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Abstract Heat shock protein 90 (Hsp90) is an attractive ther-
apeutic target. Geldanamycin (GA), the first identified Hsp90
inhibitor, exhibited potent antitumor activity, but possessed
significant hepatotoxicity. To overcome the hepatotoxicity
derived from the quinone structure of GA, a non-quinone
GA derivative 17-demethoxy-reblastatin (17-DR) was
obtained from a genetically modified strain of Streptomyces
hygroscopicus. In the present study, we examined the antican-
cer effects of 17-DR on human hepatocellular carcinoma
(HCC) cell lines HepG2 and SMMC7721, and its underlying
mechanisms. The results indicated that 17-DR could
concentration-dependently inhibit the proliferation, and de-
crease the colony formation in HCC cells. It also induced
significant apoptosis in HCC cells, which was mediated by
mitochondria via a caspase-dependent pathway. The mecha-
nisms involved in 17-DR-induced apoptosis included the
downregulation of myeloid cell leukemia-1 (Mcl-1), and up-
regulation of Bcl-2 antagonist killer 1 (Bak). And the upreg-
ulated Bak expression resulted from downregulation of Mcl-1
played an essential role in this process. Taken together, these

results indicated that 17-DR possessed potent anticancer ef-
fects on HCC cells by inhibiting cell proliferation and induc-
ing apoptosis.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common
cancer and the third most frequent cause of cancer-related
mortality globally, with 782,000 new cases occurring and
746,000 deaths from liver cancer in 2012 worldwide (Flores
and Marrero 2014). The incidence and mortality rates contin-
ue to rise all over the world. To date, surgery is still the major
treatment for HCC. However, many patients are not suitable to
receive surgery due to various reasons, such as distant metas-
tasis, unresectable tumors, insufficient hepatic function and
poor health conditions. Moreover, HCC has a high recurrence
rate after resection. Therefore, neoadjuvant therapy is usually
applied to treat HCC patients (Zhuo et al. 2013). It is well
known that chemotherapy is a vital management for advanced
HCC (Cervello et al. 2012). Conventional cytotoxic therapies
may result in obvious morbidity in patients with solid tumors
since they simultaneously affect rapidly dividing malignant
and normal cells, therefore undermining the survival of nor-
mal cells (Zhang et al. 2014). As for the targeted drugs, soraf-
enib, a multikinase inhibitor, is currently the only targeted
therapeutic agent approved for the treatment of advanced
HCC (Gauthier and Ho 2013). However, patients usually de-
velop resistance after sorafenib treatment. Therefore, identifi-
cation of new drugs targeting different signaling pathways is
urgently needed for the treatment of HCC (Zheng et al. 2014).
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Heat shock protein 90 (Hsp90) is a molecular chaperone
playing key roles in the preservation of the conformation,
stability and function of various signaling proteins involved
in the pathways of cell proliferation, cell cycle progression,
invasion, metastasis and angiogenesis. Notably, most of its
client proteins are oncogenic proteins, such as human epider-
mal growth factor receptor-2 (Her2), epidermal growth factor
receptor (EGFR), protein kinase B (Akt) and matrix metallo-
proteinase (MMP), which make it an attractive target for the
development of antitumor agents (Kamal et al. 2004; Zhang
and Burrows 2004; Taipale et al. 2010; Da Silva and Ramos
2012). In particular, Hsp90 is constitutively expressed at
2 10 fold higher levels in cancer cells, and its inhibitors pos-
sess remarkable selectivity for tumor cells, as compared with
normal cells (Neckers et al. 1999; Kamal et al. 2003). It has
been fully documented that Hsp90 inhibitors may simulta-
neously affect several abnormal signaling pathways in cancer
cells and can also overcome the drug resistance of cancer cells
(Chen et al. 2014). Geldanamycin (GA), a benzoquinone
ansamycin antibiotic (Fig. 1a), identified as the first Hsp90
inhibitor, binds to the adenosine tri-phosphate (ATP) pocket
in the N-terminal domain of Hsp90 and inhibits its ATP-
dependent chaperone functions (Whitesell et al. 1994; Kim
et al. 2013). The antitumor potential of GA has been studied
for a long time, clinical evaluation of GA has not been
performed due to its hepatotoxicity and poor solubility
(Supko et al. 1995). To overcome the hepatotoxicity derived
from the quinone structure of GA, a non-quinone GA deriva-
tive, 17-demethoxy-reblastatin (17-DR) was obtained from a
genetically modified strain of Streptomyces hygroscopicus
JCM4427 (Shin et al. 2008). 17-DR displayed stronger inhib-
itory activity to yeast Hsp90 ATPase (IC50, 1.82 μM) com-
pared with the original Hsp90 inhibitor GA (IC50, 3.19 μM),
and anticancer effects in human breast cancer cells (Wu et al.
2012; Zhao et al. 2014).

