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Modulation of Pancreatic Tumor Potential by
Overexpression of Protein Kinase C A1

Stéfano M. Cirigliano, MSc,* Laura V. Mauro, PhD,* Valeria C. Grossoni, PhD,*
Lucas L. Colombo, MD, PhD,* Miriam J. Diament, MSc,* Marcelo G. Kazanietz, PhD,Þ

Elisa D. Bal de Kier Joffé, MD, PhD,* Lydia I. Puricelli, PhD,* and Alejandro J. Urtreger, PhD*

Objective: This study aimed to investigate whether the overexpression
of protein kinase C A1 (PKCA1) is able to modulate the malignant phe-
notype displayed by the human ductal pancreatic carcinoma cell line
PANC1.
Methods: PKCA1 overexpression was achieved using a stable transfec-
tion approach. PANC1-PKCA1 and control cells were analyzed both in
vitro and in vivo.
Results: PANC1-PKCA1 cells displayed a lower growth capacity asso-
ciated with the down-regulation of the MEK/ERK pathway and cyclin
expression. Furthermore, PKCA1 overexpression was associated with an
enhancement of cell adhesion to fibronectin and with reduced migratory
and invasive phenotypes. In agreement with these results, PANC1-PKCA1
cells showed an impaired ability to secrete proteolytic enzymes. We also
found that PKCA1 overexpressing cells were more resistant to cell death
induced by serum deprivation, an event associated with G0/G1 arrest and
the modulation of PI3K/Akt and NF-JB pathways. Most notably, the
overexpression of PKCA1 completely abolished the ability of PANC1 cells
to induce tumors in nude mice.
Conclusions: Our results established an important role for PKCA1 in
PANC1 cells suggesting it would act as a suppressor of tumorigenic be-
havior in pancreatic cancer.

Key Words: human pancreatic adenocarcinoma, PKCA1, tumor growth
inhibition

Abbreviations: CM - conditioned media, DAG - diacylglycerol,
Dox - doxorubicin, ERK - extracellular signalYregulated kinase,
FCS - fetal calf serum, GSK3A - glycogen synthase kinase 3 A,
MAPK - mitogen-activated protein kinase, MMP - matrix
metalloproteinase, NF-JB - nuclear factor-JB, PAGE - polyacrylamide
gel electrophoresis, PBS - phosphate-buffered saline,
PKC - protein kinase C, PMA - phorbol 12-myristate 13-acetate,
PI3K - phosphatidylinositol-3-kinase, RPMI - Roswell Park Memorial
Institute medium, SDS - sodium dodecyl sulfate, uPA - urokinase-type
plasminogen activator

(Pancreas 2013;00: 00Y00)

Pancreatic cancer has the poorest prognosis of any common
gastrointestinal malignancy, with a 5-year overall survival of

less than 5% and a median survival time after diagnosis of less
than 6 months.1 Because of the intrinsic aggressive nature of
pancreatic cancers, the difficulties in diagnosis, and the limited
therapeutic options, pancreatic cancer is the fourth leading cause
of cancer death overall in the United States.2 Despite the signifi-
cant advances in the molecular basis and pathogenesis of the pan-
creatic cancer, there is a great need to identify novel ‘‘druggable’’
targets.3 Members of the protein kinase C (PKC) family have
emerged in the last years as important modulators of transformation
and malignant progression of pancreatic cancers.4,5

Protein kinase C comprises a family of at least 11 lipid-
dependent serine/threonine kinases that influence a wide range
of cellular functions, including proliferation, differentiation, and
apoptosis.6Y8 On the basis of their structural similarities and co-
factor dependence PKC isoforms have been grouped into 3 fam-
ilies9,10: classical PKC isozymes (>, A, and F), which can be
stimulated by Ca2+ and the lipid second messenger diacylglycerol
(DAG) or phorbol esters; novel PKC isozymes (C, ?, G, and 5),
which can be activated by DAG or phorbol esters but are Ca2+

independent; and atypical PKC isozymes (X and L/I), which are
unresponsive to Ca2+, DAG, and phorbol esters. Alterations in the
expression of PKC isozymes have been reported in numerous
human cancers.11Y13 Moreover, there is a large body of evidence
linking PKCs with signaling pathways involved in cancer pro-
gression and metastatic dissemination of cancer cells.14,15 Indeed,
members of the various PKC families have been associated with
altered expression of matrix metalloproteinases (MMPs) and
urokinase-type plasminogen activator (uPA).14Y16 These enzymes
play crucial roles in normal tissue remodeling; however, they
display altered expression or activity in cancer cells, therefore
contributing to the enhanced cell motility and invasiveness that
characterized the metastatic phenotype.

