag/ml TGF-$1 for 24 and 48h. (B) Western blotting for claudin-1. -4, -7, occludin, Snail. PKCer. pMAPK and MAPK in hRTERT-HPDE:S after treatment
with 20 ng/ml TGF-31 for 24 and 48h. (C) Western blotting for Snail and claudin-1 in PANC-1 cells treated with siRNAs of Snail. (D) Western blotting for Snail
and claudin-1 in PANC-1 cells treated with siRNAs of Snail and 100ng/m! TGF-B1 for 48h. Control cells in Figure 4C and D are transfected with a scrambled

siRNA. KD: knockdown.

was increased at 24 and 48h after treatment with TGF-pP1. whereas
no changes of claudin-7 and pMAPR/ERK were observed and Snail
and PKCa were not detected (Figure 4B: Supplementary Figure 5.
available at Carcinogenesis Online).

Claudin-1 in PANC-1 cells is in part regulated via the Snail gene
To investigate whether claudin-1 in PANC-1 cells was directly
regulated via the Smpail gene, knockdown of Snail using siRNAs

was performed and the cells were treated with or without 100 ng/
mi TGF-f1 for 48h. In the control cells. claudin-1 was signifi-
cantly increased by knockdown of Snail (Figure 4C; Supplementary
Figure 5, available at Carcinogenesis Online). In the cells treated
with TGF-p1, regardless of the fact that an increase of TGF-pl-
induced Snail was prevented by the siRNAs, the downregulation
of claudin-1 by TGF-ft was not completely reversed (Figure 4D).
These findings indicated that claudin-1 in PANC-1 cells during
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EMT induced by TGF-p. was in pait regulated vie the Snail gene,
though also by other factors.

PKCdt inhibitor prevents upregulation of Snail and downregulation
of claudin-1 by TGF-f3 in PANC-1 cells

To investigate whether the PKCa inhibitor affected changes of Snail,
claudins/occludin and pMAPK/ERK induced by TGF-f in PANC-1
cells, the cells were pretreated with G66976 before treatment with
100ng/ml TGF-B1. Western blots showed that G66976 prevented
the increase of Spail and decrease of claudin-1 after treatment with
TGF-f1, but it did not affect the changes of claudin-4, -7 and occlu-
din (Figure 5A; Supplementary Figure 6, available at Carcinogenesis
Online). G66976 enhanced the upregulation of pMAPK/ERK caused
by treatment with TGF-f1 (Figure 5A; Supplementary Figure 6,
available at Carcinogenesis Online).

PKCa inhibitor prevents downregulution of claudin-1 and
occludin and enhanced upregulation of claudin-4 by TGF-p in
hTERT-HPDEs

hTERT-HPDEs were pretreated with 4% FBS for 24h and then
treated with G66976 before treatment with 20 ng/ml TGF-B1. G66976
prevented decreases of claudin-1 and occludin after treatment with
TGF-1 and enhanced the increase of claudin-4, whereas it did
not affect claudin-7 or pMAPK/ERK (Figure 5B; Supplementary
Figure 6. available at Carcinogenesis Online). After treatment with
TGF-B1, PKCa was not detected with or without G66976 (Figure 5B;
Supplementary Figure 6. available at Carcinogenesis Online).

PKCa inhibitor prevents upregulation of Snail and pPKCa and
downregulation of claudin-1 and pMAPK/ERK under hypoxia in
PANC-1 cells

To investigate whether the PKCa inhibitor affected changes of Snail,
claudin-1. occludin, pPKCa and pMAPK/ERK caused by hypoxia in
PANC-1 cells, the cells were incubated in a 2% CO,:2% O, incubator
balanced with nitrogen for 24 h with or without G66976. In western
blots, in PANC-1 cells under hypoxia, increases of Snail and pPKCa
and decreases of claudin-1 and pMAPK/ERK were observed com-
pared with the control (Figure 5C; Supplementary Figure 6, avail-
able at Carcinogenesis Online). G66976 prevented these increases
of Snail and pPKCa and decreases of claudin-1 and pMAPK,
whereas no change of occludin was observed under hypoxia with or
without G66976 (Figure 5C; Supplementary Figure 6. available at
Carcinogenesis Online).

