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Protein Kinase Ca Protects Against Multidrug
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Multidrug resistance is the phenomenon by which, after
exposure to a single chemotherapeutic agent, cancer cells
evade the agent’s cytotoxic effects as well as become re-
sistant to several classes of diverse drugs. ATP-binding
cassette (ABC) transporters are a family of transporter
proteins that contribute to drug resistance via an ATP-
dependent drug efflux pump. P-glycoprotein (P-gp) is a
prominent ABC superfamily protein encoded by the mdr
gene which has the ability to mediate the cellular extrusion
of xenobiotics and anticancer drugs from tumor cells. Ex-
clusively expressed P-gp cells from the human colon can-
cer HCT15/DOX line showed resistance to doxorubicin
while parental HCT15 cells treated with doxorubicin dis-
played typical signs of apoptosis. In order to verify the
hypothesis that expression of MDR is controlled in part, by
protein kinase C (PKC), expression patterns of different
PKC isoforms were examined in both cell lines. Of the PKC
isoforms evaluated, the membrane translocation and ex-
pression levels of PKCo were strikingly increased in HCT15/
DOX cells. PKCa reversed doxorubicin-induced apoptosis
through the scavenging of ROS as well as inhibition of
PARP cleavage. In addition, inhibition of PKCa with Go6976,
a specific inhibitor of classical PKC, led to reduced MDR
expression and increased doxorubicin-induced apoptosis.
Knockdown of PKCa by siRNA diminished the protective
effects of PKCa for doxorubicin-induced apoptosis. These
results suggested that over-expression and activity of
PKCua is closely associated with the regulation of the MDR
phenotype in human colon cancer HCT15 cells and pro-
vided insight into a new strategy for inhibiting doxorubicin
resistance in human cancers.

INTRODUCTION

Membrane transporter families play a pivotal role in the circula-
tion and excretion of many clinically essential therapeutic drugs.
P-glycoprotein (P-gp) is a 170-kDa ATP-dependent transmem-
brane glycoprotein which is the best characterized drug efflux

pump and known to confer resistance to a variety of structurally
and functionally unrelated anti-cancer drugs. This phenomenon
is known as multidrug resistance (MDR) and represents a seri-
ous problem in the chemotherapeutic management of cancers.
Manifestation of the MDR phenotype is most often due to the
over-expression of drug efflux pumps in the plasma membrane
of cancer cells (Endicott and Ling, 1989; Gottesman et al.,
2002). It has been reported that P-gp drug efflux activity can be
modulated through phosphorylation by different families of pro-
tein kinases (Gottesman and Pastan, 1993). The protein kinase
responsible for the phosphorylation of P-gp is believed to be
protein kinase C (PKC) (Ling, 1997). PKC is a serine/threonine
kinase involved in the signal transduction required for cellular
proliferation and differentiation (Clemens et al., 1992; Nishizuka
and Kikkawa, 2003). Classical and novel PKC groups respond
to activation by phorbol esters (Gill et al., 2001). Conventional
PKCs are, like the originally described kinase activity, depend-
ent on Ca?" and phospholipids for their activation. This group
includes PKCa, PKCBI, PKCBII and PKCy. A second group,
including the novel PKCs, does not require Ca?* but are phos-
pholipid dependent and known PKC3, PKCe, PKCn and PKC6.
A third, more recently identified group includes PKC{ and
PKCMz. These are known as atypical PKCs, which require
neither phospholipids nor Ca* for their activation (Mellor and
Parker, 1998).

A wide array of research has postulated that specific iso-
forms of PKCs may be either pro-apoptotic or anti-apoptotic
depending on the condition and stimulus of the cell type
(Leszczynski, 1995; Lucas and Sanchez-Margalet, 1995). Of
the PKC isoforms, PKCa. has been reported to be of particular
determinant in the development and prolongation of the MDR
phenotype. Studies have shown that PKCa. is expressed abun-
dantly in surgical specimens of human colon cancer and con-
tributes to drug resistance as observed in colon cancer (Gravitt
et al., 1994). Breast carcinoma cells also develop resistance
against doxorubicin through elevated levels of P-gp and PKCa,
and display the MDR phenotype (Budworth et al., 1997). Addi-
tionally, doxorubicin was screened against a panel of human
tumor cell lines derived from cancer patients. This study re-
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vealed that increased PKCa levels were associated with re-
duced drug efficacy, which means that one or more substrates
of this kinase may be related to the MDR phenotype (Gariboldi
et al., 2003).