The role of PKCA1 in malignant transformation is contro-
versial. PKCA1 overexpression in rat fibroblasts results in
transformed cells that exhibit anchorage-independent growth
properties and form tumors when inoculated into nude mice.17

PKCA1 is also involved in the attenuation of apoptotic responses
in gastric and hepatocellular carcinomas.18,19 In contrast, PKCA1
overexpression reduced the tumorigenic potential of colon cancer
and breast cancer cells,16,20 and also induced growth arrest and
apoptosis of myeloid cells.21 There are only few studies address-
ing the expression levels of PKCA1 in human ductal pancreatic
cancer, and its role in the progression of the disease is almost
unknown.22

The main goal of the present work was to analyze whether
aberrant expression of PKCA1 alters the malignant phenotye of
a human pancreatic tumorYderived cell line (PANC1). As an
experimental approach, we stably overexpressed this classical
PKC isozyme in pancreatic cells and analyzed the phenotypic
consequences of such overexpression, both in vivo and in vitro.
Our experiments revealed that PKCA1 abrogates the malignant
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Elisa D. Bal de Kier Joffé, Lucas L. Colombo, Lydia I. Puricelli, and

Alejandro J. Urtreger are members of the Scientific Research Career of
the National Council for Scientific and Technical Research (CONICET).

Lydia I. Puricelli and Alejandro J. Urtreger equally contributed to the direction
of this study.

Copyright * 2013 by Lippincott Williams & Wilkins



Copyright @ 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

phenotype of PANC1 when cells were inoculated into nude
mice. Signaling studies demonstrated that PKCA1 down-
regulates the activation of the MEK/ERK pathway, leading to
profound effects on the ability of PANC1 cells to proliferate,
adhere, migrate, and secrete proteases associated with the
invasive behavior. In addition, PKCA1 overexpression had
prominent effects on survival of pancreatic cancer cells through
the modulation of phosphatidylinositol-3-kinase (PI3K)/Akt
and nuclear factor (NF)-JB pathways.

MATERIALS AND METHODS

Reagents and Antibodies
Culture medium, agarose, Geneticin, and Lipofectamine

Plus, were obtained from Life Technologies Inc (Rockville, Md).
Fetal calf serum (FCS) was from GEN (Buenos Aires, Argentina).
Plasminogen was purchased to Chromogenix (Molndal, Sweden)
and gelatin from Sigma Co (St Louis, Mo). Human urokinase was
a gift from Serono Argentina S.A. (Buenos Aires, Argentina).
Triton X-100 was obtained from J. T. Baker (Phillipsburg, NJ).
Monoclonal anti-PKC>, A, ?, and X antibodies were purchased
from BD Biosciences (San Diego, Calif ). The anti-PKC? (anti-?-
tag) antibody was obtained from Life Technologies Inc. Mono-
clonal antibodies for ERK, phospho-ERK (pERK), NF-JB (p65),
and IJB> and polyclonal antibodies for actin, cyclin D1, cyclin
D2, and p21 were purchased from Santa Cruz Biotechnology
(Santa Cruz, Calif ). Monoclonal antibodies for Akt, phospho-Akt
(pAkt, Ser 473), glycogen synthase kinase 3 A (GSK3A), and
phospho-GSK3A (pGSK3A, Ser9) were purchased from Cell
Signaling Technology (Danvers, Mass). Horseradish peroxi-
dase conjugated antimouse antibodies was obtained from
Sigma Co. Hybond-P membranes for blotting and chemilumi-
nescence reagents (ECL) were from GE Healthcare Bio-Sciences
(Little Chalfont, UK). Acrylamide and all other reagents for
polyacrylamide gel electrophoresis were obtained from Bio-Rad
(Richmond, Calif ).

Cell Line and Culture Conditions
PANC1, a human pancreatic ductal carcinoma cell line

(ATCC, Manassas, Va) was cultured at 37-C in RPMI1640 me-
dium supplemented with 10% FCS and 80 Kg/mL gentamicin in
a humidified air atmosphere with 5% CO2.

Expression Vectors, Transfection, and Selection
PANC1 cells were stably transfected with 5 Kg of pMTH-

PKCA1, a mammalian expression vector encoding for PKCA1,
using Lipofectamine Plus (PANC1-PKCA1). Cells transfected
with the empty vector (pMTH) were used as control (PANC1-
vector). All the expression constructs possess an ?-tag insert
sequence that encodes for a KGFSYFGEDLMP peptide, derived
from the last 12 amino acids of PKC?.23 The ?-tagged proteins
can be readily detected with a commercially available antibody
specific for the ?-peptide. Forty-eight hours after transfection,
cells were selected with 500 Kg/mL of G418. After a selection
period of 15 days, approximately 30 resistant clones were pooled
to avoid clonal variations.16

Western Blot
Semiconfluent monolayers were washed twice with ice-cold

PBS and then lysed with 1% Triton X-100 in PBS by scraping
with a Teflon scraper. Samples were denatured by boiling in
sample buffer with 5% A-mercaptoethanol and run in 10% SDS-
PAGE. Fifty microgram of protein was loaded in each lane. Gels
were blotted to Hybond-P membranes. After incubation for
1 hour in PBS containing 5% skim milk with 0.1% Tween-20,
membranes were incubated with the first antibody overnight at

4-C, and then for 1 hour with a secondary antibody coupled to
horseradish peroxidase. Detection was performed by chemilu-
minescence. Bands were digitalized with a Foto/Analyst Express
System (Fotodyne Inc, Hartland, Wis) and signal intensity was
quantified with Gel-Pro Analyzer software. When both the
phosphorylated and total forms of a protein were studied, the
same membrane was blotted initially with the antibody against
the phosphorylated form, subsequently stripped, and finally
probed with the antibody against the total protein.