PKCa inhibitor enhances upregulation of claudin-1, -4, -7 and
occludin under hypoxia in hTERT-HPDEs

To investigate whether the PKCa inhibitor affected changes of Snail,
claudin-1, -4, -7. occludin and pMAPK/ERK in hTERT-HPDEs
caused by hypoxia, the cells were pretreated with 4% FBS for 24h
and were incubated in a 2% CO,:2% O, incubator balanced with
nitrogen for 24h with or without G66976. In western blots, increases
of claudin-1, -4, -7, occludin and pMAPK/ERK caused by hypoxia
were observed (Figure 5D: Supplementary Figure 6, available at
Carcinogenesis Online). G66976 enhanced increases of claudin-1, -4,
-7 and occludin under hypoxia, whereas it did not affect upregulation
of pMAPK/ERK (Figure 5D; Supplementary Figure 6, available at
Carcinogenesis Online). Snail was not detected under hypoxia with
or without Go6976 (Figure 5D: Supplementary Figure 6. available at
Carcinogenesis Online).

PKCa inhibitor prevents downregulation of barrier function and
Jence function by treatment with TGF-B1 in HPAC cells

To investigate whether the PKCa inhibitor affected the barrier and
fence functions in pancreatic cancer cells, the well-differentiated pan-
creatic cancer cell line HPAC was used. It was pretreated with 100ng/
ml TGF-$1 for 24 and 48 h with or without G56976. In western blots,
upregulation of Snail and pPKCa and downregulation of claudin-1,-4,
-7 and occludin were observed after treatment with TGF-p1 together
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with downregulation of the barrier and fence functions (Figure 6A, C
and D; Supplementary Figure 7. available at Carcinogenesis Online).
Go6976 prevented upregulation of Snail and downregulation of clau-
din-1 after treatment with TGF-f}1, whereas it did not affect changes
of claudin-4, -7 and occludin (Figure 6B; Supplementary Figure 7,
available at Carcinogenesis Online). These changes were similar to
the changes in PANC-1 cells. Furthermore, G66976 prevented down-
regulation of the barrier and fence functions by TGF-f1 (Figure 6C
and D).

Discussion

In this study, we demonstrated that PKCa inhibitor G66976 protected
against downregulation of claudin-1 via Snail- and MAPK/ERK-
dependent pathways during EMT in human pancreatic cancer. The
mechanisms involved in the regulation of claudin-1 by the inhibitor in
pancreatic cancer were in part different from those in normal HPDEs,

it is known that the PKC inhibitor G66976, which was used in this
study, can inhibit not only « isoform of PKC but also B1 isoform of
PKC. To clarify a role of PKCu in the regulation of claudins dur-
ing EMT in pancreatic cancer, we performed using siRNA against
PKCa or PKCP. In PANC-1 cells, knockdown of PKCa by the siRNA
induced claudin-1 and -4 and prevented downregulation of claudin-1
and -4 by treatment with TGF-1, whereas the effects of knockdown
of PKCf by the siRNA were not observed (Supplementary Figure 8,
available at Carcinogenesis Online). These results indicated that
in this study. the effects of the PKC inhibitor G56976 were mainly
caused via a specific PKCa pathway.

PKCa is thought to be one of the biomarkers for diagnosis of can-
cer and regulators in cancer cells (7.10). In pancreatic cancer, cell pro-
liferation and tumorigenicity are directly related to PKCa expression
(8.9). On the other hand, PKC is associated with claudin-1 expression
in melanoma cells (37). In HPAC cells, treatment with TPA modi-
fies the activity of pPKCa and causes downregulation of claudin-1
and mislocalization of claudin-4 and occludin (13). In this study, in
poorly differentiated human pancreatic cancer tissues and the pan-
creatic cancer cell line PANC-1, overexpression of PKCa and down-
regulation of claudin-1 were observed, whereas in normal HPDEs in
vivo and in vitro, PKCa was not detected and claudin-1 was highly
expressed. These findings suggest that, in pancreatic cancer. PKCa
is a biomarker for diagnosis and may be a negative regulator against
claudin-1 expression.

The activation of PKC is involved in EMT. The PKC activator
TPA induces EMT in human prostate cancer cells and HPAC cells
(12,13). Expression of PKCa and PKC9 closely contributes to EMT
in colon cancer cells (14.15). TGF-1 induces PKCa in poorly dif-
ferentiated pancreatic cancer cell line BXPC-3 (38). During EMT
induced by treatment with TGE-f1 and under hypoxia, claudin-1 is
directly regulated via the Snail gene (28). In this study, treatment
with the PKCa inhibitor G66976 transcriptionally decreased Snail
and increased claudin-1 in PANC-1 cells. Expression of claudin-1 in
PANC-1 cells was increased by knockdown of Snail. Furthermore. the
PKCo. inhibitor prevented the upregulation of Snail and downregula-
tion of claudin-1 in PANC-1 cells during EMT induced by treatment
with TGF-B1 and hypoxia. These findings suggested that, in pancre-
atic cancer cells. PKCa is activated by TGF-31 and hypoxia induced
EMT, and the PKCa inhibitor could prevent downregulation of clau-
din-1 by repressing Snail during EMT.

