
ARTICLE

C0818, a novel curcumin derivative, induces ROS-dependent
cytotoxicity in human hepatocellular carcinoma cells in vitro
via disruption of Hsp90 function
Ahmed Attia Ahmed Abdelmoaty1, Ping Zhang1, Wen Lin2, Ying-juan Fan1, Sheng-nan Ye2 and Jian-hua Xu1

Heat shock protein 90 (Hsp90) is the most common molecular chaperone that controls the maturation of many oncoproteins critical
in tumor development. Hsp90 has been considered as a promising target for cancer treatment, but the clinical significance of
Hsp90 and the mechanisms of Hsp90 regulating the tumor-promoting effects in hepatocellular carcinoma (HCC) remain obscure.
Previous studies have shown that curcumin, a polyphenol derived from the plant turmeric (Curcuma longa), inhibits tumor growth,
which may provide an effective alternative therapy for HCC. Compared to curcumin, a novel derivative of curcumin, 3,5-(E)-Bis(3-
methoxy-4-hydroxybenzal)-4-piperidinone hydrochloride (C0818) that is more potent in Hsp90 inhibition and antitumor activity. In
this study, we investigated the effect of C0818 on HCC cells in vitro and its relation to Hsp90 inhibition. We showed that C0818
concentration-dependently inhibited the proliferation, the colony formation and induced apoptosis in HepG2 and Sk-Hep-1 cells.
C0818 concentration-dependently inhibited DNA synthesis and induced G2/M phase arrest in HepG2 and Sk-Hep-1 cells. We further
demonstrated that C0818 induced ROS- and caspase-dependent apoptosis in HCC cells through the mitochondrial-mediated
pathway. C0818 induced the degradation of Hsp90 client proteins as RAS, C-Raf, P-C-Raf, Erk, P-ERK, MEK, P-MEK, Akt and P-Akt,
which led to subsequent inhibition of the RAS/RAF/MEK/ERK and PI3K/AKT pathways. We revealed that C0818 could inhibit the
binding of Hsp90 with its clients without affecting their transcription, which subsequently induced the degradation of Hsp90 clients
by the proteasome rather than the lysosome. These results are of potential importance for elucidating a novel Hsp90 inhibitor
targeting HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related deaths worldwide and one of the most common
malignancies in China [1, 2]. The most common options for
treatment are liver transplantation and surgical resection; how-
ever, the incidence of HCC has expanded recently [3, 4]. Therefore,
it is critical to identify novel therapeutic targets for HCC.
The highly conserved molecular chaperone Hsp90 is an ATP-

dependent chaperone protein that controls the maturation,
function and stability of various oncogenic proteins [5–8]. Hsp90
clients include Akt, C-Raf, Erk and epidermal growth factor
receptor (EGFR), which play crucial roles in tumor proliferation,
survival and signaling [9–11]. Hsp90 is overexpressed in cancer
cells at levels 2–10-fold higher than those in normal cells [12, 13].
Thus, Hsp90 may be a critical protein associated with tumor
growth and proliferation and an emerging target for cancer
treatment [14, 15]. Therefore, Hsp90 inhibitors have considerable
potential as antitumor agents. Inhibiting Hsp90 activity can
promote the degradation of Hsp90 client proteins and trigger
apoptosis in different cancer types [16, 17]. It was reported that
Hsp90 is overexpressed in HCC [18]. However, it is still important

to investigate the mechanisms by which Hsp90 promotes
hepatocellular carcinoma and the efficacy of Hsp90 inhibitors
against HCC.
Curcumin is a polyphenol derived from turmeric plants

(Curcuma longa). Previous studies have revealed that curcumin
has numerous pharmacological properties, including inflamma-
tory, anticancer, and antioxidant activities [19–21]. It was reported
that curcumin may be a lead compound for new types of Hsp90
inhibitors through the downregulation of Hsp90 clients and the
co-chaperone p23 [22, 23]. Therefore, we synthesized a series of
novel curcumin analogs that have been shown to exhibit lead-like
activities and are more potent than curcumin in inhibiting Hsp90
and exerting anticancer effects [24–27].
C0818 [3,5-(E)-bis(3-methoxy-4-hydroxybenzal)-4-piperidinonehy-