Determination of NF-JB and IJB
Expression Levels

NF-JB levels in cytoplasm and nucleus and IJB levels in
cytoplasm were analyzed by Western blot. Nuclear and cytoplas-
mic fractions were separated using NE-PER nuclear and cyto-
plasmic extraction reagents kit (Pierce Biotechnology, Rockford
Ill). Briefly, subconfluent monolayers growing in 100-mm Petri
dishes were trypsinized and centrifuged (500g, 5 minutes). The
supernatant was discarded and the pellet was resuspended in the
cytoplasmic extraction reagent I buffer (CERI). Then CERII
buffer were added and the mixture was centrifuged (13,000g,
5 minutes). Supernatant corresponds to the cytoplasmic protein
fraction, and the remaining pellet was resuspended in nuclear
extraction reagent buffer (NER) to obtain the nuclear protein
fraction. Protein content in each fraction was determined, and
samples were aliquoted and stored atj80-C, and used only once
after thawing.

NF-JB-Dependent Reporter Gene
Expression Assay

PANC1-PKCA1 and PANC1-vector cells were transiently
cotransfected with NF-JB-Luc reporter plasmid and Renilla
Luciferase Control Reporter Vector (pRL-CMV; Promega,
Madison, Wis) in a 10:1 ratio, using Fugene and following stan-
dard protocols. Briefly, 4 � 105 cells were transfected in suspen-
sion and then 5 � 104 cells were seeded onto individual wells of
24-well plates, subjected or not to serum starvation, and lysed
48 hours later. Luciferase activities were determined using the
Dual-Luciferase Reporter Assay System (Promega) and normal-
ized to the constitutive Renilla luciferase activity.

Cell Proliferation
Population doubling time was determined during the ex-

ponential growth phase of unsynchronized monolayer cultures.
Briefly, 3 � 103 cells/well were seeded onto 96-well plates in
RPMI1640 supplemented with 10% FCS and 80 Kg/mL genta-
micin. Cell viability was assessed at different times after seeding
using the MTS assay (Celltiter 96 Non Radioactive Proliferation
Assay; Promega) according to vendor’s indications.5

Susceptibility to Cell Death
Subconfluent monolayers growing in 96-well plates were

extensively washed with PBS and subjected to serum starvation
(48 hours), or treated for 2 hours with 2 to 6 KM doxorubicin
(Dox), washed twice with PBS, and subsequently incubated in
medium with 10% FCS for 48 hours. A combined starvation-
Dox treatment was also performed. In this case, cells were
starved for 24 hours and then treated with Dox as previously
mentioned. Cell viability was evaluated with the MTS assay.

Analysis of Cell Cycle Distribution
by Flow Cytometry

Cells were serum starved overnight and then washed with
PBS, detached, fixed with 75% ice-cold ethanol and stained
with 50 Kg/mL propidium iodide. DNA content was analyzed
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by flow cytometry using an Epics Elite ESP Coulter cytometer
(Beckman Coulter, Fullerton, Calif ).

Adhesion Assay
Petri dishes (35 mm) were coated with human fibronectin

(16 Kg/mL) (Sigma Co) for 1 hour at room temperature. To
avoid the adhesion to uncoated surfaces, wells were further
blocked with BSA (1 Kg/mL) for 1 hour at room temperature.
Suspensions containing 4 � 105 cells were seeded in FCS-free
culture media and incubated at 37-C. After 60 minutes, medi-
um was removed and adherent cells were washed twice with
PBS, trypsinized, and counted using a hemocytometer. The
adhesion efficiency was expressed as the percentage of the total
number of seeded cells.

Invasion Assay
Transwell cell culture chambers (Corning, Lowell, Mass)

were used for invasion assay. Filters (8-Kmmembrane pores) were
coated with 0.1% gelatin on the lower side and with a thin layer
(250 Kg/mL) of Matrigel (Becton Dickinson Labware, Bedford,
Mass) on the upper side. The lower chamber contained 0.5 mL of
culture media supplemented with human fibronectin (16 Kg/mL)
(Sigma Co) as chemoattractant. Cells (2� 104) were seeded in the
upper chamber and 48 hours later the upper surface of the filter
was removed and wiped using a cotton swab. Finally, membranes
were fixed in Carnoy and stained with Höechst 33258. Cells that
invaded Matrigel, passed through the pores, and reattached on the
lower surface of the filter were considered as invasive and their
fluorescent nuclei were counted using an epifluorescence micro-
scope �400 (Eclipse E400, Nikon).