In the current study, we explored the effects of 17-DR on
the cell proliferation and apoptosis in human HCC cell lines
HepG2 and SMMC7721, and its underlying mechanisms.

Materials and methods

Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM), RPMI-1640
medium and fetal bovine serum (FBS) were purchased from
Gibco (Grand Island, NY, USA). GA, 3-(4,5-dimethylthiazol-
2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) and
propidium iodide (PI) were from Sigma (St. Louis, Missouri,
USA). The cell-permeable general caspase inhibitor z-
VAD-fmk was purchased from Calbiochem (La Jolla,
CA, USA). Primary antibodies for B-cell lymphoma-2
(Bcl-2), Bcl-2 antagonist/killer 1 (Bak), Bcl-2-associated X

protein (Bax), and myeloid cell leukemia-1 (Mcl-1) were
obtained from ProteinTech (Chicago, IL, USA), poly
(ADP-ribose) polymerase (PARP) and β-actin from Santa
Cruz (Santa Cruz, CA, USA). 17-DR was obtained as
described previously, its structure was shown in Fig. 1a
(Zhao et al. 2014).

Cell lines and cell culture

The human normal liver cells L-02, human HCC cell lines
HepG2 and SMMC7721 were obtained from Shanghai Cell
Bank (Shanghai, China) and cultured in our laboratory.
HepG2 and SMMC7721 cells were cultured in DMEM and
L-02 cells in RPMI-1640 medium supplemented with 10 %
FBS, 1×105 U/L penicillin, and 100 mg/L streptomycin.
These cells were maintained at 37 °C in a 5%CO2 humidified
atmosphere.

Cell viability assay

Cell viability was determined by MTT assay. The HCC cells
were plated in triplicate at 6×103 cells/well in 96-well culture
plates and treated with different concentrations of 17-DR (0,
12.5, 25, 50, 100, 200 μM) or GA (0, 2.5, 5, 10, 20, 40 μM).
L-02 cells were plated in triplicate at 9×103 cells/well in 96-
well culture plates and treated with 17-DR at the concentration
of 0, 25, 50, 100, 200, 400 μM or GA at the concentration of
0, 5, 10, 20, 40, 80μM. 48 h later, 15μLMTT (5mg/mL) was
added to each well for an additional 4 h. The blue MTT
formazan precipitate was then dissolved in 150 μL DMSO.
The absorbance at 570 nmwas measured on a scanning multi-
well spectrophotometer. Cell viability was expressed as a per-
centage of control.

Colony formation assay

The cells were seeded in 6-well culture plates at 1×104 cells/
well and allowed to attach overnight, then treated with
DMSO, 17-DR (2.5, 5, 10 μM) under standard cell culture
conditions for 7 days. After washing twice with phosphate
buffer saline (PBS), the colonies were fixed with ice-cold
methanol for 30 min, stained with 0.5 % crystal violet for
10 min, washed with distilled water, dried at room tempera-
ture, and visualized by a camera.