drochloride], a novel structural derivative of curcumin, was
synthesized in our laboratory. This analog contains the 1,5-diaryl-3-
oxo-1,4-pentadienyl pharmacophore, which was reported to show
excellent cytotoxic properties, particularly in the presence of
secondary amino groups [28–30]. In our previous work, C0818 was
shown to inhibit Hsp90 function by interacting with the C-terminal
dimerization domain of Hsp90 and inhibiting its ATPase activity [31].
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The current study investigated the antitumor effect of C0818 on
human hepatocellular carcinoma cell lines in vitro. Our results
demonstrated that C0818 significantly inhibited proliferation and
induced G2/M phase arrest and apoptosis in HCC cells, which may
be associated with C0818-induced proteasomal degradation of
Hsp90 clients and downstream RAS/RAF/MEK/ERK and PI3K/AKT
pathways. These findings indicate that C0818 is a potent Hsp90
inhibitor to protect against HCC.

MATERIALS AND METHODS
Regents and antibodies
C0818 was synthesized in our lab and prepared as a 20 mmol/L
stock solution in dimethylsulfoxide (DMSO). Antibodies against
Ras, C-Raf, P-C-Raf, Erk, P-Erk, Akt, P-Akt, Mek, P-Mek, β-Actin, Bax,
Bcl-2, caspase-3, cleaved caspase-3, caspase-7, cleaved caspase-7,
caspase-9, cleaved caspase-9, PARP, cleaved PARP, PI3K, mTOR, P-
mTOR, Cdc2, P-cdc2, cyclin B1, Cdc25c and P21 were purchased
from Cell Signaling Technology (Danvers, MA, USA). Antibody
against Hsp90 was purchased from Abcam (Cambridge, UK). All
other chemical reagents were of analytical reagent grade.

Cell culture
Human HepG2 and Sk-Hep-1 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 25 µg/mL amphotericin B, 10,000 U/mL
penicillin and 10,000 µg/mL streptomycin at 37 °C and 5% CO2

in a humidified incubator.

MTT assay
Cells were seeded in 96-well culture plates in triplicate at a density
of 4 × 103/well and treated with vehicle (DMSO) or various doses
of curcumin and C0818 for 48 h. To examine cell viability, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
used. In each well, 20 μL of (5 mg/mL) MTT solution was added
and incubated for 4 h. The medium was then removed, and 150 μL
of dimethylsulfoxide was used to dissolve the formazan crystals.
Using a 96-well microplate reader, the optical density values were
measured at 570 nm. To determine the inhibitory effect of
curcumin and C0818 on cell growth, the half-maximal inhibitory
concentration (IC50) was calculated.

Colony formation assay
Cells were seeded in 12-well plates (500/well) and treated with
vehicle (DMSO) or various concentrations of C0818. C0818-
containing medium was removed after 48 h, and the cells were
allowed to grow in complete medium without C0818. After
14 days, the medium was removed, and the colonies were fixed
for 20 min with methanol, stained for 30min with 0.1% crystal
violet and counted by light microscopy.

Apoptosis assay
To measure apoptosis, the Annexin-V: APC Apoptosis Detection Kit
Ι (BD Biosciences) was used according to the manufacturer’s
instructions. Briefly, cells were treated for 48 h with vehicle
(DMSO) or different concentrations of C0818. Then, the cells were
collected, centrifuged and washed once with phosphate-buffered
saline (PBS). The cells were subsequently resuspended in 100 μL of
binding buffer, stained for 20 min at room temperature in the dark
with annexin V-APC and PI and analyzed by flow cytometry (BD
FACSCanto TM II). FlowJo software was used to analyze the data.

EDU Click-iT proliferation assay
Cells were seeded in 6-well plates and treated for 48 h with vehicle
(DMSO) or various concentrations of C0818. Then, the cells were
stimulated for 12 h with fresh medium containing 20 μM EdU,
harvested, fixed and permeabilized. The cells were then stained

with the Click-iT Plus reaction cocktail and incubated for 30min in
the dark at room temperature. The cells were then washed with
PBS and analyzed by flow cytometry.