Migratory Capacity
Wounds of approximately 400-Km width were made in

subconfluent monolayers, and cells were then allowed to migrate
into the cell-free area for a period of 24 hours in low FCS culture
media (2%). The same spot was photographed at time 0 and
24 hours, and the migratory area was determined using the
Image-ProPlus 4.5 software. Cell migration was expressed as
the percentage of the area occupied by the migratory cells in
the original cell-free wounded area.

Quantification of uPA and MMPs Activities
of Conditioned Media

Secreted uPA, MMP-2, and MMP-9 activities were evalu-
ated in conditioned media (CM) as previously described.15

Briefly, semiconfluent cell monolayers growing in 35-mm
plastic Petri dishes were extensively washed with PBS. Serum-
free medium (1 mL) was added and incubation was continued
for 24 hours. Conditioned mediawere individually harvested, the
remaining monolayers were lysed with 1% Triton-X100 in PBS,
and cell protein content was determined using the Bio-Rad
Protein Assay. Samples of CM were stored at j40-C and used
only once after thawing.

To determine uPA activity, a radial caseinolysis assay was
used, as previously described.24 Briefly, 4-mm wells were
punched in the plasminogen-rich casein-agarose gels and 10 KL
of CM were loaded. Gels were incubated for 24 hours at 37-C in
a humidified atmosphere. The diameter of lytic zones was de-
termined, and the areas of degradation were referenced to a
standard curve of purified urokinase (0.1Y50 IU/mL) and nor-
malized to the original cell culture protein content.

Matrix metalloproteinase activity was determined on
substrate-impregnated gels, as previously described by Aguirre
Ghiso et al.25 Briefly, CM samples were run on 9% SDS poly-
acrylamide slab gels containing 1 mg/mL of gelatin, under non-
reducing conditions. After electrophoresis, gels were washed for

30 minutes in 2.5% Triton X-100 and subsequently incubated for
48 hours at 37-C in a buffer containing 0.25M Tris-HCl pH 7.4, 1
M NaCl, and 25 mM CaCl2. Nonspecific activity was detected
using gels incubated in the same buffer solution but supplemented
with 40 mM EDTA. After incubation, gels were fixed and stained
with Coomassie Brilliant Blue G-250. Gelatinolytic bands were
digitalized with a Foto/Analyst Express System (Fotodyne Inc)
and signal intensity was quantified with Gel-Pro Analyzer soft-
ware. Data were expressed as arbitrary units and normalized to
the original cell culture protein content.

Animal Studies
In vivo experiments were carried out using 2-month old

BALB/c nude mice obtained from the Animal Care Area of
‘‘Comisión Nacional de Energı́a Atómica.’’ Mice were housed 5
per cage, kept under an automatic 12-hour light/12-hour dark-
ness schedule, and provided with sterile pellets and tap water ad
libitum. All animals studies were conducted in accordance with
the standards of animal care as outlined in the NIH Guide for
the Care and Use of Laboratory Animals.

Analysis of tumor cell growth and metastasis was performed
essentially as described.16 Briefly, PANC-PKCA1 and PANC-
pMTH cells were harvested from subconfluent cultures during
the exponential growth phase by treatment with trypsin-EDTA,
washed thoroughly with RPMI, and resuspended in the same
medium. Nonanesthetized nude mice (n = 10) were inoculated
subcutaneously (sc) into the left flank with 6 � 106 cells in 0.3
mL RPMI. The size of the tumors was measured with a sliding
caliper twice a week by measuring length (L) and width (W), and
volume was calculated using the formula V = 5 (P � L � 2W),
where L is the longest and W is the shortest diameter. Mice were
killed 80 days after tumor inoculation and tumors fixed in 10%
formalin and embedded in paraffin. Sections (5 Km) were stained
with hematoxylin and eosin for histopathological studies. The
lungs, liver, kidney, and spleen were also fixed and examined for
the presence of metastatic nodules.

Statistical Analysis
All assays were performed in triplicate, and independent

experiments repeated at least twice. Statistical differences be-
tween groups were calculated by applying Student t or Kruskal-
Wallis tests, as indicated. Avalue of P G 0.05 was considered to
be significant.

RESULTS

Overexpression of PKCA1 in PANC1 Cells
To investigate whether the overexpression of the classical

PKCA1 isozyme can modulate the malignant phenotype potential
of PANC1 cells, a human ductal pancreatic tumor-derived cell
line, we used a stable transfection approach. Overexpression of
PKCA1 was achieved by transfecting PANC1 cells with the ex-
pression vector pMTH-PKCA1 (tagged with an ?-epitope tag, see
Olah et al23) followed by selection with G418. To avoid clonal
variations, G418-resistant clones of PKCA1 overexpressing cells
(PANC1-PKCA1) were pooled 2 weeks after transfection. The
same cell line transfected with the empty vector (pMTH)was used
as control (PANC1-vector). Western blot analysis using the anti-?-
tag antibody revealed the presence of an 80-kd band corre-
sponding to the ?-tagged PKCA1 in PANC1-PKCA1 cells but not
in cells transfected with the vector alone ( F1Fig. 1A, upper panel).
Using this stable transfection approach, we achieved 2.4-fold in-
crease in PKCA1 expression levels, relative to vector transfected
cells (Fig. 1A, second panel, B). Overexpression of PKCA1 did
not alter the expression of >, ?, and X PKC isozymes expressed by
PANC1 cells (Fig. 1A, B). PANC1 cells express very low levels
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of PKCC 5 and the transfection procedure did not alter these en-
dogenous levels (data not shown). Pooled PKCA1-transfected
PANC1 cells from other independent transfection experiments
showed similar PKC expression levels and biological properties
as described later.

