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a b s t r a c t

Hepatocellular carcinoma (HCC) remains the second leading cause of cancer-related death worldwide,
and elevated rates of reactive oxygen species (ROS) have long been considered as a hallmark of almost all
types of cancer including HCC. Protein kinase C alpha (PKCa), a serine/threonine kinase among con-
ventional PKC family, is recognized as a major player in signal transduction and tumor progression.
Overexpression of PKCa is commonly observed in human HCC and associated with its poor prognosis.
However, how PKCa is involved in hepatocellular carcinogenesis remains not fully understood. In this
study, we found that among the members of conventional PKC family, PKCa, but not PKCbI or bII, pro-
moted ROS production in HCC cells. PKCa stimulated generation of ROS by up-regulating DUOX2 at post-
transcriptional level. Depletion of DUOX2 abrogated PKCa-induced activation of AKT/MAPK pathways as
well as cell proliferation, migration and invasion in HCC cells. Moreover, the expression of DUOX2 and
PKCa was well positively correlated in both HCC cell lines and patient samples. Collectively, our findings
demonstrate that PKCa plays a critical role in HCC development by inducing DUOX2 expression and ROS
generation, and propose a strategy to target PKCa/DUOX2 as a potential adjuvant therapy for HCC
treatment.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Liver cancer is among the most common and lethal cancers in
the human population, ranked the sixth-most frequent neoplasm
and the second-most common cause of cancer-related death
worldwide [1]. Among primary liver cancers, hepatocellular carci-
noma (HCC) accounts for 70%e90% of the total liver cancer burden
worldwide [2]. Though surveillance can lead to early diagnosis
when the tumor might be resectable, HCC is generally diagnosed at
an advanced stage and has a poor prognosis, owing to the under-
lying liver disease and the lack of effective therapeutic options [3,4].
Therefore, revealing the mechanisms of tumor development and
occurrence is critical for improving the treatment of HCC in clinical
practice.
), yuanyuanruan@fudan.edu.
Protein kinase C (PKC) is a multigene family that encodes at
least 11 distinct isoforms of lipid-regulated serine/threonine ki-
nases, which can catalyze numerous biochemical reactions critical
to the function of many cellular constituents [5]. Based on the
structural and activational characteristics, PKC genes can be clas-
sified into 3 groups: conventional PKCs, novel PKCs, and atypical
PKCs [6]. PKCa, a member of conventional PKC, is ubiquitously
expressed in all tissues of human beings, and plays important roles
in the control of major cellular functions, including proliferation,
apoptosis, differentiation, motility and so on [7]. Thoughmutations
in PKC isozymes are rare occurrences in tumor genetics, PKCa is
implicated in malignant transformation through enhancing mul-
tiple cellular signaling pathways, and overexpression of PKCa has
been described in several kinds of human malignancies, including
HCC [8e11].

Reactive oxygen species (ROS) are a diverse class of radical
species that are produced in all cells as a normal byproduct of
metabolic processes, and function as key secondary messengers in
numerous signaling pathways [12]. In highly proliferative cancer
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cells, ROS regulation is crucial owing to the presence of oncogenic
mutations that promote aberrant metabolism and protein trans-
lation, resulting in increased rates of ROS production [13]. Elevated
ROS level commonly causes genomic instability and thereby pro-
motes tumorigenesis [14]. It has been recognized that nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOXs) is an
important enzymatic source for the production of ROS depending
on the types of cells [15]. The NOX family enzymes plays critical
roles in host defense, posttranslational processing of proteins,
cellular signaling, regulation of gene expression and cell differen-
tiation [16]. Increased NOX activity also contributes to a large
number of pathologies, including cardiovascular diseases, neuro-
degeneration and cancers [16].

Though the tumorigenic role of PKCa has been explored, how
this serine/threonine kinase is involved in tumor promotion re-
mains only partially understood. In this study, we found that the
expression of DUOX2, a member of NOX family, was induced by
PKCa in HCC cells. DUOX2 was required for PKCa-mediated ROS
production, AKT/MAPK signaling activation and tumor progression.
Our data suggest that aberrant activation of PKCa/DUOX2 pathway
may play a critical role in hepatocellular carcinogenesis.
2. Materials and methods

