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Abstract: Objective: To investigate the mechanisms for reversing drug resistance of cisplatin (DDP) by Hsp90 inhibi-
tors (geldanamycin (GA), 17-AAG, 17-DMAG) in human ovarian cancer. Methods: Cell proliferation rate in DDP resis-
tant human ovarian cancer cell line SKOV3/DDP and its parent cell line SKOV3 after treatment with Hsp90 inhibitors 
and/or DDP were tested by MTT assay, and the reversing fold (RF) of DDP by Hsp90 inhibitors was calculated. Cell 
cycle and cell apoptosis status after treatment were analyzed by flow cytometry. The expression of multiple drug 
resistance related genes was analyzed by RT-PCR and Western-blot. Results: All three tested Hsp90 inhibitors syner-
gistically inhibited the cell proliferation of SKOV3 with DDP and enhanced the sensitivity of SKOV3/DDP cells to DDP. 
The RF of DDP by Hsp90 inhibitors were all more than two fold. GA caused cell cycle arrest in G2/M phasein SKOV3 
cells. 17-AAG increased cell apoptosis but did not change cell cycle in SKOV3/DDP cells. The mRNA and protein 
expression levels of various drug resistant related genes including LRP, GST-π, p53, bcl-2, survivin, ERCC1, XRCC1, 
BRCA1 and BRCA2 were more dramatically altered by Hsp90 inhibitors and DDP in combination compared to Hsp90 
inhibitors or DDP treatment alone. Conclusions: Exposure of SKOV3/DDP cells to Hsp90 inhibitors and DDP in com-
bination results in synergistic cytotoxic and pro-apoptotic effects. Hsp90 inhibitors reverse the drug resistance of 
SKOV3/DDP cells to DDP by modifying the expression of multiple drug resistance related genes.
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Introduction

Ovarian cancer is the leading cause of death in 
gynecologic cancers. Platinum-based drugs are 
the first line and major therapy for ovarian can-
cer. Though the combined chemotherapy based 
on platinum after tumor cytoreductive surgery 
could enhance the recovery rate of ovarian can-
cer patients, only 70%-80% ovarian cancer is 
responsive to this combined chemotherapy. 
Also, drug resistance to platinum is easy to 
occur in the early phase of chemotherapy treat-
ment, which greatly reduces the sensitivity of 
ovarian cancer patients to chemotherapy and 
causes recurrence and metastasis leading to 
poor prognosis. Thus, to study the drug resis-
tance mechanisms of platinum and explore 
resistance reversing drugs with a high efficacy 
and a low toxicity are hot topics in the field.

As a molecular chaperone protein, heat shock 
protein 90 (Hsp90) could adjust the confirma-
tion, activation, maturation and stability of cli-
ent proteins. In cancers there are many mutat-
ed and/or overexpressed signal transduction 
proteins. Hsp90 inhibitors could ubiquitinate 
these proteins and then cause their degrada-
tion in proteasomes to achieve their anti-cancer 
effects. Currently Hsp90 inhibitors include gel-
danamycin (GA) and its derivatives, 17-dimeth-
ylaminoethyl-amino-17-demethoxy-geldanamy-
cin (17-AAG), 17-dimethylaminoethyl-amino-17- 
demethoxy-geldanamycin (17-DMAG). GA is a 
benzoquinone ansamycin antibiotic that was 
first isolated from the extract of Streptomyces 
hygroscopicus in 1970. It is a nature inhibitor 
for Hsp90 and blocks its chaperone function by 
binding to the ADP/ATP-binding pocket of the 
protein. This binding specifically inhibits the 
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interactions of Hsp90 with many tumor-associ-
ated proteins, decreases their stabilities and 
promotes their degradation, and thus inhibits 
the signaling pathway of tumor cell growth [1]. 
17-AAG was discovered and entered into clinic 
trials in 1999. 17-AAG could induce cell apopto-
sis and cause cell cycle arrest in G2/M phase in 
various cancers [2]. It could also block the acti-
vation of ERK1/2 in the RAS/RAF/MEK/ERK 
signaling pathway or decrease the DNA repair 
ability to reduce the drug resistance in cancer 
therapy. 17-DMAG is also a specific inhibitor for 
Hsp90 that has a better water solubility than 
17-AAG. 17-DMAG could inhibit the function of 
Hsp90 by decreasing the expression of survivin 
and livin, and it could induce cell apoptosis in 
gastric cancer through induction of STAT signal-
ing and mutation of p53 [3]. Though 17-DMAG 
could not decrease the expression level of 
Hsp90, it could cause the reduction of Akt, Met 
and HER-2 in ovarian cancer [2, 4]. Jhaveri K et 
al reported that 17-DMAG significantly inhibits 
the cell proliferation of ovarian cancer, cervical 
cancer and breast cancer [5].