As it is known that active PKCA phosphorylates GSK3A at
serine 9,26 next, we evaluated the status of GSK3A phosphorylation
in our cell lines. Figure 1C and D shows a significant increase in
pGSK3A levels in PKCA1 overexpressors as compared to control
transfected cells. Total GSK3A levels remained unchanged. From
these data, we conclude that the transfection of PKCA1 into PANC1
cells results in an efficient expression of a functional PKCA1.

Effect of PKCA1 on PANC1 Cell Proliferation
Analysis of proliferation revealed that PKCA1 overexpression

induced a marked increase in the population doubling time of

PANC1 unsynchronized monolayers as compared to control cells
(96.1 [5.2] vs 60 [3.4] hours for PANC1-PKCA1 and PANC1-
vector, respectively, P G 0.05) ( F2Fig. 2A).

Next, we analyzed whether PKCA1 overexpression mod-
ulated p42/p44 ERK MAPK, a crucial component of the mito-
genic signaling pathways. PANC1-PKCA1 cells, exhibited an
important reduction in phosphorylated (active) p44/p42 ERK
MAPK levels as compared to control cells (Fig. 2B). Moreover,
Western blots demonstrated a significant reduction in the ex-
pression of cyclins D1 and D2, which are key regulators of cell
cycle progression, together with elevated expression of the cy-
clin dependent kinase inhibitor p21cip/waf1 (Fig. 2B).

Effect of PKCA1 on Cell Survival
The ability of tumor cell populations to expand in number

is determined by the balance between proliferation and death.

FIGURE 1. Panel A, Expression of PKCA1 in PANC1 cells. in PANC1 cells. Whole cell lysates prepared from PANC1 cells transfected with
either pMTH-PKCA1 or pMTH vector alone were resolved on 10% SDS-PAGE and blotted with anti-?-tag antibodies or with antibodies
against individual PKC isozymes (50 Kg protein/lane). Panel B, Densitometric analysis of panel A. Western blot bands corresponding to
3 independent experiments were measured with a digital densitometer. Results were expressed in arbitrary units as relative to
vector-transfected cells (dotted line). Data were expressed as the mean (SD). *P G 0.05 versus PANC1-vector cells (Student t test). Panel C,
PKCA1 overexpression induces the phosphorylation of GSK3A at serine 9. PANC1 cells transfected with either pMTH-PKCA1 or pMTH
vector were resolved on 10% SDS-PAGE and blotted with specific phospho-GSK3A or total GSK3A antibodies (50 Kg protein/lane). Panel
D, Densitometric analysis of panel C. Western blot bands corresponding to 3 independent experiments were measured with a digital
densitometer. Results were expressed in arbitrary units as relative to vector-transfected cells (dotted line). Data were expressed as the
mean (SD). *P G 0.05 versus PANC1-vector cells (Student t test).

Cirigliano et al Pancreas & Volume 00, Number 00, Month 2013

4 www.pancreasjournal.com * 2013 Lippincott Williams & Wilkins



Copyright @ 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

The acquisition of resistance toward cell death constitutes an
essential feature in malignant transformation and represents a
hallmark for most types of cancer.27 This prompted us to
explore whether PKCA1 could modulate the survival capacity
of PANC1 cells in response to either serum deprivation or
the cytotoxic agent Dox. As shown inF3 Figure 3A, PKCA1-
overexpressing cells were more resistant to cell death induced
by serum starvation. Flow cytometry analysis revealed that
FCS depletion induces the arrest of PKCA1 cells in the G0/G1

phase of the cell cycle, thus favoring cell survival under
this stress condition ( T1Table 1). No modulation of PI3K/Akt or
NF-JB survival pathways could be detected in PKCA1 over-
expressing cells under constitutive conditions; however, a
significant increase in pAkt levels and in NF-JB activity,
evaluated using a gene reporter assay, could be detected
48 hours after FCS depletion (Fig. 3B, C). In addition, nuclear
NF-JB levels were also increased in PANC1-PKCA1 cells
concomitantly with a significant reduction in cytoplasmic
IJB> levels under serum starved conditions (Fig. 3D). On the
other hand, the overexpression of PKCA1 did not confer any
survival advantage when cells were exposed to the cytotoxic
drug Dox. Moreover, PANC1-PKCA1 cells were more sensitive
to Dox treatment than control transfectants (Fig. 3E). However,
when cell were serum-starved previously to the Dox treatment,
PKCA1 overexpressors were more resistant to the cytotoxic
drug than control cells. This phenomenon could be mediated
by the induction of cell cycle arrest together with the activation
of the Akt and NF-JB pathways, already observed in the ab-
sence of FCS (Fig. 3F).