PKC has been shown to induce both assembly and disassembly of
tight junctions depending on the cell type and conditions of activa-
tion (39-41). It is also known to regulate epithelial barrier function
viu tight junctions (42,43). We previously reported that, in hTERT-
HPDEs, TPA enhanced expression of claudin-1, -4, -7 and -18,
occludin, JAM-A, Z0O-1, ZO-2 and tricellulin, and the expression
of claudin-4 and -18 induced by TPA was inhibited by the PKCa
inhibitor G66976 (32.34). In this study. using hTERT-HPDEs, treat-
ment with the PKCa inhibitor transeriptionally induced expression
of claudin-1. -4, -7 and occludin and enhanced the barrier function
measured as the TER value. Furthermore, in h\TERT-HPDEs, TGF-31
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Fig. 5. (A) Western blotting for Snail, claudin- 1, -4, -7, occludin, pMAPK and panMAPK (MAPK) in PANC-1 cells pretreated with 1 pg/ml Gé6976 before
treatment with 100ng/ml TGE-B1 for 24h. (B) Western blotting for claudin-1. -4, -7, occludin, Snail, panPKCa {PKCer), pMAPK and MAPK in hTERT-HPDEs
pretreated with | pg/ml G86976 before treatment with 20ng/mi TGF-f1 for 24h. (C) Western blotting for Snail. claudin- 1. occtudin, pPKCa, PKCa. pMAPK
and MAPK in PANC-{ cells with or without I pg/iml G66976 under hypoxia for 24h. (D) Western blotting for claudin-1. -4, -7, occludin, pMAPK. MAPK and
Snail in hTERT-HPDESs with or without 1 pg/ml G66976 under hypoxia for 24h. iPKCa: PKCau inhibitor G66976.
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Fig. 6. (A) Western blotting for Snail, pPKCa, panPKCa (PKCa). claudin-1, -4. -7 and occludin in HPAC cells after treatment with 100 pg/ml TGF-f1 for 24
and 48h. (B) Western blotting for Snail. pPKCe, PKCa, claudin-1, -4, -7 and occludin in HPAC cells pretreated with [ pee/mi G66976 before treatment with
100ng/mt TGF-B1 for 24h. (C) TER values in HPAC cells pretreated with 100ng/ml TGF-f1 for 24h with or without | pg/ml Ga6976. (1) Fence function
examined by diffusion of labeled BODIPY-sphingomyelin into HPAC cells pretreated with 100 ng/ml TGF-31 for 24 h with or without | pg/ini G66976. In HPAC
cells treated with TGF-B1, the probe strongly labels the basolateral surface and appears to penetrate the cells (arrowheads), whercas the probe is effectively
retained in the apical domain of the control cells and the cells were treated with TGF-B1 and G66976. Bar: 20 pm. iPKCu: PKCa inhibitor G86976.

caused downregulation of claudin-1 and occludin and upregulation
of claudin-4. The PKCu inhibitor prevented the downregulation of
claudin-1 and occludin and enhanced the upregulation of claudin-4.
However, expression of Snail in h\TERT-HPDE treated with the PKCa
inhibitor and TGF-B1 was not detected. We have previously reported
that treatment with TGF-p1 upregulates claudin-4 without a change
of barrier function in normal human nasal epithelial cells (43). TGF-
1 transcriptionally upregulates claudin-4 and strengthens the intesti-
nal barrier in a human intestinal cell line (44). TGF-P1 induces EMT
in cultured human pancreatic duct cells (45). Our results indicated
that the PKCa inhibitor upregulated tight junction proteins and the
barrier function vie a Snail-independent pathway in normal HPDESs.
Furthermore. the PKCa inhibitor also prevented downregulation of
claudin-1 vie a Snail-independent pathway during EMT induced by
treatment with TGF-§ in normal HPDEs.

Activated PKCao turns on the MAPK cascade via activation of down-
stream signaling (46). PKCa inhibition leads to increased ERK1/2
activity (47.48). The arrangement of the expression and distribution
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of claudin-1 are closely related to cell dissociation status in pancre-
atic cancer cells through the MAPK/ERK pathway (49). In this study.
the PKCu inhibitor G66976 enhanced the phosphorylation of MAPK/
ERK in both PANC-1 cells and hTERT-HPDEs. In PANC-1 cells,
the upregulation of claudin-f. but not the downregulation of Snail.
by the PKCa inhibitor was prevented by the MAPK/ERK inhibitor
U0126. In PANC-1 cells treated with TGF-p1, the dowaregulation of
claudin-1 by TGF-f1 was not completely reversed via knockdown of
Snail. In hTERT-HPDES, the upregulation of claudin-1 by the PKCa
inhibitor was prevented by treatment with inhibitors of p3SMAPK,
PI3K, panPKC, INK and NF-xB, but not MAPK/ERK signaling path-
ways. These findings suggested that the signal transduction pathways
of the PKCa inhibitor for the regulation of claudin-1 were different
in pancreatic cancer cells and normal HPDES. and in pancreatic can-
cer. claudin-1 was regulated via not only the Snail gene but also the
MAPK/ERK signaling pathway.