Analysis of apoptosis by flow cytometry with PI staining

HCC cells were seeded at 4×105 cells/well in 6-well culture
plates and allowed to reach exponential growth for 24 h before
treatment. The cells were treated with different concentrations
of 17-DR (0, 25, 50, and 100 μM) for 48 h, subjected to PI
staining, and then evaluated the sub-G1 deoxyribonucleic acid
(DNA) content on a BD Accuri C6 flow cytometer.
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Mitochondrial membrane potential (ΔΨm) assay using
fluorescent microscope

The cells were seeded at 2×105 cells/well in 12-well culture
plates and allowed to attach overnight before treatment.
Changes in ΔΨm after different treatments were evaluated by
staining with the cationic dye tetrechloro-tetraethylbenzimidazol
carbocyanine iodide (JC-1) according to the manufacturer’s in-
struction (Beyotime Institute of Biotechnology, China). After the

incubation, the dye was aspirated from the plates, and the plates
were washed three times with 1×JC-1 buffer and examined with
an invert fluorescent microscope (Olympus IX71, Japan) using
both red and green channels.

Western blot analysis

HCC cells were plated at 5×105 cells/well in 6-well culture
plates. After incubation with 17-DR for 24 h, the cells were

Fig. 1 Inhibitory effects of 17-
DR on the viability of HepG2 and
SMMC7721 cells. a Chemical
structure of GA and 17-DR. b
HepG2 and SMMC7721 cells
were treated with different
concentrations of 17-DR (12.5,
25, 50, 100, 200 μM) or DMSO
for 48 h. Cell viability was
measured by MTT assay.
*p<0.05 and **p<0.01 versus no
17-DR treatment. c Cells were
treated with, i DMSO, ii 2.5 μM
17-DR, iii 5 μM 17-DR, iv)
10 μM17-DR for 7 days, then the
colonies were stained with crystal
violet
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harvested, washed twice with ice-cold PBS, and lysed in radio
immunoprecipitation assay (RIPA) buffer for 30 min on ice.
The whole-cell lysates were separated on a 12 % sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and transferred to a polyvinylidene fluoride
(PVDF) membrane. After blocking in 5 % skim milk, the
membrane was incubated overnight with appropriate pri-
mary antibodies at 4 °C, then incubated with the corre-
sponding secondary antibodies. Labeled bands were de-
tected by an enhanced chemiluminescence substrate
(Millipore, USA), and imaged with a gel imaging equip-
ment (Bio-Rad, USA).

Plasmid transfection

The pCMV-HA-Mcl-1 plasmid and control plasmid were ob-
tained fromGenePharma (China). 1 μg plasmid was transient-
ly transfected into HCC cells in 6-well culture plates using
5 μL Lipofectamine 2000 according to the manufacturer’s
protocol (Invitrogen, USA). After 24 h of incubation, whole-
cell lysates were prepared for immunoblot analysis.

Statistical analysis

Data are presented as mean±SD. All experiments in this paper
were repeated at least three times. Statistical analysis was per-
formed using one-way analysis of variance followed by LSD
test with SPSS 16.0 software. A p-value less than 0.05 was
considered statistically significant. Significant differences are
indicated by *p<0.05, and **p<0.01.

Results

Effects of 17-DR on cell proliferation

The antiproliferative effects of 17-DR on HCC cells were
evaluated by MTT assay. The results demonstrated that 17-
DR displayed notable antiproliferative activities on HCC cells
in a concentration-dependent manner, with IC50 values of 51.3
and 57.2 μM for HepG2 and SMMC7721 cells, respectively,
after treatment for 48 h (Fig. 1b). Thenwe observed the effects
of 17-DR at lower concentrations on the colony formation of
HCC cells. 17-DR also showed obvious cytotoxicities against
the HCC cells (Fig. 1c).

In order to evaluate the efficacy and toxicity of 17-DR
preliminarily, GA was used as the control. As a result, GA
exhibited obvious cytotoxicity to HCC cells, with IC50 values
of 7.6 and 8.4 μM for HepG2 and SMMC7721 cells, respec-
tively, after treatment for 48 h (Fig. S1). As regards the cyto-
toxicity to normal liver cells L-02, both GA and 17-DR
displayed less killing activity. The IC50 value of GA was
23.8 μM after treatment L-02 cells for 48 h (Fig. S2a), while

the IC50 value of 17-DR could not be calculated within the
concentrations of 0–400 μM after treatment for 48 h (Fig. S2b).