Doxorubicin is commonly used for the treatment of different
types of cancer. However, its efficacy is often reduced because
it is a substrate for P-gp. Therefore, in order to investigate the
individual roles of various PKC isoforms in MDR, we examined
the expression and activity of the major isoforms of PKC in the
parent HCT15 cell line and its drug-resistant subline, HCT15/
DOX. It was observed that the expression level and membrane
translocation of PKCo alone markedly increased in HCT15/
DOX cells and functioned as an antagonist to doxorubicin-
induced apoptosis. Additionally, inhibition of PKCa. by a specific
inhibitor, Go6967, and by using PKCo. SiRNA, both lead to
reduced MDR activity and enhanced doxorubicin-induced
apoptosis. The results of this study demonstrated that over-
expression of an endogenous PKCa conferred increased MDR
through the modulation of reactive oxygen species (ROS) gen-
eration in human colon cancer HCT15 cells.

MATERIALS AND METHODS

Materials

Doxorubicin (adriamycin), 4,6-Diamidino-2-phenylindole (DAPI)
and propidium iodide were purchased from Sigma-Aldrich (USA).
Dichlorofluorescein diacetate (DCFHDA), dihydrohodamine
123 (DHR 128), and rhodamine 123 were obtained from Mo-
lecular Probes (USA). The electrophoresis reagents and Bio-
Rad protein assay kit were purchased from Bio-Rad Laborato-
ries (USA). The anti-PKC isotypes antibodies were obtained
from Cell Signaling Technology Inc. (USA). These chemicals
were used according to the manufacturer’s instructions.

Cell culture

The human colorectal carcinoma (HCT15) cells were obtained
from ATCC, CCL-225. An doxorubicin-resistant subline of
HCT15 cells, named HCT15/doxorubicin (HCT15/DOX), were
established by continuous exposure to doxorubicin as de-
scribed previously (Choi et al., 1996). Cells were cultured at a
density of 5 x 10° in RPMI-1640 medium containing 10% heat
inactivated fetal bovine serum (FBS), L-glutamine and supple-
mented with 1% (v/v) antibiotic-penicillin streptomycin (Gibco,
Invitrogen Corporation) at 37°C in a 5% CO,-humidified atmos-
phere. Exponentially growing cells were seeded at 1 x 10° cells
per dish and then the cells were exposed to various agents.

Preparation of the cytosolic and membrane protein
fractions

Cytosolic and particulate membrane fractions of cells were
prepared as described previously but with slight modification
(Tentori et al., 2001). Briefly, the cells were sonicated in buffer
A (20 mM Tris, pH 7.5, 250 mM sucrose, 10 mM ethyleneglycol
tetra-acetic acid (EGTA), 2 mM ethylenediamine tetra-acetic
acid (EDTA), 1 mM sodium fluoride (NaF), 1 mM sodium ortho-
vanadate (NazVO,), 1 mM phenylmethylsulfonyl fluoride (PMSF),
1 pg/ml aprotinin, 1 pug/ml leupeptin, and 1 pg/ml pepstatin) and
centrifuged for 10 min at 1,000 x g to remove cell debris. The
supernatants were then centrifuged at 100,000 x g for 30 min
and the resulting supernatants were saved as the cytosolic
fractions. Proteins in the pellets were extracted with buffer B [20
mM Tris, pH 7.5, 1% sodium dodecyl sulfate (SDS), 150 mM
NaCl, 1 mM EGTA, 1 mM NaF, 1 mM NasVO, and various
protease inhibitors]. Following centrifugation at 100,000 x g for
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30 min, the supernatants were referred to as the particulate
membrane fractions.

Determination of apoptosis

Cell viability was determined using a trypan blue exclusion test.
Morphological analysis of apoptosis was performed after stain-
ing using Hoechst 33342 dye. The cells were fixed in 4% para-
formaldehyde and permeabilized with PBS/0.5% Triton X-100,
and the nuclei were stained for 20 min using Hoechst dye. The
coverslips were then washed, mounted onto slides and viewed
with a fluorescence microscope. Apoptotic DNA fragments
were isolated according to a previously described method (Ma
et al., 2000). The DNA was separated by electrophoresis on
1% agarose gels, stained with ethidium bromide and visualized
under ultraviolet light.