Cell cycle analysis
Cells were treated for 48 h with vehicle (DMSO) or different
concentrations of C0818. After that, the cells were harvested,
resuspended in PBS, fixed with ice-cold 70% ethanol and stored at
4 °C overnight. The cells were then washed with PBS and
incubated with 25 μg/mL RNase and propidium iodide (PI) for
30min in the dark. Using flow cytometry, the percentage of cells
in each cell cycle phase was measured.

Measurement of mitochondrial membrane potential (MMP)
Mitochondrial membrane potential (MMP) was determined using
JC-1 assay kit (KeyGen Biotech). Cells were treated for 48 h with
vehicle (DMSO) or various concentrations of C0818. The cells were
then harvested, resuspended in staining solution containing JC-1
dye and incubated for 30 min in the dark at 37 °C. The cells were
subsequently centrifuged, resuspended in PBS and analyzed by
flow cytometry. A reduction in MMP is expressed as the
percentage of JC-1 monomer fluorescence- expressing cells.

Detection of cellular reactive oxygen species (ROS)
Cells were treated for 48 h with vehicle (DMSO) or different
concentrations of C0818 in the presence or absence of NAC (a ROS
scavenger). Cells were treated with 50 μg/mL Rosup as a positive
control for 2 h. The cells were then harvested, resuspended in
culture medium (without FBS) containing 10 μM DCFH-DA
(Beyotime) and incubated for 30min in the dark at 37 °C. The
relative ROS level was determined by flow cytometry.

Proteins extraction and Western blot analysis
Cells were harvested by trypsinization, washed with PBS, lysed
with NP-40 lysis buffer (50 mmol/L Tris pH 8.0, 150mmol/L NaCl,
and 1% NP-40) on ice, and centrifuged at 12000 r/min for 15 min.
The supernatants were collected, and the protein concentration
was determined using a bicinchoninic acid (BCA) assay. Proteins
(40 μg/lane) were separated on 10%, 12% or 15% SDS-
polyacrylamide gels and transferred to 0.2 μm polyvinylidene
fluoride membranes. The membranes were blocked for 2 h at
room temperature with 5% skimmed milk in TBST [Tris-buffered
saline (TBS) containing 0.1% Tween 20] and incubated overnight
at 4 °C with specific antibodies. The membranes were washed
three times in TBST for 5 min each and then incubated with
horseradish peroxidase-conjugated secondary antibodies at room
temperature for 2 h. The signals were measured using an
enhanced chemiluminescence detection kit and visualized using
a ChemiDocTM imaging system. Anti-β-actin was used as a loading
control. All Western blots analyses were repeated at least
three times.

Small interfering RNA (siRNA) transfection
Cells were allowed to grow in antibiotic-free normal growth
medium supplemented with FBS until they reached 50%–60%
confluence. Control siRNA (sc-37007, Santa Cruz Biotechnology)
and single siRNA oligonucleotides targeting human Hsp90α/β (sc-
35608) were transfected according to the manufacturer’s protocol
using siRNA transfection reagent (sc-29528). Six hours after
transfection, the medium containing the transfection reagents
was removed, and the cells were incubated in fresh medium for
48 h. The cells were then treated with vehicle (DMSO) or C0818 for
24 h. The cells were allowed to grow for an additional 72 h to
determine cell proliferation, and the inhibition rate was calculated
by comparing the cell number in the siRNA- treated group with
that in the control group. Western blotting was used to confirm
the knockdown of Hsp90.
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Immunoprecipitation
HepG2 cells were treated for 12 h with vehicle (DMSO) or C0818 (8
μmol/L). The cells were then harvested, lysed in RIPA buffer and
centrifuged for 15 min at 12,000 rpm. The protein concentration
was determined using a BCA assay. Then, 400 μg of lysate was
incubated with 2 μg of anti-HSP90 antibody overnight at 4 °C.
After that, 20 μL of protein A Mag Sepharose™ (GE Healthcare, UK)
was added to the mixture and incubated for 2 h at room
temperature. The immunoprecipitated protein complexes were
washed in lysis buffer five times, resuspended in SDS gel loading
buffer and boiled for 5 min. The proteins were then separated by
SDS–PAGE and transferred to polyvinylidene fluoride membranes.
The membranes were incubated with anti-Hsp90, anti-C-Raf and
anti-Akt antibodies overnight at 4 °C, washed in TBST and then
incubated with horseradish peroxidase-conjugated secondary
antibodies for 2 h. The blots were detected by enhanced
chemiluminescence.

