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Abstract Curcumin, a yellow component of turmeric or
curry powder, has been demonstrated to exhibit anti-
carcinogenic effects in vitro, in vivo, and in human clinical
trials. One of its molecular targets is protein kinase C
(PKC) which has been reported to play essential roles in
apoptosis, cell proliferation, and carcinogenesis. In this
study, PKC mRNA expression was significantly inhibited

in curcumin-treated human hepatocellular carcinoma
(HCC) Hep 3B cells identified using a kinase cDNA
microarray. Furthermore, curcumin decreased total protein
expression of all PKCs in a time-related manner by
immunoblotting of whole cell lysates, nuclear, membrane,
and cytosolic fractions. In cytosolic fraction, the expression
of PKC-α was totally inhibited by curcumin. In contrast,
the expression levels of PKC-ζ and -μ were dramatically
increased. Increases in expression of PKC-δ and PKC-ζ in
the membrane and nucleus, and PKC-ι in the membrane
were detected. In summary, the changes in expression and
distribution of subcellular PKC isoforms in curcumin-
treated Hep 3B cells suggest possible PKC-associated
anti-tumor mechanisms of curcumin and provide alternative
therapies for human HCC.
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Introduction

Curcumin, a major yellow pigment and spice in turmeric
and curry, has a wide spectrum of biological and pharma-
cological functions [1–3]. Ongoing phase III clinical trials
are investigating to evaluate the effects of curcumin against
different types of cancer [4]. The ability of curcumin to
interact with multiple target molecules and modulate
multiple cellular signaling pathways may be the key to its
therapeutic potential against cancers, since cancer growth
and progression involves multiple pathways [5]. More
importantly, curcumin is safe in humans even at a dose of
10 g/day [6].

Human hepatocellular carcinoma (HCC) is one of the
most common solid epithelial malignant neoplasias in the
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world [7]. A recent report further indicated that clinical
molecular targeted therapy of Sorafenib only improved
overall survival by nearly three months in patients with
advanced HCC [8]. Thus, improvements in chemothera-
peutic regimens are urgently needed.

Protein kinase C (PKC), a family of enzymes, can be
divided into three groups: conventional PKC (cPKC; α, βI,
βII, and γ), novel PKC (nPKC; δ, ε, η, and θ), and atypical
PKC (aPKC; 1/ι, μ, and ζ) [9]. The expression pattern of
PKC isoforms varies in cells and tissues [10]. Changes of
PKC protein expression pattern induce apoptosis, modulate
cell proliferation and differentiation, and cause carcinogen-
esis [11]. Inhibition or overexpression of certain types of
PKC isoforms appears to be useful for therapeutic purposes
in oncology [10], and isoform expression of PKC has been
used as a predictor for the cancer therapy outcomes [12].

In the present study, the results of an analysis using
cDNA microarray containing various kinase genes indicat-
ed that several kinase genes were regulated by curcumin
including PKC mRNA expression in HCC Hep 3B cells.
We further characterized the total protein and subcellular
distribution of all PKC isoforms in response to curcumin in
the cells.

Materials and Methods

Cell Culture

Human HCC Hep 3B cells (American Type Culture
Collection, Rockville, MD) were cultured in complete
Dulbecco’s modified Eagle medium (DMEM; GIBCO
BRL, Grand Island, NY) [13]. Curcumin (> 95.0%; Sigma,
St. Louis, MO) was dissolved in dimethyl sulfoxide
(DMSO).

Microarray Analysis of Kinase Gene Expression

The cDNA microarray chip (The Center for Microarray,
National Cheng Kung University, Tainan, Taiwan) con-
tains 86 human kinase cDNAs and eight housekeeping
genes for data normalization. After treatment, the
obtained mRNAs (1 μg) using Oligotex™ mRNA
isolation kit (Qiagen, Valencia, CA) were reverse tran-
scripted into cDNAs in the presence of Cy3- for control
samples or Cy5-labeled dUTP (GE Healthcare, Bucking-
hamshire, England) for curcumin-treated samples [14].
The hybridization signals in triplicate were analyzed with
TM4 software (Dana-Farber Cancer Institute, USA) [15].
After normalization and CAST (cluster affinity search
technique) algorithm for data clustering [16], the expres-
sion of each gene was presented as the mean ratio of
treatment (Cy5) vs. control (Cy3).