Currently it is known that GA and its derivatives 
could inhibit the cell proliferation and induce 
cell apoptosis in ovarian cancer. In our previous 
study we also found that GA inhibits the cell 
proliferation in SKOV3 ovarian cancer cells as 
well as causes cell apoptosis by cell cycle arrest 
in G2/M phase. The mechanism could be due 
to reduced expression of Akt and raf-1 [4]. 
However, there is no report about whether GA 
and its derivatives can reverse the drug resis-
tance of DDP in ovarian cancer and the underly-
ing molecular mechanisms. Thus the present 
study will address this question.

Materials and methods

Reagents

GA and 17-AAG were purchased from Alexis 
Biochemicals (Farmingdale, NY), whereas 17- 
DMAG was get from BioVision Inc. (Milpitas, 
California). Cisplatin (DDP) was purchase from 
Sigma (St. Louis, MO). LRP and GST-π antibody 
were purchased from abcam (Cambridge, 
England). Mouse Bcl-2 monoclonal antibody 
was purchased from Dakopatts (Glostrup, 
Denmark). Mouse P53 monoclonal antibody 
(DO-1) was purchased from Oncogene. Ra- 
bbit survivin monoclonal antibody and rabbit 
Hsp90α monoclonal antibody were purchased 

from Selleckchem (Houston, TX). Rabbit β-Actin 
polyclonal antibody was purchase from In- 
vitrogen (Grand Island, NY). Rabbit and mouse 
GAPDH polyclonal antibodies were purchased 
from GeneTex Inc. (Irvine, CA). RT-PCR reverse 
transcription kit was purchased from Fermentas 
(Pittsburgh, PA).

Cell culture

DDP resistant ovarian cancer cell line SKOV3/
DDP and its parent cell line SKOV3 were pre-
served at research center in Fourth Hospital of 
Hebei Medical University (Shijiazhuang, China). 
SKOV3 and SKOV3/DDP cells within the log 
phase of growth were cultured in RPMI1640 
and plated in 96-well plate at a density of 5 × 
104/mL. Experimental groups were treated 
with GA (20, 40, 200, 400 and 2000 nmol/L), 
DDP (3, 6 and 9 μg/mL), GA (40 nmol/L and 
400 nmol/L) + DDP (3 μg/mL), 17-DMAG (2, 4, 
8, 16 and 32 μmol/L), DDP (1, 2, 4, 8 and 16 
μg/mL), 17-DMAG (6 μmol/L) + DDP (1, 2, 4, 8 
and 16 μg/mL), 17-AAG (1.2, 2.4, 4.8, 9.6 and 
19.2 μg/ml), DDP (2, 4, 8, 16 and 32 μg/mL), 
17-AAG + DDP (SKOV3: 17-AAG 1.2, 2.4, 4.8, 
9.6, 19.2 μg/ml + 2 μg/ml DDP, SKOV3/DDP: 
17-AAG 1.2, 2.4, 4.8, 9.6, 19.2 μg/ml + 3 μg/ml 
DDP). SKOV3 cells without drug treatments 
were used as control.