2.1. Patients and tumor samples

Tumor tissues of 40 primary HCC cases, surgically resected at
Huashan Hospital of Fudan University (Shanghai, China) from 2006
to 2008, were fixed in 10% formalin and embedded in paraffin. None
of the patients received clinical treatment before surgery. This
study was approved by the Ethics Committee of Fudan University.
All donors were informed of the aim of the study and gave consent
to donate their samples.
2.2. Antibodies and reagents

Rabbit anti-ERK, -phospho-ERK, -AKT, -phospho-AKT, -phos-
pho-p38, -p38, and -b-actin antibodies were purchased from Cell
Signaling Technology. Rabbit anti-NOX3, -NOX5 antibodies and
mouse anti-PKCa, -DUOX1, -DUOX2 antibodies were obtained from
Santa Cruz Biotechnology. Rabbit anti-NOX2 and -NOX4 antibodies
were purchased from Proteintech. Go6976 was obtained from
BioVision. Rabbit anti-NOX1 antibody was purchased from Abcam.
LY333531, Dihydroethidium (DHE), Rhodamine 123 and N-ace-
tylcysteine (NAC) were from Sigma Aldrich.
2.3. Cell lines

All cell lines were purchased from Shanghai Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai, China), and
cultured in Dulbecco's Modified Eagle's Medium (Sigma Aldrich,
USA) supplemented with 10% fetal bovine serum (Gibco) at 37 �C in
a humidified atmosphere with 5% CO2.
2.4. Plasmid, RNA interference and transfection

pENTER/PKCa construct was purchased from Vigene Bioscience.
The control siRNA (UUCUCCGAACGUGUCACGUTT) and PKCa siRNA
(CCAUCGGAUUGUUCUUUCUUCAUAA) were designed according to
a previous report [17]. DUOX2 siRNA was purchased from Biotend.
All transfections were performed using Lipofectamine2000 (Invi-
trogen) according to manufacturer's instructions.
2.5. Western-blot

Western-blot analysis was carried out according to our previous
report [18].

2.6. Real-time PCR

Briefly, total RNA was extracted with TRIZOL (Invitrogen) ac-
cording tomanufacturer's instructions. Quality of the total RNAwas
detected by spectrophotometer (Pharmacia Biotech RNA/DNA
Calculator). About 3 mg total RNA from each sample was used to
perform reverse-transcribed by using RNA PCR Kit AMV (Takara).
Real-time PCR was performed using SYBR Green Premix Ex Taq Ver.
3.0 (Takara) and detected by StepOne plus (ABI). The following
primers were used: gapdh forward: 50-GAG CGA GAC CCC ACT AAC
AT-30; gapdh reverse: 50-TCT CCA TGG TGG TGA AGA CA-30; PRKCA
forward: 50-ATG GAT CAC ACT GAG AAG AGG-30; PRKCA reverse: 50-
AAG GTT GTT GGA AGG TTG TTT-30; DUOX2 forward: 50-ACG CAG
CTC TGT GTC AAAGGT-30;DUOX2 reverse: 50-TGATGA ACGAGACTC
GAC CAG GC-30.

2.7. ROS detection

Briefly, HCC cells were incubated with DHE (1 mM) or Rho-
daming 123 (1 mM), harvested by trypsinization, washed with PBS
and detected by flow cytometry. Mean fluorescence intensity (MFI)
was calculated after correction for autofluorescence.

2.8. Cell proliferation assay

Cell proliferation was determined using Cell Counting Kit-8
(CCK-8) (Beyotime Inst. Biotech, China). Briefly, cells were trans-
fected as indicated, seeded in a 96-well plate, and incubated with
WST-8 dye at 37 �C for 0.5 h. Cell viability was determined by the
absorbance at 450 nm using a Universal Microplate Reader (Bio-Tek
Instrument Inc.). All assays were performed in triplicate.

2.9. Transwell assay

The migratory and invasive abilities of Huh7 cells were assayed
in BD Falcon 24-well plates with transwell inserts containing 8 mm
pore filters (Millipore, MA, USA), and the invasive activity of Huh7
cells was tested with BD Matrigel coated filters. Briefly, Huh7 cells
were transfected as indicated. Then cells were resuspended and
seeded into the upper chamber of the assay system. The infiltrated
cells were stained with crystal violet, and cell numbers were
counted from five visions. Each experiment was repeated at 3
times.