Quantitative real-time PCR
Cells were treated for 48 h with vehicle (DMSO) or various
concentrations of C0818. The cells were harvested, and total RNA
was extracted from control and treated cells with TRIzol reagent
(Life Technologies Corporation). The reverse transcription (RT) step
was performed using GoScriptTM reverse transcriptase (Promega)
according to the manufacturer’s protocol. Quantitative real-time
reverse transcription polymerase chain reaction (qRT-PCR) was
carried out using the following primers: C-Raf (forward 5′-CACC
TCCAGTCCCTCATCTG-3′ and reverse 5′-CTCAATCATCCTGCTGC
TCA-3′), Akt (forward 5′-TTGAGAGAAGCCACGCTGT-3′ and reverse
5′-CGGAGAACAAACTGGATGAA-3′) and GAPDH (forward 5′-AGAA
GGCTGGGGCTCATTTG-3′ and reverse 5′-AGGGGCCATCCACAGTCT
TC-3′).

Statistical analysis
Using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA),
all data were analyzed by one-way or two-way ANOVA for multiple
comparisons. All experiments were performed in triplicate. The
values are expressed as the mean ± standard deviation (SD). P <
0.05 was considered to be statistically significant.

RESULTS
C0818 inhibits proliferation and induces apoptosis in HCC cells
Various concentrations of C0818 and curcumin were used to
evaluate the antiproliferative effect on HCC cells using the MTT
assay. The IC50 values of C0818 and curcumin at 48 h were 2.1
μmol/L and 19.3 μmol/L and were 1.9 μmol/L and 19 μmol/L for
HepG2 and Sk-Hep-1 cells, respectively (Fig. 1a). Different in vitro
experiments were performed based on these concentrations. The
inhibition of colony formation by C0818 was observed in both
HepG2 and Sk-Hep-1 cells in a dose-dependent manner, and a
nearly complete inhibition in colony formation was observed at
the highest dose of C0818 in both cell lines (Fig. 1b). To further
explore whether C0818 could promote cell death through the
induction of apoptosis in HCC, HepG2 and Sk-Hep-1 cells were
used to investigate the effect of C0818 on apoptosis using annexin
V–APC/PI staining. C0818 induced an increase in the percentages
of both early and late apoptotic cells in a dose-dependent manner
in both HepG2 and Sk-Hep-1 cells (Fig. 1c). Taken together, these
findings suggested that C0818 could significantly reduce HCC cells
viability by inhibiting the proliferation and induction of apoptosis
and its antiproliferative effects were more potent than those of
curcumin.

C0818 inhibits DNA synthesis and induces G2/M phase arrest in
HCC cells
To further investigate the effect of C0818 on cell proliferation by
targeting DNA synthesis, Click-iT EdU proliferation assay was

carried out. C0818 significantly inhibited DNA synthesis in both
HepG2 and Sk-Hep-1 cells in a dose-dependent manner (Fig. 2a).
To analyze the stage at which C0818 induced HCC cells growth
inhibition, we investigated the effects of C0818 on the cell cycle
using flow cytometry. C0818 induced obvious G2/M phase arrest in
a dose-dependent manner in both HepG2 and Sk-Hep-1 cells. The
increase in percentage of cells in the G2/M phase was consistent
with the decrease in the percentage of cells in both the S and G0/
G1 phases (Fig. 2b). In addition, Western blot analysis was used to
examine the expression levels of proteins regulating the cell cycle.
The expression levels of Cdc2, P-Cdc2 (Thr161), Cyclin B1 and
Cdc25c were downregulated, and P21 was upregulated by C0818
(Fig. 2c). These data indicated that C0818 promoted G2/M phase
arrest by regulating cell cycle-related proteins.