Cell cycle analysis

The cells were trypsinized and collected by centrifugation at
1,000 x g for 10 min. For fixation, 70% ethanol was added and
the cell suspension was kept overnight at 4°C. The cells were
then stained with propidium iodide solution (50 pg/ml propidium
iodide, 0.1% Triton X-100, 0.1 mM EDTA and 50 ng/ml RNase)
for 20 min at 4°C. The stained DNA was analyzed by flow cy-
tometer (Becton Dickinson).

Measurement of ROS

Intracellular ROS concentration was measured using the oxi-
dant-sensitive fluorescent probe, DCFHDA, with inverted mi-
croscope. Cells were grown at a density of 1 x 10° cells per 35
mm culture dish and maintained in the growth medium for 24 h.
Cells were exposed to 5 uM DCFHDA for 20 min and were
then washed with PBS. DCF fluorescence (excitation, 480 nm;
emission, 520 nm) was imaged using an inverted microscope
(Zeiss Axiovert 200). For FACS analyses, cellular DCF fluores-
cence measurement included at least 10,000 events/test using
a flow cytometer with a fluorescein isothiocyanate filter.

Dihydrorhodamine 123 accumulation assay

The HCT15 cells were incubated with 10 uM of DHR123 in the
culture medium for 20 min and then washed three times with
ice-cold PBS. The cells were imaged on an inverted micro-
scope using FITC fluorescence intensity.

Protein kinase assay

The PKC activity was determined by measuring the transfer of
®p.ATP to a peptide substrate that was captured on P81
phosphocellulose papers. Aliquots of cell lysates were incu-
bated with 50 mM Tris at pH 7.5 with 200 uM PKCa. substrate
AAKIQASFRGHMARKK, 40 mM of MgCl, and 400 uM of ATP.
After 5 min at 30°C, the reactions were terminated by adding
EDTA to a final concentration of 20 mM. Relative PKC activity
was then quantified with a liquid scintillation counter.

Western blotting

In brief, aliquots of protein extracts (30 ng) from cells of different
treatment groups were suspended in 0.1 M Tris-HCI buffer (pH
7.4) containing 1% SDS, 0.05% B-mercaptoethanol, 2.5% glyc-
erol and 0.001% bromophenol blue, and subsequently fraction-
ated by 10% SDS-polyacrylamide gel electrophoresis. The
proteins were transferred electrophoretically onto nitrocellulose
membranes (0.2 um, Schleicher and Schuell). The membranes
were blocked using 5% non-fat dry milk and 0.1% Tween 20 in
Tris buffered saline (TBS). The membranes were subsequently
probed with primary antibody in TBS containing 3% non-fat dry
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Fig. 1. Doxorubicin induced oxidative-stress
apoptosis in HCT15 and HCT15/DOX cells.
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HCT15 and HCT15/DOX cells were incu-
bated in the absence (con) or presence of
doxorubicin for 24 h. (A) Cleavages of PARP
and lamin B were analyzed by Western blot.
(B) Analysis of doxorubicin-induced DNA
fragmentation of cells by agarose gel electro-
phoresis. (C) At the indicated time, the cells
were harvested and stained with propidium
iodide and their DNA content was analyzed
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milk and 0.1% Tween 20. The antibody-antigen complexes
were detected using goat anti-mouse IgG or goat anti-rabbit
IgG peroxidase conjugates followed by the use of an enhanced
chemiluminescence (ECL) detection kit (Amersham Corp.).