Loss of the fence function, which is important for maintenance of
epithelial cell polarity. is closely associated with the expression of
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claudin-1 (24). The poorly differentiated pancreatic cancer cell line
PANC-1 shows loss of the tight junctional barder measured as TER
and the fence function examined by diffusion of labeled BODIPY-
sphingomyelin (28). The well-differentisted pancreatic cancer cell
line HPAC has high barrier and fence functions, and the fence func-
tion is downregulated by treatment with TGF-B1 and hypoxia (28).
In this study, upregulation of Snail and downregulation of claudin-1
expression, barrier function and fence function were observed in
HPAC cells treated with TGF-B1, and the PKCa inhibitor Go6976
prevented all the changes induced by treatment with TGF-$1. These
results suggest that the PKCw inhibitor may prevent downregulation
of epithelial cell polarity during EMT in pancreatic cancer.

In conclusion, the PKCa inhibitor strongly protected against down-
regulation of claudin-1 during EMT in pancreatic cancer. Furthermore,
in normal HPDEs, the PKCu inhibitor induced some tight junction
proteins, including claudin-1, and enhanced barrier function. Taken
together, these results suggest that PKCa inhibitors may be poten-
tial therapeutic agents against the malignancy of human pancreatic
cancer cells.

Supplementary material

Supplementary Figures 1-8 can be found at http://carcin.oxfordjour-
nals.org/
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Expression and Function of FERMT Genes
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Abstract. Invasion into the matrix is one of hallmarks of
malignant diseases and is the first step for tumor metastasis.
Thus, analysis of the molecular mechanisms of invasion is
essential to overcome tumor cell invasion. In the present study,
we screened for colon carcinoma-specific genes using a cDNA
microarray database of colon carcinoma tissues and normal
colon tissues, and we found that fermitin family member-1
(FERMT 1) is overexpressed in colon carcinoma cells, FRRMTI,
FERMT2 and FERMT3 expression was investigated in colon
carcinoma cells. Reverse transcription polymerase chain
reaction (RT-PCR) analysis revealed that only FERMTI had
cancer cell-specific expression. Protein expression of FERMTI
was confirmed by western blotting and immunohistochemical
staining. To address the molecular functions of FERMT genes in
colon carcinoma cells, we established FERMTI-, FERMT2- and
FERMT3-overexpressing colon carcinoma cells. FERMTI-
overexpressing cells exhibited greater invasive ability than did
FERMT2- and FERMT3-overexpressing cells. On the other
hand, FERMTI-, FERMT?2- and FERMT3-overexpressing cells
exhibited enhancement of cell growth. Taken together, the results
of this study indicate that FERMT! is expressed specifically in
colon carcinoma cells, and has roles in matrix invasion and cell
growth. These findings indicate that FERMTI is a potential
molecular target for cancer therapy.
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Colon carcinoma is a major malignancy, with a high
mortality rate. In the process of tumorigenesis, tumor cells
undergo multiple steps of genetic events (1), and multiple
steps-are also required for the cells to obtain several different
phenotypes. Tissue invasion and metastasis are hallmarks
that distinguish malignant from benign diseases (2). Several
classes of proteins are involved in the process of tissue
invasion; however, the exact molecular mechanisms of
invasion remain unclear.

Fermitin family member (FERMT) genes include FERMTI,
FERMT?2 and FERMT3, and these genes have been reported
to be mammalian homologs of the Caenorhabditis elegans
gene (3.4). The unc-112 gene mutant had a phenotype similar
to that of unc-52 (perlecan), par-2 (a-integrin) and par-3 (B-
integrin) mutants, and unc-112 has been described as a novel
matrix-associated protein (3). In subsequent studies, FERMT2
was found to be related to invasion in MCE-7 breast
carcinoma cells (5). FERMTI has been reported to be
overexpressed in lung carcinoma cells and colon carcinoma
cells (4), and has been reported to be related to invasion of
breast carcinoma cells (6). However, the molecular functions
of FERMT! in colon carcinoma cells remain elusive.