Role of PKCA1 in the Modulation of Adhesion,
Migration, and Invasion

Next, we analyzed the ability of the overexpressed PKCA1 to
alter the adhesive potential of PANC1 cells. We found that PKCA1
transfectants display a significant increase in the fibronectin-
adhesive capacity relative to control (vector-transfected) cells
( F4Fig. 4A).

To analyze whether PKCA1 overexpression modulates the
migratory properties of PANC1 cells, we performed a ‘‘wound’’
assay. We found that PKCA1-transfected cells showed a signifi-
cantly lower migratory potential than control cells (Fig. 4B, C).
The ability of PANC1 cells to invade through Matrigel, using a
transwell chamber, was also examined. Our results demonstrated
that the stable transfection of PKCA1 significantly reduced the
invasion ability of PANC1 cells (Fig. 4D). Our findings argued
that PKCA1 is able to negatively regulate both migration and
invasiveness of pancreatic PANC1 cancer cells.

Role of PKCA1 in Protease Secretion
It is well established that proteases are involved in migratory

and invasive processes. As we have found that PKCA1 negatively
modulates these properties, we decided to examine whether se-
creted activity of proteolytic enzymes was altered as a conse-
quence of PKCA1 overexpression. Interestingly, overexpression
of PKCA1 in PANC1 cells significantly decreased uPA activity
in the CM ( F5Fig. 5A). Furthermore, PKCA1 overexpression
completely abrogated the secretion of MMP-9, whereas it sig-
nificantly reduced secreted MMP-2 activity, as determined by
zymography (Fig. 5B and inset).

PKCA1 Inhibits In Vivo Tumor Growth
of PANC1 Cells

To determine whether overexpression of PKCA1 altered
tumorigenic properties of PANC1 cells, we carried out experiments
in nude mice. Notably, although PANC-vector cells efficiently
formed tumors in nude mice, PANC-PKCA1 cells were unable to
grow in vivo. Control cells formed tumors that grew slowly but
steadily over time reaching amedian volume of 60mm3 at 80 days
after inoculation ( F6Fig. 6). Histopathological analysis revealed that
in all cases control mice developed very poorly differentiated
adenocarcinomas constituted by solid cords of heterogeneous
epithelioid cells almost devoid of stroma around them. Moderate
local invasiveness, with the tumoral cells invading dermis and

FIGURE 2. Panel A, Effect of PKCA1 on cell proliferation. on cell
proliferation. Cell growth was indirectly assessed by MTS assay at
different times during the exponential growth phase of
unsynchronized PANC1 cultures. Each data point represents the
mean (SD) of quadruplicate determinations. *P G 0.05 versus
PANC1-PKCA1 cells (Student t test). At least 3 independent
experiments were performed with similar results. Panel B,
Regulation of ERK1/2 MAPK and cell cycleYassociated proteins
by PKCA1 overexpression. Cell lysates prepared from
PANC1-PKCA1 or vector transfected cells were subject to
Western blot analysis using specific against pERK, ERK, cyclin D1,
cyclin D2, and p21. Results are representative of 3 independent
experiments.
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FIGURE 3. Panel A, Cell death susceptibility induced by serum starvation. Cells were deprived of serum and viability was evaluated
48 hours later using theMTS assay. Data were expressed as themean (SD) of 3 independent experiments. *P G 0.05 versus PANC1-vector
cells (Student t test). Panel B, Evaluation of phospho-Akt levels in PKCA 0.05 versus PANC1-vector cells (Student t test). Panel B,
Evaluation of phospho-Akt levels in PKCA1 overexpressors. Cell lysates prepared from control and PKCA1 overexpressing cells were
subject to Western blot analysis using anti-pAkt and anti-Akt antibodies. Total Akt level was used as protein loading control. Results are
representative of 3 independent experiments. Panel C, NF-JB gene reporter assay. PANC1-PKCA1 and PANC1-vector cells were
cotransfected with NF-JB-Luc reporter plasmid and a Renilla luciferase vector as control. Luciferase activities were determined 48 hours
later as described in Materials and Methods section and data were normalized to the constitutive Renilla luciferase activity. All samples
showed similar Renilla luciferase activity levels. Data expressed as the mean (SD) are representative of 3 independent experiments.
*P G 0.05 versus PANC1-vector cells (Student t test). Panel D, Evaluation of NF-JB and IJB> expression in PKCA1 overexpressors. Nuclear
and cytoplasmic protein fractions corresponding to PANC1-vector and PANC1-PKCA1 cells were resolved on 10% SDS-PAGE and
blotted with anti-NF-JB (p65) and anti-IJB> antibodies (only cytoplasmic fraction). Lanes were loaded with 50-Kg protein for
cytoplasmic determinations and 20-Kg protein for nuclear determinations. A representative experiment is shown. Panel E, Cell death
susceptibility to cytotoxic drug treatment. Cells were treated with different doses of Dox (2Y6 KM) for 2 hours. Cell viability was
evaluated 48 hours later using the MTS assay. Values were compared to those obtained in both cell lines without treatment, which were
set as 100% survival. Data expressed as the mean (SD) are representative of at least 3 independent experiments. *P G 0.05 versus
PANC1-PKCA1 cells treated with the same dose of Dox (Student t test). Panel F, Cell death susceptibility to combined serum starvation
and cytotoxic drug treatment. Cells were deprived of serum for 24 hours and then treated with different doses of Dox (2Y6 KM) for
2 hours. Cell viability was evaluated 24 hours later using the MTS assay. Values were compared to those obtained in both cell lines
without Dox treatment, which were set as 100% survival. Data expressed as the mean (SD) are representative of at least 3 independent
experiments. *P G 0.05 versus PANC1-vector cells treated with the same dose of Dox (Student t test).
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muscular tissues, was observed in all cases (data not shown).
Neither PANC1-PKCA1 nor control cells developed metastatic
nodules in the lungs, liver, kidney, or spleen.