Reverse-transcription polymerase chain reaction (RT-PCR)
In order to determine if HCT15 cells expressed transcriptional
levels of mdr, RT-PCR was performed. Total RNA was isolated
from the doxorubicin-resistant HCT15/DOX and parental HCT15
cells using TRI reagent (Molecular Research Center, Inc.). RT-
PCR was performed using an access RT-PCR kit (Promega).
The following PCR conditions were employed: 1 cycle at 95°C
for 5 min, 30 cycles at 95°C for 1 min, 55°C for 1 min, 72°C for
1 min, and an additional extension step of 5 min at 72°C. The
amplified PCR products were analyzed by 1 % agarose gel
electrophoresis and ethidium bromide staining. The following
primer sequences for mdr1 gene sequence were utilized as
follows, 5-GCCTGGCAGCTGGAAGACAAATACACAAAATT-
3’ (sense) and 5'-CAGACAGCAGCTGACAGTCCAAGAACA
GGACT-3' (antisense), corresponding to the previously pub-
lished cDNA sequence (Limthrakul et al., 2004), and 5'-
GTCDDAGTCAACGGATTTGG-3' (sense) and 5-GGGTGGA
ATCATATTTGGAACTTG-3' (antisense) for GAPDH as an
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internal loading control (Oligo, Macrogen).

Generation of the siRNA-PKCo HCT15 clones

The siRNA-PKCa pool was obtained from Santa Cruz Biotech-
nology (SC-36243) and utilized according to the manufacturer's
instruction. HCT15 cells were transfected using Lipofectamine
RNAIMAX (Invitrogen, USA) according to the manufacturer's
recommendations. Cells were cultured for 24 h at densities of 1
x 10° cells per dish to 40-50% confluence. The cells were then
transfected with 1 nmol of siRNA. At the indicated times after
transfection, the cells were treated with 5 M doxorubicin for 24
h. The effects of scrambled siRNA were also evaluated accord-
ing to the modified protocol as described previously (Nakura et
al., 2011).

Statistical analysis

All data are presented as the mean values + SD (standard
deviation) and originate from 3 separate experiments. The data
was evaluated using SPSS for the student ttest and subjected
to one-way analysis of variance (ANOVA). The significance of
the difference between the means was determined by the
Tukey range test and considered significant at P < 0.05.
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RESULTS

Doxorubicin induced oxidative-stress apoptosis

The quinone moiety of the anthracyclines are known to act as
catalysts in the formation of ROS including superoxide anion
and hydrogen peroxide (Doroshow et al., 1986). At relevant
physiological concentrations, a consequence of treatment with
doxorubicin is the induction of apoptosis associated with DNA
fragmentation and cell shrinkage (Bose et al., 1995; Sklada-
nowski and Konopa, 1993). HCT15 and HCT15/DOX cells
were treated with 2 and 4 uM of doxorubicin for 12, 24 and 36 h,
and the cell lysates from both cell lines were analyzed by
Western blot. Doxorubicin induced apoptosis through poly
(ADP-ribose) polymerase (PARP) and lamin B cleavage in the
HCT15 cells only, and failed to induce apoptosis in the HCT15/
DOX cells (Fig. 1A). Additionally, doxorubicin induced DNA
fragmentation with rapid kinetics in the parental cells (Fig. 1B).
Lamin B and PARP were cleaved with similar kinetics as the
DNA fragmentation, yielding cleavage bands (Fig. 1B). The use
of doxorubicin in cancer therapy has been hampered by the
ability of cancer cells to develop doxorubicin resistance (Dolfini
et al., 1997). In order to evaluate the degree of apoptosis in-
duced by doxorubicin, both cell types were treated with doxoru-
bicin for 12 and 24 h. As shown in Fig. 1C, doxorubicin induced
13% apoptosis in parental cells, but no apoptosis was observed
in the resistant cell line. These results indicated that doxorubicin
is hindered in inducing apoptosis in HCT15/DOX cell lines.

In order to investigate the role of oxidative stress in doxorubi-
cin-induced apoptosis, we used a cell-permeable fluorescent
dye, DCFHDA, to examine ROS generation in both types of
cells in response to doxorubicin stimulation. A considerable
increase in oxidant-induced 2’,7'-dichlorofluorescein fluores-
cence was observed in the HCT15 cells but not in the HCT15/
DOX cells (Fig. 1D). It is assumed that doxorubicin-induced
apoptosis occurs through increase in ROS generation, but only
in parental cells. Under resistance conditions, it does not induce
intracellular oxidative stress.