In this study, we screened a gene expression database of
carcinoma tissues to analyze the molecular mechanisms of
colon carcinoma, and we isolated FERMT! as a gene
overexpressed in colon carcinoma tissues. We then analyzed the
molecular functions of FERMT genes in colon carcinoma cells.

Materials and Methods

Cell lines, culture, cell growth assay and gene transfer. Colon
adenocarcinoma cell lines HCT116, HCT15, Colo205, SW4380,
CaCO02, RTK, SW48, LoVo, DLDI1, HT29 and Colo320 were kind
gifts from Dr. K. Tmai (Sapporo, Japan), and the KM12LM cell line
was a kind gift from Dr. K. ftoh (Kurume, Japan). All cell lines were
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cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma
Chemical Co., St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS) (Life Technologies Japan, Tokyo, Japan).

For cell growth assay, 1x10% cells were seeded in a 6-well plate,
and total cell numbers were counted every day by using Countess*
(Life Technologies).

A retrovirus system was used for gene transfer, as described
previously (7). Briefly, a pMXs-puro retroviral vector was
transfected into PLAT-A amphotropic packaging cells (kind gift
from Dr. T. Kitamura), and then HCT116 and SW480 cells were
infected with the retrovirus. Puromycin was added at 5 pg/mi for
establishment of stable transformants.

Reverse transcription polymerase chain reaction (RT-PCR) analysis of
FERMT genes in normal tissues and colon carcinoma cells. RT-PCR
analysis was performed as described previously (8). Primer pairs used
for RT-PCR analysis were 5°-GTCTGCTGAAACACAGGATTT-3’
and 5"-GTTTTTCTAGTGGTTCTCCTT-3" for FERMTI, with an
expected PCR product size of 272 base pairs (bps); 5'-
CATGACATCAGAGAATCATTT-3’ and 5-ACTGGATTICTTCTTT
GCTCTT-3" for FERMT2, with an expected PCR product size of
256  bps; 5-AAAGTTCAAGGCCAAGCAGCT-3" and 5'-
TGAAGGCCA CATTGATGTGTT-3’ for FERMT3 with an expected
PCR product size of 326 bps: and 5-ACCACAGTCCATGCCATCAC-
3" and 5-TCCACCACCCTGTTGCTGTA-3’ for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) with an expected product size of
452 bps. GAPDH was used as an internal control. The PCR products
were visualized with ethidium bromide staining under UV light after
electrophoresis on 1.2% agarose gel. Nucleotide sequences of the PCR
products were confirmed by direct sequencing.

Construction of plasmids and transfection. Full-length FERMTI,
FRERMT?2 and FERMT3 ¢DNAs were amplified from cDNA of LoVo
cells with PCR using KOD-Plus DNA polymerase (Toyobo, Osaka,
Japan). The primer pairs were 5'-CGGGGTACCATGCTGTCATCC
ACTGACTTT-3" as a forward primer and 5’-CCGCTCGAGATCCTG
ACCGCCGGTCAATTT-3" as a reverse primer (underlines indicating
Kpnl and Xhol recognition sites, respectively) for FERMT!, 5'-
CGGGGTACCGCCACCATGGCTCTGGACGGGATAAGG-3" as a
forward primer and 5-CCGCTCGAGCACCCAACCACTGGTA
AGTTT-3" as a reverse primer for FERMT2. and 5’-CGGGGTACC
GCCACCATGGCGGGGATGAAGACAGCC-3’ as a forward primer
and 5-CCGCTCGAGGAAGGCCTCATGGCCCCCGGT-3" as a
reverse primer for FERMT3. The PCR product was inserted into the
peDNA3.1 expression vector (Life Technologies) fused with a FLAG-
tag. The cDNA sequences were confirmed by direct sequencing, and
proved to be identical as reported previously (4). The inserts were then
sub-cloned into a pMXs-puro retrovirus vector (kind gift from Dr. T.
Kitamura, Tokyo, Japan). For the construct of protein expression, a
Bglll and Xhol-digested deletion mutant of FERMT] ¢DNA that was
amplified by PCR using the primer pair 5-GAAGATCTATGCT
GTCATCCACTGACTTT-3’ and 5’-CCGCTCGAGATCCTGACCGC
CGGTCAATTT-3’ (underlines indicating BglII and Xhol recognition
sites, respectively) was inserted into a BamHI and Xhol-digested
pQE30 (Qiagen Japan, Tokyo, Japan) vector.