DISCUSSION
Protein kinase C enzymes have key roles in cancer cell

growth, survival, and motility, and their deregulation is often as-
sociated with tumor development and cancer progression.28

However, a great variability in PKC-mediated responses and their
underlying mechanisms has been found in cancer cells. Some of
these differences have been attributed to the cell typeYspecific
pattern of PKC-isozymes expression. Whereas the classical
PKCA isozyme has been implicated in several types of cancer
including prostate, colon, and hematological cancers, its precise
role during the tumorigenic process of pancreatic cancer is not
clear.5 There is scarce information regarding PKCA1 expression
levels in pancreatic cancer.22,29 Evans and coworkers have de-
scribed that there are no differences in PKCA1 expression

FIGURE 4. Panel A, Effect of PKCA11 on adhesive capacity. Control and PKCA1 transfectants were assayed for their adhesive capacity to
fibronectin as described in ‘‘Materials and Methods.’’ The rate of adhesion was expressed as the percentage of the total number of cells
seeded. Data expressed as the mean (SD) are representative of 3 independent experiments. *P G 0.05 versus PANC1-vector cells
(Student t test). Panel B, Effect of PKCA1 on migratory potential. Subconfluent monolayers were ‘‘wounded’’ at time 0 and cells were
allowed to migrate into the cell-free area for 12 hours. The same spot was photographed at different times and cell migration was
quantified by calculating the percentage of the area occupied by cells that migrated into the original cell-free wounded area. Data
expressed as the mean (SD) are representative of 3 independent experiments *P G 0.05 versus PANC1-vector cells (Student t test). Panel
C, Representative photographs of wounded monolayers are shown. Panel D, Effect of PKCA1 on cell invasion. Invasiveness was assessed
using Transwell culture chambers coated with Matrigel. The nuclei of those invasive cells that reattached the lower surface of the filter
were counted under an epifluorescence microscope. Data expressed as the number (SD) of invasive cells per ten�400 microscopic fields
are representative of 3 independent experiments. *P G 0.05 versus PANC1-vector cells (Student t test).

TABLE 1. Analysis of Cell Cycle Distribution of PANC1-PKCA1
and PANC1-Vector Cells After 48 Hours of FBS Deprivation

PANC1-Vector, % PANC1-PKCA1, %

G0/G1 45.5 (0.76) 86.7 (1.0)
S 4.0 (0.32) 2.8 (0.4)
G2/M 49.8 (1.7) 9.9 (1.9)
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between pancreatic duct cancer and non malignant major duct ep-
ithelia. On the contrary, normal minor ducts presented higher
PKCA1 expression as compared with pancreatic cancer.22 To our
knowledge, there are no other studies in the literature which eval-
uate the role of PKCA1 in human pancreatic tumor progression.

Here, we describe that the overexpression of PKCA1 in
pancreatic carcinoma cells leads to a complete suppression of
the in vivo tumor growth. This loss of the tumorigenic potential
could be related to the ability of PKCA1 to impair the prolif-
erative capacity of the cells. It is well known that mitogenesis is
often associated with p42/44 ERK/MAPK activation, and ac-
cordingly, inhibition of the ERK pathway results in most cases
in reduced cell proliferation.30 In addition, the link between the
reduction ERK1/2 signaling and decreased cyclin D1 expres-
sion was previously described by several authors.30,31 Our
studies in PANC1 cells show that PKCA1 overexpression is
associated with pERK1/2 activity down-modulation and the
reduction in cyclins D1 and D2 expression, together with an
increased expression of the cell cycle inhibitor p21CIP/WAF1. All
these molecules are critical components of the cell cycle ma-
chinery responsible for G1/S transition, therefore suggesting
that PKCA1 overexpression exerts an important effect on the
regulation of this phase of the cell cycle.

Signaling through PI3K and its downstream effector Akt
has been widely implicated in cell survival.32 In our study, we
observed that PKCA1 overexpression conferred resistance to
cell death induced by serum deprivation and caused a substan-
tial activation of Akt. Similar findings were observed for NF-
JB. It has been reported that this transcription factor drives
survival responses through the regulation of several genes ex-
pression such as Bcl-2 and caspase inhibitors. These observa-
tions, together with an increased accumulation of cells in the
G0/G1 phase observed in PANC1-PKCA1, may explain the el-
evated cell death resistance to this stress condition.