MDR expression in HCT15 and HCT15/DOX cells
Expression of the mdr1 gene was evaluated in the parental and
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HCTI15/DOX

Fig. 2. Over-expression of MDR in doxoru-
bicin resistant HCT15/DOX cells. (A) RT-
PCR analysis of P-glycoprotein (MDR).
Total RNA was isolated from HCT15 pa-
rental and resistant cells, and RT-PCR
was performed. PCR products were sepa-
rated on 1.2% agarose gel and photo-
graphed. GAPDH was also examined as a
reference. (B) Western blot identification of
MDR expression in HCT15 and HCT15/
DOX cells. Whole-cell lysates were extrac-
ted from HCT15 cells and separated by
SDS-PAGE and the resulting proteins
were detected by immunoblotting. (C) Mi-
tochondria and membrane potential were
revealed by rhodamine 123. Rhodamine
123 retention was evaluated after accumu-
lation for 30 min and 30 min of efflux in
dye-free medium.

HCTI15/DOX

HCT15/DOX cells using RT-PCR. After RNA isolation, the ex-
pression of mdr1 was determined using mdri-specific primers
producing a 243 bp RT-PCR product. Control RT-PCR was
carried out in parallel with GAPDH. Little mdr expression was
revealed in parental cells, while robust expression was ob-
served in the HCT15/DOX cells (Fig. 2A). Gel electrophoresis
was performed in order to detect the expression of MDR1 in
both cell lines. The cell lysates were analyzed by Western blot
with anti-MDR1. The expression of MDR was very high in the
HCT15/DOX cells while remaining very little or undetected in
the parental cell lines (Fig. 2B).

In order to gain further insight into the multiple resistance
mediated by HCT15/DOX cells, rhodamine 123 was used as a
molecular probe and functional assay because this fluorescent
dye is considered to be a relatively specific substrate for P-gp,
reduced retention of rhodamine 123 in the cells indicates the
functioning of P-gp (Altenberg et al., 1994; Gravitt et al., 1994).
Rhodamine 123 accumulation was evaluated for 30 min along
with 30 min efflux in dye-free medium. As shown in Fig. 2C,
doxorubicin-resistant subline HCT15/DOX significantly reduced
the retention of rhodamine 123 as compared to the parental
cells.

Differential expressions of PKC isoforms

It was realized very early that the mechanism of action for PKC
induced reversal of MDR would require a specific substrate.
Therefore, the anti-apoptotic activity of PKC and the effects of
doxorubicin on PKC activity were determined. PKC was meas-
ured in the parental and resistant cells with a radioisotope as-
say that utilizes the phosphorylation of a synthetic substrate
AAKIQASFRGHMARPKK. The PKC activity increased almost
six-fold after treatment with doxorubicin in the HCT15/DOX cell
lines (Fig. 3A). This result suggested that the activity of PKC is
implicated in the doxorubicin resistance observed in the HCT15/
DOX cells.

PKC isotypes o, Bl and £ were evaluated by Western blot in
the investigation into their role in drug resistance. It was noted
that the PKC a, Bl and C-isoforms were detectable in the cytosol
and in membrane portion of both cell lines, although some dif-
ferences in their expressions were apparent. Bl- and ¢ -PKC
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Fig. 3. PKCa is specifically activated in doxorubicin
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resistant cell lines. (A) Measurement of PKC activity in
HCT15 and HCT15/DOX cells. Lysates from HCT15
and HCT15/DOX cells were used for the kinase assay
using the specific PKC substrate peptide (AAKIQA
SFRGHMARKK) and the ®P-incorporation was meas-
ured by scintillation counter. Notably, specific up-regu-
lation of PKCa was detected in the doxorubicin-resistant
HCT15/DOX cells. (B) HCT15 and HCT15/DOX cells
were treated with doxorubicin. The cells were fraction-
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protein levels were similar in the parental and resistant cell lines,
but an obvious difference was observed in PKCa. expression.
As shown in Fig. 3B, a higher level of PKCo was found in the
HCT15/DOX cell membranes than in the cytosol, as compared
to the results with the HCT15 cells. Furthermore, total expres-
sion of PKCa was markedly decreased in the parental cell line
and highly expressed in the HCT15/DOX cell line.