C0818 induces ROS and caspase-dependent apoptosis in HCC cells
through the mitochondrial-mediated pathway
To analyze the molecular mechanism by which C0818 induces cell
death, we examined the molecular changes associated with
apoptosis. Caspases have been reported to be the central
signaling proteins in various types of apoptosis [32]. Western blot
analysis showed that C0818 induced an increase in the cleavage of
caspase-3, -7, -8, and -9 and PARP in a dose- and time-dependent
manner in both HepG2 and Sk-Hep-1 cells (Fig. 3a). To confirm the
significance of caspase activation in C0818-induced cell death,
HepG2 and Sk-Hep-1 cells were pretreated with the general
caspase inhibitor z-VAD-fmk. The C0818-induced cleavage of PARP
and caspase-3 was significantly inhibited by z-VAD-fmk (Fig. 3b). In
addition, C0818-induced cell death and apoptosis were prevented
by z-VAD-fmk (Fig. 3c, d). Previous studies have shown that Bcl-2
family proteins regulate the mitochondrial apoptotic pathway by
controlling mitochondrial permeability [33, 34]. Moreover, mito-
chondria are the major source of ROS, which could determine the
fate of cancer cells by regulating various signaling pathways, and
excessive ROS production affects mitochondrial permeability and
cytochrome c release [35–37]. We investigated whether mitochon-
drial function was affected by C0818. C0818 upregulated the Bax/
Bcl-2 ratio in a dose- and time-dependent manner in both HepG2
and Sk-Hep-1 cells (Fig. 3e). We analyzed disruptions in MMP using
JC-1 staining. After C0818 treatment of HepG2 and Sk-Hep-1 cells
for 48 h, it was found that C0818 led to a significant reduction in
MMP in a dose-dependent manner in both cell lines, as
demonstrated by increased JC-1 fluorescence (Fig. 3f). DCFH-DA
probe was used to detect intracellular ROS production in HepG2
and Sk-Hep-1 cells. After C0818 treatment for 48 h, flow cytometry
showed a significant increase in ROS production in a dose-
dependent manner in both cell lines (Fig. 4a). To confirm the role
of ROS, HepG2 and Sk-Hep-1 cells were pretreated with the ROS
scavenger N-Acetyl-L-cysteine (NAC) in the presence or absence of
C0818 to inhibit the accumulation of ROS (Fig. 4b). The annexin
V–APC/PI staining results showed that the percentage of apoptotic
cells was significantly attenuated by pretreatment with NAC
(Fig. 4c). In addition, changes in the expression levels of Bax, Bcl-2,
cleaved PARP and cleaved caspase 9 were partially reversed by
pretreatment with NAC (Fig. 4d). MTT assay was carried out to
investigate cell viability, and C0818-induced cell growth inhibition
was markedly decreased by pretreatment with NAC (Fig. 4e).
These findings suggest that C0818 can upregulate the ratio of Bax/
Bcl-2 and promote mitochondrial dysfunction, resulting in ROS
production, MMP reduction, mitochondrial permeability enhance-
ment, and caspase-dependent and mitochondrial-mediated
apoptosis activation.

C0818 downregulates Hsp90 client proteins and the associated
RAS/RAF/MEK/ERK and PI3K/AKT pathways in HCC cells
The RAS/RAF/MEK/ERK and PI3K/AKT pathways are known to play
important roles in cancer cell transformation and the maintenance
of malignant phenotype. Therefore, downregulation of Hsp90
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client proteins, which are key molecules in these pathways, can
inhibit the signal transduction of these pathways and produce
antitumor effects. To evaluate the role of Hsp90 in HCC, HepG2
and Sk-Hep-1 cells were transfected with Hsp90 siRNA. Hsp90
knockdown in both cell lines was confirmed by Western blot
analysis (Fig. 5a). Hsp90 knockdown significantly reduced the
viability of HCC cells (Fig. 5b). Next, we measured the expression
of Hsp90 client proteins after C0818 treatment by Western blot
analysis. C0818 reduced the levels of RAS, C-Raf, P-C-Raf, Erk, P-
ERK, MEK and P-MEK in a dose- and time-dependent manner in
both HepG2 and Sk-Hep-1 cells (Fig. 5c). In addition, the levels of

PI3K, AKT, P-AKT, mTOR and P-mTOR were also decreased in the
same manner (Fig. 5d). These data suggest that C0818 down-
regulates Hsp90 client proteins and inhibits their associated
pathways, including RAS/RAF/MEK/ERK and PI3K/AKT, which may
explain C0818-mediated inhibition of HCC cells growth.