17-DR induces apoptosis in HCC cells

It has been well established that most of the currently used
chemotherapeutic drugs exert their antitumor effects by
inducing apoptosis in neoplastic cells (Dean et al. 2012).
We examined 17-DR-induced apoptosis by flow cytometry
with PI staining. Compared with DMSO-treated cells,
HepG2 and SMMC7721 cells treated with 17-DR at the con-
centration of 25, 50, 100 μM presented higher apoptotic rates
(Fig. 2a and b). In association with this,ΔΨmwas detected by
JC-1 staining. The 17-DR-treated cells exhibited a marked
reduction in red fluorescence while increased signals in green
fluorescence, indicating reduction in ΔΨm occurred and 17-
DR-induced apoptosis in HCC cells was mediated by mito-
chondria (Fig. 2c). To verify whether caspases play a role in
apoptosis induced by 17-DR, we applied the cell-permeable
general caspase inhibitor z-VAD-fmk to treat the HCC cells.
As a result, z-VAD-fmk treatment inhibited 17-DR-induced
cytotoxicity, suggesting a caspase-dependent killing mecha-
nism (Fig. 2d). Taken together, 17-DR induced apoptosis
which was mediated by mitochondria via a caspase-
dependent pathway in HCC cells.

Bcl-2 family proteins are involved in 17-DR-induced
apoptosis

Apoptosis mediated by the mitochondrial pathway is regulat-
ed by the Bcl-2 family of proteins (Leanza et al. 2012). To
elucidate the mechanisms involved in 17-DR-induced apopto-
sis in HCC cells, the expression levels of antiapoptotic
proteins Bcl-2, Mcl-1, and proapoptotic proteins Bak, Bax
were analyzed by immunoblotting in the HCC HepG2 and
SMMC7721 cells. As shown in Fig. 3a–c, the antiapoptotic
protein Mcl-1 was downregulated, the proapoptotic protein
Bak was upregulated, while Bcl-2 was modestly downregu-
lated and Bax remained unchanged. In addition, cleavage of
the caspase-3 substrate PARP was observed after exposure to
17-DR treatment, which also confirmed that apoptotic process
occurred in HCC cells (Fig. 3a–c).

Overexpression of Mcl-1 protects HCC cells
from apoptosis

The antiapoptotic protein Mcl-1 is considered to preferentially
inhibit the activation of Bak, whereas Bcl-2 inactivate Bax
(Pearce and Lyles 2009). Because Bak was significantly up-
regulated after 17-DR treatment, then we examined the role of
Mcl-1 in 17-DR-induced apoptosis by transfecting comple-
mentary DNA (cDNA) encoding Mcl-1 into HepG2 and
SMMC7721 cells (Fig. 4a). The overexpression of Mcl-1
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Fig. 2 17-DR induces apoptosis
in HCC cells. a and b HepG2 and
SMMC7721 cells were treated
with 17-DR (25, 50, 100 μM) or
DMSO for 48 h. Apoptosis was
examined by flow cytometry with
PI staining. **p<0.01 versus no
17-DR treatment. c Cells were
treated with 17-DR (25, 50,
100 μM) or DMSO for 24 h.
ΔΨm was measured by JC-1
staining. d Cells were treated with
the general caspase inhibitor z-
VAD-fmk (20 μM) for 1 h before
the addition of 17-DR (50 μM)
for a further 48 h. Cell viability
was assessed by MTT assay.
**p<0.01 versus no z-VAD-fmk
treatment
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significantly protected the cells from apoptosis induced by 17-
DR (Fig. 4b and c). The expression of Bakwas downregulated
in theMcl-1-overexpressingHCC cells after 17-DR treatment,
compared with cells transfected with vector alone (Fig. 4d).
Altogether, these results confirmed that Mcl-1 played an im-
portant role in 17-DR-induced apoptosis.