FERMT! recombinant protein production and establishment of a
monoclonal antibody (mAb). A pQE30-FERMT! deletion mutant
construct was transformed into Escherichia coli strain MIS
(Qiagane Japan, Tokyo, Japan), and His6 tag-fused FERMT1 protein

was indaced with | mM Isopropyl B-D-1-thiogalactopyranoside
(IPTG) for 4 h at 30°C. Cells were lysed i lysis buffer {6 M
guanidine hydrochloride, 20 mM HEPES (pH 8.0), 50 mM NaCl},
and recombinant FERMT | protein was purified using Ni-NTA resin
(Qiagen Japan).

The FERMTI recombinant protein (100 pg) was used for
immunization of BALB/c mice (CHARLES RIVER
LABORATORIES JAPAN, INC., Yokohama, Japan) by intraperitoneal
(i.p.) injection four times at two-week intervals. One week after the
last injection, splenic cells were collected and fused with the NS-1
mouse myeloma cell line (ATCC, Manassas, VA, USA) at a 4:1 ratio.
FERMT! protein-specific hybrydomas were screened with enzyme-
linked immunosorbent assay (ELISA) and western blotting using
recombinant FERMT1 protein.

Immunohistochemical  staining  and  western  blotting.
Immunohistochemical staining was performed with a colon
carcinoma tissue microarray established from formalin-fixed
surgically-resected tumor specimens of colon carcinoma at Sapporo
the Medical University Hospital, as described previously (8). Anti-
FERMT!1 antibody was used at a 10-fold dilution with the anti-
FERMT1-specific hybridoma culture supernatant. Western blotting
of colon carcinoma tissues and colon carcinoma cells was
performed as described previously (8). Anti-FERMT1 antibody was
used ata 10-fold dilution with hybridoma culture supernatant.

Matrigel invasion assay. BD BioCoat Matrigel Invasion Chambers
(Discovery Labware, Bedford, MA, USA) and polyethylene
terephthalate (PET) track-etched membranes with pore sizes of 8.0 ym
(Becton Dickinson, San Diego, CA, USA) were used for the invasion
assay, according to the protocol of the manufacturer. HCT116- and
SW480-transformant cells (2.5%104 cells/500 ml) were plated in the
top chamber in DMEM, and culture medium with 10% FBS was used
in the bottom chamber as a chemoattractant. Twenty-four hours later,
cells were fixed and stained using a HEMA 3 STAT Pack (Fisher
Scientific Japan, Tokyo, Japan). Cell numbers were counted on
microphotographs taken in ten areas of the membrane.

Statistical analysis. In cell growth assays and invasion assays,
samples were analyzed using Student’s r-test. with p<0.05 conferring
statistical significance.

Results

Isolation of the colon carcinoma-related gene FERMTI. We
screened a gene expression database of approximately 700
normal organ tissues and about 4000 carcinoma tissues using
the Affymetrix GeneChip Human Genome U133 Array Set
that contains approximately 39,000 genes. One of the genes
that was overexpressed in colon carcinoma tissues was
shown to be FERMT], a member of the FERMT gene family.
In a previous study, FERMT1 was shown to be overexpressed
in lung carcinoma cells and colon carcinoma cells (4).
FERMT1 is member of a family of highly homologous gene
products including FERMT2 and FERMT3 (Figure 1A).
FERMT!, FERMT?2 and FERMT3 share a FERM domain and
a Pleckstrin homology domain (PH) domain, which are a
cytoskeletal-associated domain and phosphatidylinositol
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Figure 1. Expression profiles of fermitin family member (FERMT) family genes. A: Sequence alignment of FERMT proteins. FERMT!, FERMT2

and FERMT3 amino acid sequences are shown. A black box indicates the same alighment, a gray box indicates similar alignment. B: Molecular

structure of FERMT family proteins. A dotted box indicates the FERMT domain, cytoskeletal-associated domain, a lined box indicates the Pleckstrin
homology domain (PH) domain, phosphatidylinositol lipid association domain. C: Reverse transcription-polymerase chain reaction (RI-PCR) of
FERMT family in colon carcinoma cells, FERMTI, FERMT2 and FERMT3 expression in colon carcinoma cells was evaluated by RT-PCR.
Glveeraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal positive control, D: RI-PCR of FERMT family genes in normal
organ tissues. FERMTI, FERMT2 and FERMT3 expression in normal organ tissues was evaluated by RT-PCR. FERMTI, FERMT2 and FERMT3
plasmids were used as positive controls. GAPDH was used as an internal positive control.

lipids association domain, respectively (Figure 1B). Since
FERMTI, FERMT2 and FERMT3 show high homology with
each other, we evaluated the expressions of these genes in
colon carcinoma cells and also in normal organ tissues by