2.10. Immunohistochemistry

Briefly, tissue sections on glass slides were deparaffinized,
dehydrated and subjected to antigen retrieval. Then sections were
blocked by UltraVision Protein Block (Thermo Scientific) followed
by primary antibodies incubation. After DAB staining, slides were
counterstained with hematoxylin, mounted and captured by Nikon
microscope. Immunohistochemical scoring was determined ac-
cording to our previous report [18].

2.11. Statistical analysis

All results are presented as the means ± S.D. Differences be-
tween groups were calculated using two-tailed Student's t-test.
Correlation between PKCa and DUOX2 expression was determined
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by Pearson's c2 test. Statistical significance was determined at the
level of P < 0.05.

3. Results

3.1. PKCa induces ROS production in hepatocellular carcinoma

Elevated ROS level, which is commonly detected in almost all
types of cancer, plays a critical role in inducing genomic instability
and tumorigenesis [19]. To explore whether PKCa was involved in
ROS generation in HCC, we first examined the effect of Go6976, a
PKCa/bI inhibitor, on the production of ROS in HCC cell lines. As
shown in Fig. 1A and B, treatment of Go6976 suppressed the level of
ROS in dose-dependent manner in both SK-Hep1 and Huh7 cells.
However, administration of LY333531, a potent inhibitor of PKCbI/
bII, showed little effect on DHE staining in these two cell lines.

To better understand the role of PKCa in ROS production in HCC,
we also examined whether the level of ROS changed in response to
altered PKCa expression. As shown in Fig. 1C, overexpression of
PKCa promoted ROS production in Huh7 cells by DHE and Rhoda-
mine 123 staining. In addition, knock-down of PKCa using specific
siRNA remarkably inhibited ROS accumulation in SK-Hep1 cells.
These results suggest that among the members of conventional
Fig. 1. PKCa promotes the generation of ROS in hepatocellular carcinoma. (AeB) SK-Hep1 (A)
(200 nM), incubated with DHE and applied to flow cytometry analysis. (C) Huh7 cells were t
DHE or Rhodamine 123, and subjected to flow cytometry analysis. (D) SK-Hep1 cells were tr
DHE or Rhodamine 123, and subjected to flow cytometry analysis. n.s., no significance.
PKCs, PKCa, but not PKCbI or PKCbII, was involved in the production
of ROS in hepatocellular carcinoma.

3.2. PKCa induces ROS production by regulating DUOX2 expression

It has been reported that NOXs family plays an important role in
ROS generation in human HCC cells [20]. To understand how PKCa
modulated the level of ROS in HCC cells, we next examined the
effect of PKCa on the expression of NOXs family. As shown in Fig. 2A
and B, overexpression of PKCa promotes the expression of DUOX2
in Huh7 cells, while depletion of PKCa using specific siRNA reduced
DUXO2 protein level in SK-Hep1 cells. Either overexpression or
depletion of PKCa showed little effect on the expression of other
members of NOXs family (Fig. 2A and B). We did not detect
endogenous DUOX1 expression in Huh7 and SK-Hep1 cells, prob-
ably due to that DUOX1 was commonly epigenetically silenced by
promoter hypermethylation in human HCC [21]. In addition, we
also found that overexpression or depletion of PKCa showed little
effect on DUOX2 mRNA levels in HCC cells, suggesting that PKCa
modulated DUOX2 expression at post-transcriptional level (Fig. 2C
and D).

We next determined whether DUOX2 was involved in PKCa-
mediated ROS production in HCC. As shown in Fig. 2E, depletion of
and Huh7 (B) cells were treated with Go6976 (100 nM, 500 nM, 1000 nM) or LY333531
ransiently transfected with empty vector or PKCa. 48 h later, cells were incubated with
ansiently transfected with control or PKCa siRNA. 72 h later, cells were incubated with



Fig. 2. PKCa induces ROS production by regulating DUOX2 expression. (A) Huh7 cells were transfected with constructs as indicated, and applied to western blot analysis. (B) SK-
Hep1 cells were transfected with siRNA as indicated, and applied to western blot analysis. (C) Huh7 cells were transfected in (A), and applied to real-time PCR analysis. (D) SK-Hep1
cells were transfected as in (B), and applied to real-time PCR analysis. (E) Huh7 cells were transfected with vector or PKCa construct, along with control or DUOX2 siRNA. The level of
intracellular ROS was measured by DHE staining and flow cytometry analysis. Images were representative of three independent experiments. n.s., no significance.
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DUOX2 attenuated basal level of ROS, and also dramatically blocked
PKCa-induced ROS accumulation in Huh7 cells. These results sug-
gest that PKCa stimulates ROS production by up-regulating DUOX2
in hepatocellular carcinoma.