Protein level of PKCo was reduced by doxorubicin in
HCT15 cells

The conventional PKC family contains many isoforms including
PKCoa and PKCBI. In order to scrutinize the effects of doxorubi-
cin on the expression of PKCa and PKCBI in parental and re-
sistant cell lines, we performed immunoblot experiments on
their separated cytosolic and membrane fractions. As shown in
Fig. 4, doxorubicin treatment inhibited PKCa. expression in the
membrane fractions whereas the PKCpI isoform remained the
same at both fractions in the HCT15 cells. Furthermore, the
transient expression of PKCa. in the cytosol suggests the trans-
location from cytosol to the membrane. In contrast, PKCa. in the
HCT15/DOX cells seemed to predominate in regards to
doxorubicin treatment in the cytosol and membrane fractions
(Fig. 4). The relative expression of PKCBI in the cytosolic and
membrane fractions was not significantly altered by doxorubicin.
This data suggests that PKCBI has no major role, whereas
PKCa mediates, at least in part, multidrug resistance.
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PKCa activity blocks ROS production in HCT15 and
HCT15/DOX cells

Increasing evidence suggests that the mitochondria are the
main site of ROS generation and high levels of ROS may me-
diate the induction of apoptosis (Fleury et al., 2002). In order to
investigate if doxorubicin killed cancer cells through ROS gen-
eration, we evaluated the redox status in the HCT15 and HCT15/
DOX cells using oxidation-sensitive fluorescent dye, DCFHDA.
Doxorubicin treatment increased oxidant-induced 2’,7’-dichl-
orofluorescein fluorescence, only in the parental cells, but with
treatment of the cells with Go6976, a rapid accumulation of
fluorescence was observed in both cell types (Fig. 5). The oc-
currence of ROS generation were displayed by the mitochon-
drial-specific redox-sensitive fluorophore dihydrorhodamine
(DHR) 123 (Fig. 5) when compared to both types of cell lines,
either with or without inhibiting PKCa.

Go6976 reversed the PKCa inhibition of doxorubicin -
induced apoptosis in HCT15/DOX cells

Much compelling evidence has illuminated the anti-apoptotic
roles of Bcl, and Bad proteins. In fact, PKCa can phosphorylate
Bcl:at Ser™, a site which is critical for its anti-apoptotic effects.
In order to determine the relative contribution of the PKCa:. iso-
form to decreased activity of doxorubicin in HCT15/DOX cells,
we treated both cell types with classical PKC inhibitor, Go6976.
After treatment, a significant decrease was observed in Bcl,
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Fig. 5. Inhibiton of PKCa by Go6976 induces ROS
generation in doxorubicin treated HCT15/DOX cells.
Both cell types were challenged with Go6976 and then
incubated with doxorubicin. ROS generation was exhib-
ited by DCFHDA. Dihydrorhodamine 123 results indi-
cated mitochondrial ROS generation.
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and p-Bad in the parental fraction as well as in HCT15/DOX
cells lines (Fig. 6A). Upon the inhibition of PKCa with inhibitor
Go6976, doxorubicin-induced apoptosis increased 45% in the
parental cells and 17% in the HCT15/DOX cells relative to the
untreated cells (Fig. 6B). These results are in agreement with
previously published work (La Porta et al., 1998) that indicated
PKCa plays a pivotal role in drug resistance and mediation of
anti-apoptotic events in doxorubicin treated cells. Furthermore,
inhibition of PKCa. led to increased cleavage of PARP in both
types of cells (Fig. 6A).

Knockdown of PKCa by SiRNA induced apoptosis in

HCT15/DOX cells
To gain further insight into the anti-apoptotic effects of PKCa,
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were harvested and stained with propidium
iodide and their DNA content was analyzed
by flow cytometry.

HCTI5/DOX

targeted siRNA was used against PKCo mRNA in order to
knockdown PKCa: in the resistant cell line. The result was ana-
lyzed by FACS and Western blot. As shown in Fig. 7A, apop-
totic cell death increased in transfected PKCo siRNA cells as
compared to control siRNA transfected cells. Additionally,
knockdown of PKCa down-regulated Bcl, and p-Bad as well as
enhanced PARP cleavage and induced apoptosis in the resis-
tant cell line (Fig. 7B). We also examined the dose dependent
effects of siRNA by exposing HCT15/DOX cells to 5 pM
doxorubicin along with different concentrations of siRNA (Fig.
7B). These results clearly indicated that depletion of PKCa. was
associated with doxorubicin-induced apoptosis in the resistant
cell line.