RT-PCR. FERMTI was expressed in 9 (75%) out of 12 colon
carcinoma line cells, and FERMT3 was expressed in 9 (75%)
out of 12 colon carcinoma line cells and FERMT2 was
expressed in 3 (25%) out of 12 colon carcinoma line cells
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Figure 2. Fermitin family member 1 (FERMTI} protein expression in colonic carcinomas. A: Western blotting using monoclonal antibody (mAb)
against FERMT1. 293T cells were transfected with FERMT!, FERMT2 and FERMT3 plasmids. Western blotting using anti-FLAG mAb and anti-
FERMT! mAb was performed. Anti-FLAG mAb was used as a positive control. §-Actin was used as an internal positive control. B: Western blotting
of colonic carcinoma cells. Western biotting using anti-FERMTI mAb was performed. 3-Actin was used as an internal positive control. C: Western
blot of colon carcinoma tissues. Protein expression of FERMT] in primary human colonic carcinoma cases (#1-#6) was evaluated by western blotting
using an anti-FERMTI mAb. T, Tumoral part of colonic carcinoma tissue; N, adjacent normal colonic mucosa tissue; LN, lyimph node metastatic
iissue of the corresponding case. p-Actin was used as an internal positive control. D: Immunohistochemical staining of FERMTI. Representative
irmages of immunohistochemical staining of colonic carcinoma tissues using anti-FERMTI mAb are shown. Brown indicates positive staining. Dotred
line indicates normal colonic mucosa cells. N, Normal colon mucosa tissue: T, colonic carcinoma tssue.

(Figure 1C). FERMTI was not expressed in normal organ
tissues, whereas FERMT3 and FERMT2 were expressed
ubiquitously in normal organ tissues. Only FERMT! exhibits
colon carcinoma cell-specific expression. We therefore
focused on FERMT] for further analysis.

Protein expression of FERMTI in colon carcinoma cells and
tissues. To address FERMT! protein expression, we
established a novel anti-FERMT! mAb. Since FERMTI,
FERMT2 and FERMTS3 have similar protein structures, we
evaluated the specificity of the mAb to FERMT1. FERMT1
mAb showed reactivity for 293T cells transfected with a
FERMT]I expression vector, whereas it did not react to 293T

cells transfected with a FERMT2 or FERMT3 vector, as
shown in western blot analysis (Figure 2A), indicating that the
mAD against FERMT1 mAb is specitic for FERMT1. Western
blot analysis revealed positive FERMT! protein expression in
all five colon carcinoma lines tested (Figure 2B).

Further evaluation of FERMT1 protein expression in
primary colon carcinoma tissues was performed. Six colon
carcinoma primary tumor tissues exhibited higher levels of
FERMT! protein expression than those in adjacent normal
colonic mucosa tissues (Figure 2C). Of note, stronger
FERMT1 protein expression was detected in tissue from
lymph node metastasis of case #1 than in primary colonic
tumor tissue and normal colonic mucosa of the same case.
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Figure 3. Molecular function of FERMTI in colon carcinoma cells. A: Western blotting using monoclonal antibody (mAb) to FLAG-tag. HCT116 cells
were transfected with FREMTI, FERMT3, FERMT2 plasmids, and analyzed by western blot using mAb to FLAG-tag. 3-Actin was used as an internal
positive control. B: Western blotting using a monoclonal antibody (mAb) to FLAG-tag. SW480 cells were transfected with FREMTI, FERMT3,
FERMT? plasmids, and analyzed by western blot using a mAb 10 FLAG-tag. B-Actin was used as an internal positive control. C: Invasion assay of
FERMT family-overexpressing HCT116 cells. Representative images of invasion assay using FERMT family ¢DNA-overexpressing HCT116 cells.
Purple cells indicate HCT116 cells that have invaded through the Matrigel. D: [nvasion assay of FERMT family-overexpressing HCT116 cells.
Invading cells were counted in 10 high power fields (HPFs). Data represent means=SD. Differences between FERMT family-overexpressing HCTI 16
cells and mock-transfected HCT116 cells were examined for statistical significance using the Student’s t-test. #*p=0.03, ¥ p=0.001, ***p<0.0001.
E: Invasion assay of FERMT family-overexpressing SW480 cells. Representative images of invasion assay using FERMT family cDNA-overexpressing
SW4S0 cells. Purple cells indicate SW4S0 cells that have invaded through the Matrigel. F: Invasion assay of FERMT family-overexpressing SW480
cells, Invaded cells were counted in 10 HPF. Data represent means+SD. Differences between FERMT family-overexpressing SW480 eells and mock-
transfected SW480 cells were examined for statistical significance using Student’s t-test. *p=0.04.
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Figure 4. Cell growth of FERMT famliy-overexpressing HCT116 cells.
FERMT family cDNA-overexpressing HCT116 cells were seeded in a 6-
well plate, and the cell growth rate was recorded daily. Data represent
means=SD. Differences between FERMT fumily-overexpressing HCT116
cells and mock-transfected HCT116 cells were examined for statistical
significance using Student’s t-test. *p=0.013, ¥p=0.012, **p=0.00/.