3.3. PKCa promotes AKT/MAPK activation as well as cell
proliferation, migration and invasion via DUOX2 in hepatocellular
carcinoma

ROS are involved as key secondary messengers in numerous
signaling pathways. We next evaluated whether DUOX2-mediated
ROS accumulation was involved in the oncogenic effect of PKCa in
HCC. As shown in Fig. 3A, overexpression of PKCa enhanced the
phosphorylation of AKT, p38 and ERK in Huh7 cells, and depletion
of DUOX2 or administration of antioxidant NAC suppressed PKCa-
induced activation of AKT, p38 and ERK. We also determined
whether DUOX2 was involved in PKCa-mediated proliferation,
migration and invasion in HCC. As shown in Fig. 3B, CCK8 assay
revealed that overexpression of PKCa increased the viability of
Huh7 cells, and knock-down of DUOX2 using specific siRNA abol-
ished the pro-proliferative effect of PKCa in Huh7 cells. Moreover,
transwell analysis also revealed that depletion of DUOX2 blocked
PKCa-stimulated migration and invasion of Huh7 cells (Fig. 3C and
D). These results imply that DUOX2 is required for the oncogenic
effect of PKCa in hepatocellular carcinoma.

3.4. The expression of DUOX2 is positively correlated with PKCa in
hepatocellular carcinoma

Since up-regulation of DUOX2was critical for the oncogenic role
of PKCa in HCC, we next determined whether expression of DUOX2
was correlated with PKCa in HCC. As shown in Fig. 4A and B,
western blot analysis revealed that the protein levels of DUOX2 and
PKCa exhibited similar pattern in immortalized L02 hepatic cell and
different kinds of HCC cell lines, and statistical analysis confirmed
the correlated expression of DUOX2 and PKCa in these cell lines
(R2 ¼ 0.763, P ¼ 0.023). Immunohistochemistry assay also revealed
that the protein expression of DUOX2 and PKCawas well positively



Fig. 3. PKCa promotes AKT/MAPK activation as well as cell proliferation, migration and invasion via DUOX2. (A) Huh7 cells were transfected with constructs or siRNA as indicated,
along with or without treatment with NAC (5 mM). Then cell lysates were applied to western blot analysis. (BeD) Huh7 cells were transfected as indicated, followed by CCK8
analysis (B), migration assay (C) and invasion assay (D). In (C) and (D), images were representative of three independent experiments, and scale bar ¼ 200 mm.
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correlated in 40 cases of HCC samples (R2 ¼ 0.889, P < 0.001)
(Fig. 4C and D). These results suggest that the expression of DUOX2
is positively correlated with PKCa in hepatocellular carcinoma.

4. Discussion

Hepatic carcinogenesis is thought to involve ROS-induced DNA
damage and/or mitogenic signaling. ROS plays a critical role in
development of HCC in a variety of rodent models including mice
overexpressing c-myc and TGF-a and exposure to carcinogens such
as peroxisome proliferator compounds and diethylnitrosamine
[22]. Therefore, exploring the underlying mechanism of ROS gen-
eration would help in understanding hepatocellular carcinogenesis
and providing new therapeutic targets. PKC was originally recog-
nized as a major player in cellular signal transduction, and accu-
mulating evidence have confirmed the involvement of PKC
isozymes in mitogenesis, survival and malignant transformation
through their increased or decreased participation in various
cellular signaling pathways [23]. In this study, our data demon-
strate that PKCa, but not PKCbI or PKCbII, promoted ROS production
in HCC cells. Further research revealed that increased expression of
DUOX2 was involved in PKCa-induced ROS generation and HCC



Fig. 4. Correlated expression of PKCa and DUOX2 in hepatocellular carcinoma. (AeB) Endogenous expression of DUOX2 and PKCa in immortalized L02 hepatocyte and various kinds
of HCC cell lines was examined by western blot (A), and the correlation between DUOX2 and PKCa expression was determined by Pearson's c2 test (B). (CeD) Endogenous
expression of DUOX2 and PKCa in HCC samples was examined by immunohistochemical staining (n ¼ 40), and the correlation between DUOX2 and PKCa staining was determined
by Pearson's c2 test (D). In (C), representative images of DUOX2 and PKCa staining in two cases were shown, and scale bar ¼ 100 mm.
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progression in vitro. Our data imply that the novel PKCa/DUOX2/
ROS pathway may participate in the development of HCC, and
provide evidence for better understanding the mechanism of ROS
production during hepatic carcinogenesis.