Conventional evidence has indicated that doxorubicin-indu-
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Fig. 7. RNA interference-mediated
inhibition of PKCo increased doxoru-
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ced apoptosis is a complex multifunctional process in which
ROS generation production plays a vital role in the induction of
apoptosis (Konorev et al., 1999). In order to investigate whether
or not doxorubicin-induced apoptosis in HCT15/DOX cells is
associated with the generation of cellular oxidative stress, the
levels of intracellular peroxides were evaluated with DCFHDA.
It was assumed that PKCa reversed doxorubicin-induced apop-
tosis in resistant cells through decrease in DCF-detectable
ROS. As shown in Fig. 7C, transfection of cells with PKCo
siRNA, followed by doxorubicin treatment, diminished the pro-
tective effect of PKCo and induced ROS generation. Therefore,
it is likely that ROS production is the agent of doxorubicin-
induced apoptosis in HCT15/DOX cells. Additionally, the HCT15/
DOX cells transfected with scramble siRNA mediated or in-
duced the same effect as the control cells without transfection
(Fig. 7C). These results suggested that PKCo provides protec-
tion from the apoptotic actions of doxorubicin and enhanced
MDR by decreasing the steady-state level of intracellular oxi-
dants.

DISCUSSION

The mechanisms of MDR relative to the treatment failure of
chemotherapeutic drugs has been studied extensively for more
than two decades, but the exact molecular mechanism mediat-
ing the chemotherapy resistance and the role of drug resistance
genes involved in the transport of anticancer agents remains
unclear. There are a number of different mechanisms by which
cancer cells develop MDR (Takara et al., 2006). The most often
reported mechanism with known clinical significance is activa-
tion of ATP-dependent efflux pumps resulting in reduced intra-
cellular drug concentrations, in which P-gp is the best known
efflux pump gene alteration. MDR can also be caused by pro-
teins involved in the control of apoptosis, such as Bcl, (Han et
al., 2002). The current study postulated a role for PKC in the
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— p-Bad

bicin-induced apoptosis. (A) FACS

PKC-u siRNA analysis of the cell cycle. Cells were

10 pMIL0O pM1 oM pre-incubated with either siRNA,

- PRC-«  scrambled siRNA, or vehicle alone
for 24 h followed by stimulation with

&= W= -~ PARP doxorubicin. Cell cycle analysis was
done by FACS. (B) PKCa protein

- w— — — B2 levels of siRNA-PKCa cells. HCT15/

DOX cells were transfected with va-
rious concentrations of siRNA and
then incubated with either doxorubi-
cin or carrier for 24 h. Total cell lys-
ates were prepared and used for
Western blotting. (C) PKCa inhibition
induces ROS generation. HCT15/
DOX cells were transfected with siRNA
and then incubated with doxorubicin
or carrier for 24 h. PKCa siRNA di-
minished the protective effect of
PKCo and induced ROS generation
as shown through DCFHDA fluores-
cence and translocation of DHR.

regulation of the MDR phenotype. Other studies have shown
that PKC produces prominent activity in MDR cell lines and that
PKC inhibitors could be of therapeutic value in reversing MDR
and inhibiting P-gp phosphorylation (Fine et al., 1996; O’Brian,
2001). It has been shown that P-gp is phosphorylated by PKC
and that this phosphorylation entirely modulates P-gp efflux
function (Ling, 1997). At present, the PKC family consists of at
least 12 isoforms whose expression and regulation varies be-
tween cell types. In particular, the over-expression and activity
of the PKCa isoform is closely associated with the development
of the MDR phenotype, but in some cancers the expression
patterns of PKCpI, PKCy and PKCn mediate MDR. Similarly,
the PKCO isoform is also activated by diverse stimuli and par-
ticipates in MDR, but this contribution is minor and occurs only
in concert with PKCa (Aquino et al., 1999; Gill et al., 2001). In
addition, the pro- and anti-apoptotic roles of PKCs isoforms has
been well documented (Leszczynski, 1995; Lucas and Sanchez-
Margalet, 1995). Previously, it has been shown that over-
expression of PKCa. resulted in increased mitochondrial PKCa
localization and Bcl, phosphorylation, which are required for
their anti-apoptotic function (Ruvolo et al., 1998). Therefore, it is
pertinent to understand the mechanism by which PKCa is acti-
vated in the apoptotic process.