Western Blot Analysis

After treatment, the obtained whole cell lysates, and
nuclear, cytosolic, and membrane fractions (supplementary
materials and methods) were subjected to Western blot
analysis [17]. Anti-PKC isoform antibodies, and goat anti-
mouse and donkey anti-goat conjugated horseradish perox-
idase (HRP) secondary antibodies were obtained from
Santa Cruz Biotech (Santa Cruz, CA). Goat anti-rabbit
conjugated HRP-labeled secondary antibody was purchased
from Amersham Pharmacia Biotech (Piscataway, NJ).

Results and Discussion

Effect of Curcumin on PKC Gene Expression

Expression of numerous targets regulated by curcumin have
been reported, including kinases, enzymes, growth factors,
cytokines, and transcription factors [5]. To screen various
kinase genes involved in the anticancer mechanism of
curcumin at one time, kinase expression array was used. In
the present study, Hep 3B cells were treated with or without
20 μM curcumin for 48 h. Among the 86 kinase genes, the
expression levels of 26 genes were up-regulated whereas 37
genes were down-regulated (supplementary Table 1). Of
note, the expression of the PKC gene was inhibited (0.68-
fold) (Fig. 1a and b), which was the third gene significantly
inhibited by curcumin. Modulation of PKC activity by
curcumin has also been reported in vivo [18] and in vitro
[19]. PKC plays very important roles in signaling trans-
duction and cancer biology. Each PKC isoform has its own
distinct function. Movement of PKC isoforms leads to
activation of proteins that trigger cellular responses. Since
the behaviors of individual PKC isoforms in specific tissues
and disease states may be of considerable importance in
elucidating the roles of these enzymes in pathologies [20],
experiments were carried out to further determine the
protein expression and subcellular distribution of all PKC
isoforms in response to curcumin. Curcumin-induced
apoptosis in various HCC cells has been observed [5]. Of
note, induction of apoptosis has been displayed in Hep 3B
cells under curcumin treatment which was similar to the
result found in the present study [21], and thus the roles of
curcumin-induced PKC isoform redistribution in producing
the anti-carcinogenic effect, especially in apoptosis, are
discussed.

Effects of Curcumin on PKC-α Protein Expression in Hep
3B Cells

As shown in Fig. 2, the level of total PKC-α expression
dropped (0.4-fold) after 6 h treatment and trivial signal
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(0.2-fold) was detected at 48 h. Nuclear and cytosolic
expression of PKC-α was totally blocked (at least 70-80%
decrease) throughout the experimental periods. Although a
small amount of PKC-α was detected in the membrane
fractions, treatment of curcumin further suppressed the
membrane expression of PKC-α particularly at 12 and 48 h
(0.4- and 0.2-fold, respectively). Neither PKC-β nor -γ was
detected, which was similar to previously published results
[22]. A decrease in PKC-α expression by antisense
oligonucleotides has been reported to induce apoptosis in
HCC Hep G2 cells [23]. In addition, PKC-α inhibition-
induced apoptosis in liver epithelial cells is accompanied by
suppression in nuclear NF-κB and total anti-apoptotic
proteins (Bcl-2 and Bcl-XL) [24, 25]. Since NF-κB acts as
a downstream molecule of PKC-α [24] as well as an
upstream regulator of Bcl-2 and Bcl-XL [26, 27], curcumin-
induced inhibition of nuclear and cytosolic PKC-α expres-
sion (Fig. 2) may therefore suppress NF-κB, decrease Bcl-2
and Bcl-XL expression, and lead to apoptosis of Hep 3B
cells. Recently, movement of PKC-α to the perinuclear
compartment has been reported to promote the entry of
phosphorylated STAT3 into the nucleus and allows it to
play a master regulatory role in the progression and survival
of human cancers [28].