MTT assay

Cells were incubated with or without drugs for 
24, 48 and 72 h, MTT (5 mg/mL) were then 
added into the media. After further incubation 
for another 4 h, cell culture media was aspirat-
ed and DMSO was added to dissolve the formed 
crystal. The absorbance (OD) of each well was 
measured with a plate reader (UV visible spec-
trophotometer 2010HT2 type, Thermo Fisher 
Scientific, Austria) at 490 nm. The cell inhibition 
rate was calculated as (OD control-OD experi-
mental)/OD control × 100%. The experiment 
was repeated three times. IC50 and the revers-
ing factor for DDP + GA or its derivatives were 
calculated. The interaction index of two com-
bined drugs was evaluated by q value as fol-
low[6]: q=EA+B/(EA + EB - EA × EB), where EA is the 
effect of GA, EB is the effect of DDP, EA+B is the 
effect of combined use of two drugs. If q>0.85, 
the effects of the two drugs are additive, where-
as q<0.85, the effects of the two drugs are 
antagonistic.



Reversing drug resistance of cisplatin by Hsp90 inhibitors

6689 Int J Clin Exp Med 2015;8(5):6687-6701

RevertAidTMM-MuLV Reverse Transcriptase 
to synthesize cDNA. The synthesized cDNA 
was used as template to amplify target 
genes with primers in Table 1. The PCR 
products were electrophoresed in a 1.5% 
agarose gel and analyzed with gel-pro analy-
sis 3.1 for the specific DNA bands of target 
genes.

Western blot analysis

SKOV3 and SKOV3/DDP cells were washed 
twice with PBS and lysed for whole cell 
extracts. Protein was resolved on 10% SDS-
PAGE and transferred to PVDF membrane. 
Following blocking with 5% non fat milk, the 
blots were incubated with primary antibod-
ies (1:600). The signal was detected using 
an ECL system.

Statistical analysis

All the data were analyzed with SPSS 13.0. 
Data are expressed as means ± SD. One-
way ANOVA and Student’s t-test were used 
for statistical analysis, with P<0.05 accept-
ed as significant difference.

Results

The synergistic inhibition effects of Hsp90 
inhibitors and DDP on SKOV3/DDP cells

Detection of cell cycle and apoptosis by flow 
cytometry

Cells were incubated with or without drugs for 
48 h, collected and washed twice with D-hanks, 
70% ethanol for 2 h and then then treated with 
RNase for 1 h at 37°C. After staining with PI for 
30 min at 4°C and filtered with strainer, single 
cell suspension was analyzed on a flow cytom-
etry (FACS CaliburTM, BD Bioscience) with 
Multicycle AV for cell cycle and Expo ADC for 
apoptosis, respectively.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

RNA was extracted with Trizol (Invitrogen, Grand 
Island, NY) according to the manufacturer’s 
manual. The concentration and purity of RNA 
was determined by NanoDrop. The RNA with a 
ratio of OD260/OD280 among 1.8-2.0 was 
used for following experiments. One μg RNA 
was reverse transcribed with oligo(dT)18, dNTP, 

To test the effects of Hsp90 inhibitors on the 
drug resistance of DDP on ovarian cancer cells, 
DDP resistant human ovarian cancer cells 
SKOV3/DDP and its parent cell line SKOV3 
were treated with various concentrations of GA 
or its derivatives including 17-AAG and 17-DMAG 
in the presence or absence of DDP. As expect-
ed, we found that the inhibition effect of DDP 
was more significant in SKOV3 than SKOV3/
DDP cells (Figure 1A). GA could dose-depend-
ently inhibit the cell proliferation in both SKOV3 
and SKOV3/DDP cells, but there was no differ-
ence in the inhibition effects at the same dose 
between these two cell lines (Figure 1B). 
Interestingly, GA dose-dependently reduced 
the difference of inhibition effects caused by 
DDP between SKOV3 and SKOV3/DDP cells 
(Figure 1C). Specifically, the IC50 for SKOV3/
DDP cells was 14.08 μg/ml when treated with 
DDP alone, whereas it decreased to 6.27 μg/ml 
when treated together with 40 nmol/L GA and 
further decreased to 2.55 μg/ml when treated 
together with 400 nmol/L GA (Table 2). The RF 