HCT15/DOX is an established doxorubicin resistant cell line
selected by the stepwise exposure of parental HCT15 cells to
increasing concentrations of doxorubicin. Studies have shown
that HCT15/DOX cells possess characteristics of classical MDR
including over-expression of P-gp as well as high resistance to
the cytotoxicity of doxorubicin (Choi et al., 1996). The above
mentioned results imply that doxorubicin is hindered by some
protein residues which may alter the resistant cell efflux rate.
The over-expression of PKCo has been radically elevated yet
no significant difference was observed in the expression of
PKCBI, PKCBII and PKCy in colon cancer cells (Gravitt et al.,
1994). Furthermore, the expression patterns of PKCo and
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PKCBI in the resistant cell line remained constant upon the
treatment of doxorubicin, but in HCT15 cells the membrane
translocation of PKCo was reduced. After treatment with
doxorubicin, similar expression levels of PKCI in the cytosol
and membrane revealed that it shared no major contribution to
the effect, suggesting that only PKCa has a role in MDR. This
finding means that PKCa is capable of enhancing mdr gene
expression and inducing MDR because the total protein ex-
pression of PKCa was also increased in the HCT15/DOX cells
(Kuranami et al., 1995). The over-expression of PKCo in HCT15/
DOX cells, not only induced MDR, but also reversed apoptosis
through the down-regulation of ROS generation in doxorubicin
treated cells. Doxorubicin has been reported to induce apop-
tosis in various cancer cell lines through ROS generation
(Gouazé et al., 2001), but the exact role of ROS in the resis-
tance of chemotherapy remains to be elucidated. Early evi-
dence has shown that ROS production is responsible for Gag-
mediated activation of phospholipase C (PLC)-B, which is fol-
lowed by the activation of a complex network of signaling pro-
teins governing cell-cycle transition and redox balance (Bae et
al., 2011). Although PKC stimulated the induction of ROS gen-
eration, this effect seemed to be cell and tissue dependent
(Inoguchi et al., 2003).

The current study proved that PKCa. was over-expressed in
resistant cells as compared to parental cells and attenuated
doxorubicin induced oxidative-stress apoptosis. In fact, PKCo
phosphorylated Bcl,, p-Bad, decreased PARP cleavage and
prevented apoptosis in doxorubicin treated resistant cell lines.
But incubation with PKCa inhibitor Go6976, doxorubicin in-
duced apoptosis in the parental fraction and the HCT15/DOX
cells line. Inhibition of PKCa. activity has been shown to effi-
ciently restore the drug-sensitive phenotype of cancer cells
(Wang et al., 2010). To gain further insight into the possible
effects of PKCo on MDR in human colon cancer cells, we
transfected the cells with PKCa-siRNA because it has been
shown that transfection of exogenous PKCa into cells over-
expressing the MDR gene conferred an increased MDR pheno-
type into these cells (Yu et al., 1991). The knockdown of PKCa,
through a PKCoa.-siRNA dose, dependently down-regulated Bclo
and p-Bad, enhanced PARP cleavage and induced apoptosis
in the resistant cell line. These results were in agreement with a
previously published report that suggested that transfection of
PKCao antisense into cells reversed the MDR phenotype
(Osborn et al., 1999).

In conclusion, the results presented here support the notion
that PKCa. activation phosphorylates P-gp and over-expression
of MDR, and ultimately leads to drug resistance. PKCa re-
versed doxorubicin induced apoptosis through the scavenging
of ROS and expression of anti-apoptotic proteins such as Bcl,
as well as inhibited PARP cleavage. Using PKCa inhibitor
Go6976 and PKCo siRNA knockdown revealed that PKCa
provides a major contribution to drug resistance. We hope that
the outcome of this study will make further insights into doxoru-
bicin-induced apoptosis as well as therapeutic strategies di-
rected against PKCa as a tool for restructuring the resistance of
tumors against cytotoxic agents.
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