Effects of Curcumin on Protein Expression
of PKC-δ and -ε

As shown in Fig. 3a, curcumin greatly suppressed the
expression of total PKC-δ. Interestingly, less inhibition

(0.7-fold) was detected at 24 h. Nuclear PKC-δ was
decreased, particularly at 6 and 48 h (0.5- and 0.4-fold,
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Fig. 2 Expression of cPKC-α in response to curcumin in Hep 3B
cells. Total, nuclear, membrane, and cytosolic proteins from curcumin
(20 μM)-treated Hep 3B cells were subjected to Western blot analysis
using anti-PKC-α monoclonal antibody. β-actin served as a loading
control. Relative protein expression is shown at the bottom of each
panel with control levels arbitrarily set to 1. Control cells (C) were
treated with DMEM containing 0.1% DMSO at 0 time point. Cells
treated with 0.1% DMSO for 6–48 h exhibited similar results to that of
C. Results are representative of three independent experiments
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Fig. 1 PKC gene expression in response to curcumin in Hep 3B cells.
Curcumin (20 μM)-treated Hep 3B cells were subjected to cDNA
microarray analysis (a) White arrows indicate the spots of PKC

consensus sequences. The PKC mRNA expression level was
presented as a ratio of the mean of three replicates (b). *p<0.05
(Student’s t test)
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respectively). PKC-δ expression (1.5-fold) was increased in
membrane at 6 h post-treatment. However, inhibition of
membrane PKC-δ expression was seen at 24 h (80%
inhibition) post-treatment. No detectable PKC-δ expression
was observed in the cytosolic fractions. An increase in
expression of PKC-δ in cytosolic or nuclear fractions has
been reported [22]. Membrane PKC-δ can modulate death
receptor and thus induce the process of the extrinsic
apoptotic signaling pathway [11]. Nuclear PKC-δ is also
required for apoptosis [29]. Nuclear PKC-δ has been
suggested to regulate cell cycle and induce apoptosis by
interacting with DNA-dependent protein kinase, nuclear
lamina, and topoisomerase IIα [11]. Therefore, the redistri-
bution of PKC-δ may contribute to the anti-tumor effect of
curcumin.

Fig. 3b shows the distribution of PKC-ε. Immense
suppression (80% inhibition) in total PKC-ε expression
was detected at 48 h post-curcumin treatment. Nuclear,
membrane, and cytosolic PKC-ε were inhibited in a time-
dependent manner. No PKC-η or -θ was detected in Hep
3B cells (data not shown), which is consistent with the
results of a previous report [22]. Movement of PKC-ε to the
plasma membrane results in assembly of fibronectin and
thus promotes pulmonary metastasis of breast cancer cells
[30]. Suppression in membrane PKC-ε expression by
curcumin (Fig. 3b) suggests the application of curcumin
in cancer metastasis. PKC-ε is also associated with
apoptosis. Overexpression of PKC-ε prevents tumor-
necrosis factor-related apoptosis-inducing ligand (TRAIL)-

induced apoptosis [11]. In this study, the decreases in total,
nuclear, membrane, and cytosolic PKC-ε protein expression
in a time-dependent manner (Fig. 3b) suggests a possible
mechanism of curcumin-induced apoptosis in Hep 3B cells.

Effects of Curcumin on Isoform Expression of aPKC

Unlike other groups of PKCs, all of the aPKC isoforms (ζ,
ι, 1, and μ) were detected in Hep 3B cells. As shown in
Fig. 4a, expression of total PKC-ζ was decreased in a time-
dependent manner. Nuclear expression of PKC-ζ at 12 and
24 h post-curcumin treatment (1.4- and 1.8-fold, respec-
tively) was higher than those in the control cells. Further-
more, membrane expression of PKC-ζ was increased,
particularly at 6 and 48 h (2.1- and 1.5-fold, respectively)
post-treatment. Curcumin treatment dramatically increased
cytosolic expression of PKC-ζ in Hep 3B cells throughout
the experimental periods (Fig. 4a). A similar predominant
expression of cytosolic PKC-ζ was also detected in PMA-
treated Hep 3B cells [22]. PKC-ζ is involved in cell
proliferation and cell survival [31]. The interaction of PKC-
ζ and death-inducing-signaling-complex on cell membrane
has been suggested to regulate apoptosis [32]. PKC-ζ in rat
hepatocytes has been reported to directly phosphorylate
p47phox, an important subunit of NADPH oxidase for a
rapid oxidation stress response, which subsequently induces
Fas-associated death domain and caspase-8-related apopto-
sis [33]. Therefore, curcumin-induced apoptosis in Hep 3B
cells may proceed via PKC-ζ to phosphorylate p47phox.
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Fig. 3 Expression of nPKC in response to curcumin in Hep 3B cells.
Total, nuclear, membrane, and cytosolic proteins from curcumin
(20 μM)-treated Hep 3B cells were subjected to Western blot analysis

using anti-PKC-δ (a) or anti-PKC-ε (b) monoclonal antibody. Results
are representative of three independent experiments
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Recently, it has been suggested that PKC-ζ is involved in
cell migration via the inactivation of glycogen synthase
kinase 3β [28].