Immunohistochemical staining of primary colonic carcinoma
tissues also revealed FERMT! protein expression in
carcinoma cells but not in normal epithelial cells (Figure
2D). The positive immunohistochemical staining rate of
FERMT1 protein in colon carcinoma tissues was 95% (38
out of 40 cases).

Role of FERMTI in invasion and cell growth. Since western blot
analysis revealed a high level of FERMT1 protein expression in
lymph node metastasis tissue, we hypothesized that FERMT!1 is
related to the invasion of colonic carcinoma cells. In order to
analyze the functions of FERMT genes, we established
FERMTI-, FERMT2- and FERMT3-overexpressing HCT116
cells and SW480 cells. Protein expression of FERMTI,
FERMT?2 and FERMT3 was confirmed by western blot analysis,
using an anti-FLAG antibody (Figure 3A and 3B). Invasion
assays using Matrigel were performed, and FERMTI-
overexpressing HCT116 cells exhibited greater invasive ability
than mock vector-transformed HCT116 cells (p<0.001) (Figure
3C and 3D). FERMTI-overexpressing SW480 cells also
exhibited greater invasive ability than did mock-transfected
SW480 cells (Figure 3E and 3F). FERMT?2 and FERMT3 had
the ability to enhance the invasion of HCT116 cells, whereas
they had no effect on SW48( cells. Cell growth ability was
evaluated by a cell growth assay. FERMT]-, FERMT2- and
FERMT 3-overexpressing HCT116 cells showed greater growth
in vitro than non-transfected cells, indicating that FERMTI,
FERMT?2 and FERMT3 have roles in cell growth (Figure 4).

Discussion

During cancer progression, cells gain multiple abilities
allowing them to become malignant cells. Malignant
diseases are defined by invasion into adjacent organs and
distant metastasis, and invasion is thus a prominent ability
of malignant cells. In this study, we identified FERMT! as
a colon carcinoma-related gene by screening of a gene
database. FERMT! was reported to be overexpressed in
lung carcinoma cells and colonic carcinoma cells (4).
However, the molecular functions of FERMTI in colonic
carcinoma cells have not been elucidated. In another study,
FERMT! was shown to be overexpressed in lung
metastasis of breast carcinoma (9). The same research
group reported that FERMT! has a role in epithelial
mesenchymal transition through activation of transforming
growth factor-f§ (TGFp) signaling (6). However, the
molecular functions of FERMT1 have remained elusive,
and we therefore analyzed FERMTI function in colon
carcinoma cells.

FERMTI has 80% homology with FERMT2 and 72%
homology with FERMT3. The three molecules have similar
domain structures (Figure 1B), suggesting similar molecular
functions. However, the cxpression profiles of FERMTI,
FERMTZ2 and FERMT3 in normal organ tissues exhibited
significant differences, and only FERMT! showed carcinoma
cell-specific expression. In this study, we did not address the
expression of FERMTI in skin tissue; however, previous
studies showed that FERMTI is expressed in skin
keratinocytes and that gene mutation in FERMTT is related
to Kindler syndrome (10-12). FERMT2 was shown to have
invasion ability in MCF7 breast carcinoma cells (5).
FERMT3 was reported to be expressed in leukocytes and to
have a role in the activation of integrin signals (13, 14);
however, there has been no report describing the relationship
between FERMT3 and invasion. In our study, FERMTI,
FERMT?2 and FRMT3 were all shown to have roles in
invasion, indicating that they may have similar functions.
FERMTI and FERMT2 have been reported to share some
molecular functions in skin keratinocytes (15, 16). These
observations indicate that FERMT1, FERMT2 and FERMT3
may have similar molecular functions and that the difference
in expression defines the role of each molecule. Of note,
FERMT1 is ectopically and specifically overexpressed in
carcinoma cells and FERMT] is thus the most suitable target
for future cancer therapy.

In summary, to our knowledge this is the first report on
FERMTI functions in colon carcinoma cells. While
FERMT!, FERMT2 and FERMT3 are expressed in colon
carcinoma cells, only FERMT exhibites cancer cell-specific
expression. FERMTT also has a role in invasion and growth
of colonic carcinoma cells. The results indicate that FERMT]
is a possible target for cancer therapy.
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