NOXs family is considered as a major source of non-
mitochondrial ROS, and the correlation between distinct PKC iso-
zymes and NOXs family has been reported. In vascular smooth
muscle cells, gene silencing of PKCd by RNA interference signifi-
cantly suppressed the PGF2a-induced increase in NOX1 mRNA and
protein [24]. In mouse mesangial cells, the increased activity of
PKCε under high glucose condition decreased the expression of
NOX4 through MAPK pathway [25]. In addition to modulating ROS
production through NOXs, PKC could also regulate the generation of
mitochondrial ROS. It has been reported that the PKCb isozyme is
responsible for the activation/phosphorylation of the mitochon-
drial p66shc protein, which can bind to cytochrome c and stimulate
the generation of ROS [26]. In our study, we found that PKCa pro-
moted the production of ROS by stimulating DUOX2 expression in
HCC, suggesting that the mechanisms for PKCs-mediated ROS
generation may vary depending on the types of cells and PKC iso-
forms. Interestingly, a previous study also demonstrated that PKCa
could be activated by TPA-triggered ROS generation in HCC [27].
Therefore, PKCa and ROS may form a positive feedback loop to
induce the carcinogenesis and development of HCC.

In this study, we found that PKCa promoted DUOX2 protein level
without affecting its mRNA expression, suggesting that PKCa regu-
lated DUOX2 expression at post-transcriptional level (Fig. 2). So far,
how the members of NOXs family are post-transcriptionally regu-
lated remains little understood. A previous study demonstrated that
PKC inhibitor Ro318220 specifically inhibited PMA-stimulated
DUOX2 phosphorylation and H2O2 production in COS-7 cells, sug-
gesting PKC is a critical regulator of DUOX2 phosphorylation [28].
Moreover, it also has been reported that PKCa can phosphorylate
NOX5 and enhance its activity [29]. Therefore, it is possible that
PKCamaypromoteDUOX2expression andactivity bystimulating its
phosphorylation. And this assumption needs further investigation.

PKCa is ubiquitously expressed in many tissues and associated
with cell proliferation, apoptosis and cell motility. PKCa has been
recognized as a potent oncogene in several kinds of human ma-
lignancies, including glioblastoma, pancreatic cancer, breast cancer,
and prostate cancer [30]. In HCC, it is reported that high expression
of PKCa was positively correlated with tumor size and TNM stage,
and also predicted poor prognosis [11]. Reduction of PKCa
decreased cell proliferation, migration, and invasion of human HCC
cells [31]. However, contradictory results challenging the tumori-
genic effect of PKCa have also been described depending on the
tumor type [32]. Moreover, a recent report also suggested that PKCa
generally functioned as a tumor suppressor, and mutation of PKCa
exerted bioplastic and metastasizing effects in cancer cells [33].
Therefore, the exact role of PKCa in carcinogenesis needs to be
further elucidated. In our study, we found that up-regulation of
DUOX2 was required for the oncogenic effect of PKCa in HCC cells.
Depletion of DUOX2 suppressed PKCa-induced AKT/MAPK activa-
tion as well as cell proliferation, migration and invasion (Fig. 3). Our
data provide novel evidence for better understanding the role of
PKCa in hepatocellular carcinogenesis.

Currently, most patients are diagnosed with HCC at advanced
stage, and there is no standard treatment for unresectable HCC.
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Transarterial chemoembolization, which is widely used in non-
surgical cases, is only effective in patients with preserved liver
function and absence of extrahepatic spread [34,35]. In recent
years, sorafenib, a multikinase inhibitor that has been used in pa-
tients with advanced HCC, only increases the median overall sur-
vival from 7.9 to 10.7 months [36]. Therefore, it is of great potential
in developing new agents and strategies for this group of patients.
Indeed, several inhibitors of PKC and NOX family have been
designed and developed, and application of these inhibitors into
clinical practice is also being explored [32,37]. Our data suggest that
DUOX2 plays a critical role in PKCa-mediated ROS production and
tumor progression in HCC, and propose a strategy to target PKCa/
DUOX2 as a potential adjuvant therapy in combination with other
methods for HCC treatment.
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