Table 1. Primers for RT-PCR

Primer Sequence (5’-3’) Product 
size (bp)

Tm 
(°C)

β-actin F CCGACAGGATGCAGAAGGAGAT 238 58
β-actin R GTCAAGAAAGGGTGTAACGCAACT
LRP F AGTCAGAAGCCGAGAAAG 356 52
LRP R CCCAGCCACAGCAAGGT 
GST-π F CAGGAGGGCTCACTCAAAG 369 55
GST-π R GATCAGCAGCAAGTCCAGCAG
GAPDH F CCGACAGGATGCAGAAGGAGAT 238 58
GAPDH R GTCAAGAAAGGGTGTAACGCAACT
Hsp90α F GCAGCAAAGAAACACCTGGAG 302 52
Hsp90α R TCCATGCGTGATGTGTCGTC
P53 F TTCCGAGAGCTGAATGAGGC 332 58
P53 R GTGCAGGCCAACTTGTTCAG
Bcl-2 F CTGTGAAGCAGAAGTCTGGGAA 188 58
Bcl-2 R CAGCATGATCCTCTGTCAAGTT
Survivin F GGACCACCGCATCTCTACAT 234 58
Survivin R CCAGTCCCTCCCTGAATCTG
ERCC1 F CGCCGAATATGCCATCTCAC 492 59
ERCC1 R ATCAGGAGGTCCGCTGGTTT
XRCC1 F CAGGTTCCAGCAGTGAGGAG 492 59
XRCC1 R TGAAGGCTGTGACGTATCGG
BRCA1 F GGATTTATCTGCTCTTCGCGTT 514 59
BRCA1 R TTGTATCCGCTGCTTTGTCCT
BRCA2 F GAAGCGTGAGGGGACAGATT 399 58
BRCA2 R GATTGGTACAGCGGCAGAGT
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Figure 1. The inhibitory rate of DDP, GA and GA combined with DDP on the proliferation of SKOV3 and SKOV3/DDP cells. Cells were treated with different concentra-
tions of DDP (A), GA (B) and GA (C) combined with DDP (3, 6, 9 μg/mL) for 24 h. The cell viability was determined in by MTT assay.
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was 2.24 when treated with 40 nmol/L GA and 
it was further increased to 5.52 when treated 
with 400 nmol/L GA. The interaction index q 
value for 40 nmol/L GA combined with DDP on 
SKOV3 was 1.006, whereas the q value on 
SKOV3/DDP was 1.091; when treated with 400 
nmol/L GA, the interaction index q value on 
SKOV3 was 1.070, and the q value on SKOV3/
DDP was 1.092. Furthermore, the inhibition 
effects of cell proliferation by DDP, 17-DMAG 
and 17-AAG were time dependent (Figures 2A, 
2B, 3A and 3B). Similarly, 17-DMAG dose-
dependently reduced the difference of inhibi-
tion effects caused by DDP between SKOV3 
and SKOV3/DDP cells (Figures 2C and 3C). 
Specifically, the IC50 for SKOV3/DDP cells was 
6.65 μg/ml when treated with DDP alone, 
whereas it decreased to 2.19 μg/ml when 
treated together with 6 μmol/L 17-DMAG, thus 
the RF was 2.19 (Table 2). The interaction index 
q value for 17-DMAG combined with DDP on 
SKOV3 was 0.941, whereas the q value on 
SKOV3/DDP was 0.999. The IC50 for SKOV3/
DDP cells was 32.19 μg/ml when treated with 
DDP alone, whereas it decreased to 13.66 μg/
ml when treated together with 5.85 μg/ml17-
AAG, thus the RF was 2.35. The q value for 
17-AAG combined with DDP on SKOV3 was 
0.927, whereas the q value on SKOV3/DDP was 
1.452. Together, the combination of GA and its 
derivatives with DDP on SKOV3 and SKOV3/
DDP results in q values higher than 0.85, which 
demonstrated that the combination of these 
drugs has a additive inhibition effect on cell 
proliferation.