C0818 disrupts the molecular chaperone functions of Hsp90 in
HCC cells
It was reported that both the proteasome and the lysosome are
responsible for the degradation of Hsp90 client proteins [38, 39].
To examine the molecular mechanism underlying the reduction in

Fig. 1 C0818 inhibited growth and induced apoptosis in HCC cells. a The viability of HepG2 and Sk-Hep-1 cells was analyzed by MTT assay.
b The results of the colony formation assay in HepG2 and Sk-Hep-1 cells are shown. c The percentages of apoptotic HepG2 and Sk-Hep-1 cells
were analyzed by flow cytometry. The data are presented as the mean ± SD (n= 3). *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control.
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Hsp90 client protein levels by C0818, we first examined whether
C0818 treatment affected the stability of the protein C-Raf. HepG2
and Sk-Hep-1 cells were treated with the protein synthesis
inhibitor cycloheximide (CHX), and the level of C-Raf was
measured at the indicated times in the absence or presence of
C0818. C0818 induced degradation of C-Raf much faster when

new protein synthesis was inhibited by CHX in HepG2 and Sk-Hep-
1 cells. These findings suggest that C0818 induced a reduction in
C-Raf protein levels by enhancing C-Raf degradation instead of
inhibiting protein synthesis (Fig. 6a). HepG2 and Sk-Hep-1 cells
were used to investigate whether C0818 mediated Hsp90 client
proteins degradation through the proteasome and/or the
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Fig. 2 C0818 inhibited DNA synthesis and induced cell cycle arrest in HCC cells. a Cell proliferation was determined by EdU incorporation
assay using flow cytometry. b The cell cycle distribution percentages were determined by flow cytometry. c The expression of cell cycle-
regulated proteins was measured by Western blotting. The data are presented as the mean ± SD (n= 3). **P < 0.01 and ***P < 0.001 versus the
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lysosome. Treatment with the proteasome inhibitor MG132
completely blocked the C0818-induced degradation of C-Raf
and AKT (Fig. 6b). In addition, degradation was not affected by
treatment with the lysosome inhibitor NH4Cl in either cell lines
(Fig. 6c). Furthermore, after downregulating the expression of

Hsp90 using siRNA, C0818 could not promote C-Raf or AKT protein
degradation, suggesting that Hsp90 is a direct target of C0818
(Fig. 6d). Immunoprecipitation (IP) experiments were carried out
to investigate the effects of C0818 on the chaperone functions of
Hsp90. IP analysis showed that C0818 inhibited the binding of C-

Fig. 3 C0818 induces apoptosis in HCC cells. a The expression levels of apoptosis-related proteins were measured by Western blotting. b The
expression levels of cleaved caspase-3 and cleaved PARP in cells pretreated with z-VAD-fmk were measured by Western blotting. c
Quantification of viability (MTT) in cells pretreated with z-VAD-fmk. d Flow cytometric quantification of apoptosis (annexin V/PI staining) in
cells pretreated with z-VAD-fmk. e The expression levels of Bax and Bcl-2 were measured by Western blotting. f The mitochondrial membrane
potential was measured by flow cytometry. The data are presented as the mean ± SD (n= 3). **P < 0.01 and ***P < 0.001 versus the control, ##P
< 0.01 and ###P < 0.001 versus C0818 treatment.
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Raf and AKT with Hsp90 and induced proteasomal degradation of
these clients (Fig. 6e). In addition, C0818 had no obvious effect on
the transcription of Hsp90 client proteins such as C-Raf and AKT
(Fig. 6f).

These data indicate that C0818 is a promising Hsp90
inhibitor that has the ability to disrupt the molecular chaperone
functions of Hsp90, resulting in the degradation of Hsp90 client
proteins.

Fig. 4 C0818 induced ROS-dependent cytotoxicity in HCC cells. a Flow cytometric quantification of ROS levels in cells (Rosup as a positive
control). b Flow cytometric quantification of ROS in cells pretreated with NAC. c Flow cytometric quantification of apoptosis (annexin V/PI
staining) in cells pretreated with NAC. d The expression levels of Bax, Bcl-2, cleaved PARP and cleaved caspase-9 in cells pretreated with NAC
were measured by Western blotting. e Cell viability was measured using MTT in cells pretreated with NAC. The data are presented as the
mean ± SD (n= 3). **P < 0.01 and ***P < 0.001 versus the control. ##P < 0.01 and ###P < 0.001 versus C0818 treatment.
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DISCUSSION
Liver cancer has become the most common malignancy in China.
Due to the limitations of the current treatment options available,
novel approaches are needed to lower the occurrence and
mortality associated with liver cancer [40–42].
In cancer treatment, the molecular chaperone Hsp90 has