The progression of a tumor in situ to an invasive tumor is a
major prerequisite to cancer metastasis.27 There is little infor-
mation linking PKCA1 to invasion and moreover, no rigorous
studies have been carried out to dissect the mechanisms in-
volved. This fact has prompted us to analyze the effect of
PKCA1 overexpression on the invasive behavior of human
ductal pancreatic PANC1 cells. We found that overexpression of
PKCA1 in PANC1 cells induced less migratory and invasive
migratory phenotypes in vitro. Furthermore, it is important to
note that the secretion of extracellular proteases also plays an
important role in invasive/motile events of cancer cells.33 Pro-
teases have other functions rather than simply degrading ECM
facilitating invasion. These functions include the modulationFIGURE 5. Panel A, Quantification of uPA activity by radial

caseinolysis. uPA-secreted activity was quantified in CM from PKC
transfectants and control cell cultures. Data are expressed as the
mean (SD) of triplicate determinations. Three independent
experiments gave similar results. *P G 0.01 versus PANC1-vector
cells (Student t test). Panel B, Quantification of MMPs activity by
zymography. MMPs secreted to CM from PKC- and
vector-transfected cultures were analyzed. MMP-2 lytic bands
were digitalized with a Foto/Analyst Express System and signal
intensity was quantified with Gel-Pro Analyzer software. Data are
expressed as the mean (SD) in arbitrary units. *P 0.01 versus
PANC1-vector cells (Student t test). Panel B, Quantification of
MMPs activity by zymography. MMPs secreted to CM from
PKC- and vector-transfected cultures were analyzed. MMP-2 lytic
bands were digitalized with a Foto/Analyst Express System and
signal intensity was quantified with Gel-Pro Analyzer software.
Data are expressed as the mean (SD) in arbitrary units. *P G 0.05
versus control cells (Student t test). Results are representative of
3 independent experiments. Inset: representative MMP-2 and
MMP-9 gelatin zymograms are shown.

FIGURE 6. In vivo tumor growth of PANC1-transfected cells.
PANC1 control and PKCA1 transfectants were harvested from
subconfluent cultures and inoculated transfectants were
harvested from subconfluent cultures and inoculated sc in the
left flank of nude mice. The size of the 2 perpendicular diameters
was recorded and used to calculate tumor volume. Tumor
growth was followed up for 80 days. The figure shows the results
of 1 experiment representative of 3 independent assays.
*P G 0.01 versus PANC1-vector cells (Kruskal-Wallis test).
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of cell migration,34 the release of growth factors from the ECM
(a well-described reservoir of such factors35), and the promotion
of angiogenesis.35,36 It has been shown that increased MMP
expression correlates with the progression of various types of
tumors, including pancreatic cancer.37 Coincidently with Zervos
et al,38 we found that MMP-2 is the principal MMP expressed
by PANC1 cells. We speculate that the decreased invasive po-
tential of PANC1-PKCA1 cells could be a consequence of the
reduced secretion of MMP-2 and uPA and the complete loss of
MMP-9 activity. As ERK/MAPK is known to regulate protease
production in cancer cells,39 it is conceivable that the reduction
observed in proteases secretion in PANC1-PKCA1 cells might
be a consequence of the decrease in pERK levels. Akt has also
been described as a negative regulator of motility in cancer
cells,40,41 so we cannot rule out a contribution of the PI3K/Akt
pathway as well to the reduced motility observed in PANC1-
PKCA1 cells.

PKCA has been proposed as a target for cancer therapy,
and there are several clinical trials for the PKCA inhibitor
enzastaurin.42Y44 A phase II study in pancreatic cancer patients
demonstrated that the addition of enzastaurin to gemcitabine
seemed not to improve survival.45 However, in pancreatic can-
cer xenograft models, the combination of enzastaurin with ra-
diotherapy reduced microvessel density and resulted in increase
growth delay, which encourages further research in clinical
trials.46

Pancreatic ductal adenocarcinoma is thought to arise from
proliferative premalignant lesions of the ductal epithelium
through a series of genetic alterations. These include activating
mutations in the K-Ras gene and the loss of several tumor
suppressor genes. Regarding PKC isoenzymes, in a previous
work,5 we have demonstrated using human samples and ex-
perimental models, that PKCC could be an additional genetic or
epigenetic alteration involved in pancreatic cancer progression,
acting as an oncogene. The findings presented in this study
indicate that PKCA1 could have a crucial role in human pan-
creatic cancer progression, as its overexpression completely
abolished the in vivo growth of ductal pancreatic cancer cells.
So, our results could have implication for understanding the
role of PKCA1 in pancreatic cancer progression. Without any
doubt, the balance among the activities of the different PKC
isoforms, including the particular genetic background of each
pancreatic tumor would determine the fate of the tumoral cell.
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