The effects of Hsp90 inhibitors and DDP on 
cell apoptosis and cell cycle in SKOV3/DDP 
cells

To test the mechanisms for the inhibition 
effects of cell proliferation by Hsp90 inhibitors 

and DDP on ovarian cancer cells, cell cycle and 
cell apoptosis were analyzed by flow cytometry. 
After incubation with various concentrations of 
GA for 48h, the apoptotic rate of SKOV3 cells 
and the cell number in G2/M phase were 
increased with the drug concentration, which 
demonstrated that GA could cause cell cycle 
arrest in G2/M phase (Figure 4). For apoptosis, 
in SKOV3 cells, 17-AAG + DDP greatly increased 
the cell apoptotic rate compared to control 
group, whereas DDP or 17-AAG treatment did 
not increase the cell apoptotic rate (Figures 5, 
6). In SKOV3/DDP cells, 17-AAG treatment 
increased the cell apoptosis, and this effect 
was even greater when used together with DDP. 
For cell cycle, compared to control group, the 
percentage of cells in the pre-DNA replecative 
G0/G1 phase and S pahse from treated groups 
were similar in SKOV3 cells, whereas the per-
centage of cells in the G2/M phase were signifi-
cantly increased (Figure 6). In SKOV3/DDP 
cells, compared to control group, the percent-
age of cells in the pre-DNA replecative G0/G1 
phase, S pahse, G2/M pahse from treated 
groups were all similar (Figure 6). Thus, 17-AAG 
enhances the sensitivity of SKOV3/DDP cells to 
DDP by increasing cell apoptosis, but it does 
not change cell cycle of ovarian cancer cells.

mRNA expression of multiple drug resistance 
related genes in human ovarian cancer cells

The drug resistance of tumor cells to chemo-
therapeutic drugs is the major reason for the 
failure of chemotherapy. The molecular mecha-
nisms are related to many drug resistant asso-
ciated enzymes and proteins, such as P- 
glycoprotein (P-gp), Multidrug resistance-asso-
ciated protein (MRP), lung resistance-associat-
ed protein (LRP), Glutathione- S- transferase- pi 
(GST-π), DNA Topoisomerase II (Topo- II) [2]. To 
further determine the exact mechanism for 

Table 2. The q value of the combination of Hsp90 inhibitors and DDP in SKOV3 and SKOV3/DDP cells
GA + DDP

6 μmol/L17-DMAG + 3 
μg/mL DDP

5.85 μg/ml17-AAG + 3 
μg/ml DDP40 nmol/LGA +3 

μg/ml DDP
400 nmol/LGA + 3 

μg/ml DDP
IC50 of DDP 14.08 14.08 6.65 32.19
IC50 of combination 6.27 2.55 2.19 13.66
Reversing Index (RF) 2.24 5.52 2.19 2.35
q value (SKOV3) 1.006 1.070 0.941 0.927
q value (SKOV3/DDP) 1.091 1.092 0.999 1.452
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DDP resistance in ovarian cancer cell, the 
mRNA expression of several known drug resis-
tance related genes were examined. After 48h 
incubation with or without drugs, we detected 
the mRNA expression of LRP and GST-π. We 
found that DDP only decreased the mRNA ex- 
pression of LRP and GST-π only in SKOV3 but 
not SKOV3/DDP group. GA significantly de- 
creased LRP and GST-π compared to control 
group in SKOV3 and SKOV3/DDP cells, where-
as GA + DDP treatment further enhanced the 
reduction of LRP and GST-π (Figure 7). The 
results showed that the mRNA expression lev-
els of Hsp90α were similar among DDP, 17- 

DMAG and 17-DMAG + DDP treated SKOV3 and 
SKOV3/DDP cells (Figure 8). The mRNA expres-
sion levels of p53, Bcl-2 and survivin were sig-
nificantly  higher  in  untreated control group of 
SKOV3/DDP compared to SKOV3 cells.  
Compared to control group, DDP treatment 
increased the mRNA expression of p53, Bcl-2 
and survivin, whereas treatment with 17-DMAG 
or 17-DMAG + DDP decreased their expression. 
There was no significant difference between 
17-DMAG and 17-DMAG + DDP group in the 
mRNA expression level of p53, Bcl-2 and sur-
vivin. The mRNA expression levels of BRCA1 
and BRCA2 were greatly enhanced by DDP, 