emerged as an attractive therapeutic target. Hsp90 includes four
homologs: HSP90α, HSP90β, glucose-regulated protein (Grp94) in
the endoplasmic reticulum and mitochondrial tumor necrosis
factor (TNF) receptor-associated protein 1 (Trap1) [43, 44]. Under
stress conditions, the level of Hsp90 increases by ~2–10 -fold in
cells, and its mRNA levels have been shown to be upregulated in
different types of tumors [45]. Hsp90 plays a crucial role in

numerous cellular functions and pathophysiological processes in
tumors, including the folding, maturation and stability of various
oncoproteins [46–48]. The mechanisms of anti-Hsp90 treatments
include the degradation of Hsp90 clients, which activate multiple
signaling pathways that regulate tumor growth and proliferation
[11, 49].
It was reported that most Hsp90 inhibitors have been designed to

inhibit Hsp90 chaperone functions by binding to Hsp90 [50]. The
ansamycin antibiotic geldanamycin (GA) and its derivatives 17-
allylamino-geldanamycin (17AAG) and 17-dimethylaminoethylamino-
17-demethoxygeldanamycin (17-DMAG) were first developed as
Hsp90 inhibitors and evaluated in clinical trials. However, several
drawbacks have been reported in clinical applications, including

Fig. 5 C0818 inhibited the Ras/Raf/MEK/ERK and PI3K/AKT pathways through the degradation of Hsp90 clients in HCC cells. a SiRNA
reduced the expression level of Hsp90 in HepG2 and Sk-Hep-1 cells. b Hsp90 knockdown reduced the viability of HepG2 and Sk-Hep-1 cells. c
The expression levels of Hsp90 clients were measured by Western blotting. d The expression levels of PI3K, AKT, P-AKT, mTOR and P-mTOR
were measured by Western blotting. The data are presented as the mean ± SD (n= 3). *P < 0.05 versus the control.
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hepatotoxicity [8, 51]. Therefore, great effort has been directed to the
identification of compounds with improved safety profiles.
Curcumin exerts protective effects against liver injury by

improving hepatic functions [52, 53]. In addition, numerous
studies have shown the curative effects of curcumin in HCC
based on its potent anti-inflammatory and antioxidant properties
[54, 55]. Therefore, many strategies have been created to improve
the therapeutic efficacy of curcumin, including the design and
synthesis of novel analogs. We synthesized the novel curcumin
analoge 3,5-(E)-bis(3-methoxy-4-hydroxybenzal)-4-piperidinone
hydrochloride (C0818). In our previous study, we demonstrated
the ability of C0818 to interact with Hsp90 and its inhibitory
effects on the ATPase activity of Hsp90 [31].
In this study, we investigated whether C0818 potently inhibits

the proliferation of HCC cells by promoting apoptosis and cell
cycle arrest via the degradation of Hsp90 client proteins. In
addition, we observed that the curcumin derivative C0818 has
more potent antiproliferative effects than curcumin on HCC cells.
It is now widely accepted that inhibiting Hsp90 triggers the

degradation of Hsp90 client proteins that are critical for tumor
growth and proliferation [56]. Hsp90 inhibitors can promote the
degradation of numerous Hsp90 client proteins. Proteasome-
dependent and lysosome-dependent mechanisms are involved in
protein degradation [57, 58]. Both pathways were reported to
promote the degradation of Hsp90 clients [38, 39]. In this study,
we showed that C0818 induced the degradation of RAS, C-Raf, P-
C-Raf, Erk, P-ERK, MEK and P-MEK in a proteasome-dependent and

lysosome-independent manner in both HepG2 and Sk-Hep-1
cells. It was reported that both the RAS/RAF/MEK/ERK and
PI3K/AKT signaling pathways are interesting molecular targets in
the treatment of HCC [59]. C0818 showed obvious effects on
the PI3K/AKT and Raf/MEK/ERK signaling pathways by down-
regulating the levels of C-Raf, the key activator of MEK/ERK
signaling, and AKT, the downstream target of PI3K. These results
suggested that the mechanism of the antitumor effect of C0818
on HCC cells has been investigated at both the molecular and
cellular levels.
Apoptosis is a well-known form of programmed cell death.