Although PKC-ι is the human counterpart of mouse
PKC-1 [34], detection of PKC-1 has been observed in Hep
3B cells [22]. Curcumin suppressed total protein levels of
PKC-ι/1 (Fig. 4b and c). The expression of PKC-ι/1 was
also slightly decreased in cytosol and the nucleus. Mem-
brane PKC-ι was increased at 6 and 48 h (1.5- and 2.1-fold,

respectively). Membrane-bound PKC-ι has been suggested
to regulate the dynamic pool of microtubules and thus
influence intracellular protein trafficking [35]. PKC-1/ι can
activate Rac1 and ERK signaling to induce tumorigenicity
[36]. Activation of ERK1, ERK2, and JNK1 by PKC-ι at
the leading edge of migrating cells controls focal adhesion
dynamics and affects the rates of migration [28]. In LNCaP
prostate cancer cells, a decrease in membrane PKC-ι was
detected in conjugated linoleic acids (CLAs)-induced
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Fig. 4 Expression of aPKC in response to curcumin in Hep 3B cells.
Total, nuclear, membrane, and cytosolic proteins from curcumin
(20 μM)-treated Hep 3B cells were subjected to Western blot analysis

using anti-PKC-ζ (a), anti-PKC-ι (b) monoclonal, anti-PKC-1 (c), or
anti-PKC-μ (d) polyclonal antibody. Results are representative of
three independent experiments
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apoptosis [37]. PKC-1/ι also plays a role in cell survival
and UV irradiation-induced signal transduction [31]. Al-
though an increase in PKC-1/ι has been reported in HCC
compared to normal liver tissue and may be an indicator for
invasion and metastasis [38], further studies are required to
elucidate the roles of curcumin and PKC-1/ι in apoptosis of
HCC.

Fig. 4d shows the subcellular expression of PKC-μ.
Curcumin only slightly altered the expression of PKC-μ in
total cell lysates and nuclear fractions. The amount of
membrane PKC-μ was apparently increased at 24 h (1.6-
fold). Strikingly, cytosolic PKC-μ was dramatically in-
creased at 12–48 h post-treatment. PKC-μ may play a
critical role in radiation-induced apoptosis [31]. In human
myeloid leukemia U937 cells and human epidermoid
carcinoma A431 cells, PKC-μ has been reported to be
cleaved by activated caspase-3 and thus favors drug-
induced apoptosis [39, 40]. Modulation of NF-κB activity
is also associated with PKC-μ [41]. However, very little
information related to PKC-μ and curcumin-induced
apoptosis was obtained in liver cells. Further investigation
is needed to characterize the PKC-μ-related signaling
cascades induced by curcumin in HCC. In colorectal cancer
cells, involvement of PKC-μ in regulation of adhesion to
endothelial cells has been reported [42], which indicates
that PKC-μ plays an important role in metastasis.

This study determined the kinase gene expression and
also characterized the behavior of individual PKC isoen-
zyme in human HCC Hep 3B cells in response to
curcumin. Although some kinase mRNA expressions were
up-regulated in response to curcumin, suppression in total
PKC of all isoforms by immunoblotting confirmed the
results of cDNA microarrays. In general, subcellular
expression of PKCs was inhibited in curcumin-treated
Hep 3B cells, except for the increases in cytosolic PKC-ζ
and PKC-μ, PKC-δ and PKC-ζ in the membrane and
nuclear fractions, and PKC-ι in the membrane fraction.
Although suppression of PKC activity by curcumin is well
known, the results of the present study describing
individual roles of each PKCs in anti-tumor mechanisms
of curcumin demonstrate the chemopreventive and che-
motherapeutic potential of curcumin in human HCC.
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