Discussion

Apoptosis is an important cellular process for maintaining the
homeostasis between cell proliferation and death, and is also
vital for the removal of damaged, infamed, and diseased cells

(Liu and Wang 2012). Deregulated apoptosis is often consid-
ered a hallmark of cancer (Hanahan and Weinberg 2000).
Apoptosis can be initiated through two distinct yet correlated
pathways, the mitochondrial/intrinsic and extrinsic pathway
(Quinn et al. 2011). Most anticancer agents induce apoptosis
through the mitochondrial pathway, which is triggered in re-
sponse to stress signals, such as DNA damage or endoplasmic
reticulum (ER) stress, caused by chemotherapy, oncogene ac-
tivation, growth factor deprivation, infection, hypoxia or ul-
traviolet radiation (Mohana-Kumaran et al. 2014). The Bcl-2
family, which includes both antiapoptotic and proapoptotic
members, tightly regulates the mitochondrial apoptotic path-
way (Mohana-Kumaran et al. 2014). The antiapoptotic

Fig. 3 Involvement of Bcl-2
family proteins and PARP in
x17-DR-induced apoptosis. a-c
HepG2 and SMMC7721 cells
were treated with 17-DR (25, 50,
100 μM) or DMSO for 24 h.
Whole-cell lysates were subjected
to examine Bak, Bax, Bcl-2, Mcl-
1, and PARP protein levels by
Western blot analysis. β-actin
was used as a loading control
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proteins such as Mcl-1and Bcl-2 protect mitochondrial integ-
rity, whereas the proapoptotic members of the family such as
Bak and Bax promote the release of apoptogenic

proteins, such as cytochrome c, apoptosis inducing fac-
tor (AIF), and second mitochondria-derived activator of cas-
pase (Smac/DIABLO) from the mitochondria to the cytosol

Fig. 4 Overexpression of Mcl-1 protects HCC cells from apoptosis. a
HepG2 and SMMC7721 cells were transiently transfected with vector
alone or Mcl-1 cDNA. 24 h later, the whole-cell lysates were subjected
to Western blot analysis. b and c HepG2 and SMMC7721 cells were
transiently transfected with vector alone or Mcl-1 cDNA. 24 h
later, cells were treated with 17-DR (50 μM) or DMSO for a

further 48 h before apoptosis was measured by flow cytometry with PI
staining. **p<0.01 versus no Mcl-1 cDNA treatment. d HepG2 and
SMMC7721 cells were transiently transfected with vector alone or Mcl-
1 cDNA. 24 h later, cells were treated with 17-DR (50 μM) or DMSO for
a further 24 h. Whole-cell lysates were subjected to Western blot analysis
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(Martinou and Green 2001; Adams and Cory 1998). The re-
leased apoptogenic proteins induce the activation of specific
proteinases termed caspases, which cleave several vital pro-
teins provoking the cell death (Green 2005). The ratio of
proapoptotic to antiapoptotic protein is crucial to regulate the
apoptotic process.

In this work, the mechanisms involved in 17-DR-induced
apoptosis were evaluated by antiapoptotic and proapoptotic pro-
tein expression levels in the HCC HepG2 and SMMC7721
cells. We found that 17-DR treatment decreased the level of
antiapoptotic protein Mcl-1, and increased the level of
proapoptotic Bak, so the ratio of Mcl-1/Bak was decreased. At
the molecular level, proapoptotic proteins of the Bcl-2 family,
Bak and Bax, play primary roles in the mitochondrial apoptotic
pathway induced by various apoptotic stimuli downstream from
BH3-only proteins (Shimazu et al. 2007). The antiapoptotic pro-
teinMcl-1 is considered to preferentially inhibit the activation of
Bak, whereas Bcl-2 inactivate Bax (Pearce and Lyles 2009).
Overexpression of Mcl-1 protected HCC cells from apoptosis
induced by 17-DR, and resulted in decreased Bak expression.
Thus 17-DR-induced apoptosis was mediated by upregulated
Bak expression resulted from downregulation of Mcl-1 through
the mitochondrial apoptotic pathway.

In conclusion, 17-DR induced significant apoptosis which
was primarily triggered by downregulation of Mcl-1 expres-
sion through the mitochondrial apoptotic pathway in HCC
cells.
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