Previous studies have reported that apoptosis is regulated
through two main apoptotic pathways: the intrinsic or mitochon-
drial pathway and the extrinsic or death receptor pathway [60].
Hsp90 inhibitors can activate both pathways [61]. In the extrinsic
apoptotic pathway, caspase-8 is first activated to trigger
subsequent downstream cascade reactions. The mitochondria-
mediated intrinsic pathway functions in response to diverse
stimuli [62]. MMP induction and cytochrome c release promote
the activation of molecules such as caspase-9, -3, -6 and -7 that in
turn cleave nuclear proteins, such as PARP, and trigger apoptosis
[63]. In this study, C0818 treatment induced mitochondrial
dysfunction and a sharp reduction in MMP and led to the
activation of caspase-3, caspase-8, and caspase-9 and cleaved-
PARP. Taken together, these findings demonstrate that C0818
can promote apoptosis by both the extrinsic and intrinsic
pathways in HCC cells.

Fig. 6 C0818 affected the molecular chaperone functions of Hsp90 in HCC cells. a C-Raf was analyzed by Western blotting in cells treated
with cycloheximide in the absence or presence of C0818. b, c The expression levels of C-Raf and AKT proteins were measured by Western
blotting in the cells treated with MG132 or NH4Cl. d C-Raf and AKT protein levels were analyzed by Western blotting in cells transfected with
Hsp90 siRNA in the absence or presence of C0818. e Immunoprecipitation was used to evaluate the interaction of Hsp90 with its client
proteins C-Raf and AKT. f C-Raf and AKT mRNA levels in HepG2 cells were measured by quantitative real-time PCR; GAPDH was used as an
internal control. The results from three independent experiments are shown.
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Bcl-2 family proteins play a critical role in the regulation of
mitochondrial outer membrane permeability. The Bcl-2 protein
family is composed of different pro- and antiapoptotic molecules
that form heterodimers to activate or inhibit each other [64].
Antiapoptotic members, including Bcl-2 and Bcl-xL, are often
overexpressed in many tumors and induce protection against
apoptotic stimuli. The proapoptotic members Bax, Bid, Bad and Bak
promote the reduction in MMP to facilitate the release of
cytochrome c into the cytosol, caspase activation, and ultimately
apoptosis [65]. A variety of chemotherapeutics induce mitochondria-
mediated apoptosis in susceptible cells through the upregulation of
Bax/Bid/Bad and/or the downregulation of Bcl-2/Bcl-xL. In this study,
C0818 treatment induced significant Bax upregulation and Bcl-2
downregulation. These findings suggest that C0818 promotes
mitochondrial-mediated apoptosis in HCC cells via the upregulation
of the Bax/Bcl-2 ratio. Multiple stimuli, including mitochondrial
dysfunction and DNA damage trigger an increase in ROS levels,
which are involved in the regulation of apoptosis [66]. Increasing
ROS levels have been reported to induce cell death in HCC cells [67].
In the present study, it was demonstrated that C0818 markedly
increased ROS production in HCC cells and that the accumulation of
ROS triggered apoptosis in C0818-treated cells.
In conclusion, C0818 inhibits proliferation of HCC cells by

inhibiting the PI3K/AKT and RAS/RAF/MEK/ERK signaling pathways
in HCC cells. C0818 promotes the degradation of Hsp90 client
proteins, including RAS, C-Raf, P-C-Raf, Erk, P-ERK, MEK and P-MEK,
via a proteasome-dependent pathway.
Additionally, C0818 potentiates both the mitochondrial and

death receptor pathways of apoptosis and promotes Bax
upregulation, Bcl-2 downregulation, activation of caspase-8 and
cleavage of caspase-3, caspase-7, caspase-9 and PARP. The loss of
MMP and excessive ROS production are important in inhibiting
the growth and proliferation of HCC cells. Our findings provide a
basis for further development of C0818 as a promising Hsp90-
targeted therapy in the treatment of HCC.
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