Figure 2. The inhibitory rate of DDP, 17-DMAG and 17-DMAG combined with DDP on the proliferation of SKOV3 and 
SKOV3/DDP cells. Cells were treated with different concentrations of DDP (A), 17-DMAG (B) and 17-DMAG (C) (6 
μmol/L) combined with DDP for 24, 48 and 72 h. The cell viability was determined in by MTT assay.
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17-AAG and 17-AAG + DDP treatment in SKOV3 
and SKOV3/DDP cells (Figure 9), the increase 

is more obvious in SKOV3/DDP cells and the 
induction by 17-AAG + DDP is greater than DDP 

Figure 3. The inhibitory rate of DDP, 17-AAG and 17-AAG combined with DDP on the proliferation of SKOV3 and 
SKOV3/DDP cells. Cells were treated with different concentrations of DDP (A), 17-AAG (B) and 17-AAG (C) combined 
with DDP (2 μg/mL) for 24, 48 and 72 h. The cell viability was determined in by MTT assay.

Figure 4. Flow cytometry detection of cell apoptosis and cell cycle in SKOV3 cells treated with GA. The apoptotic rate 
(A) and cell cycle (B) of SKOV3 cells after treated with GA (0-2000 nmol/L) for 48 h were detected by flow cytometry. 
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or 17-AAG alone. The mRNA expression levels 
of excision repair cross-complementation g- 
roup 1 (ERCC1) and X-ray repair cross-comple-
menting protein 1 (XRCC1) were decreased by 
17-AAG treatment compared to control group in 
SKOV3 and SKOV3/DDP cells, 17-AAG + DDP 
further decreased the expression levels of 
ERCC1 and XRCC1 (Figure 9). Together, these 
results demonstrated that Hsp90 inhibitors 
could alter the mRNA expression of multiple 
drug resistance related genes.

Protein expression of multiple drug resistance 
related genes in human ovarian cancer cells

To further evaluate the changes of the multiple 
drug resistance related genes, we examined 
the protein levels of these genes. In SKOV3 
cells GA or DDP alone decreased the protein 
expression levels of LRP and GST-π (Figure 10). 
In SKOV3/DDP cells GA also decreased the pro-
tein expression levels of LRP and GST-π, where-
as GA + DDP further increased the reduction 
levels. However, DDP alone had no effects. The 
protein expression of Hsp90α, bcl-2 and sur-
vivin were not changed by treating with 
17-DMAG or DDP alone. DDP alone increased 
but 17-DMAG alone or 17-DMAG + DDP 
decreased the protein expression of p53 in 
SKOV3 and SKOV3/DDP cells compared to 
untreated control group. However, there was no 

difference in the protein expression of p53 
between 17-DMAG alone and 17-DMAG + DDP 
group. The protein expression levels of p53, 
bcl-2 and survivin were lower in untreated 
SKOV3 cells compared untreated SKOV3/DDP 
cells (Figure 11). Together, these data show 
that the protein level of multiple drug resis-
tance related genes were changed by Hsp90 
inhibitors together with DDP treatment.

Discussion

The present study demonstrated that GA, 
17-DMAG, 17-AAG remarkably inhibited the cell 
proliferation of SKOV3 and SKOV3/DDP cells in 
a dose-dependent manner. However, there was 
no difference between SKOV3 cells and SKOV3/
DDP cells when they treated with the same 
dose of GA, 17-DMAG or 17-AAG. DDP also dra-
matically inhibited the cell proliferation of 
SKOV3 and SKOV3/DDP cells in a dose-depen-
dent manner, but the inhibition rate was signifi-
cantly higher in SKOV3 cells than SKOV3/DDP 
cells. Importantly, the combination of GA, 
17-DMAG or 17-AAG with DDP potentiated the 
inhibition effects.

LRP, a drug resistance-associated protein that 
can cause resistance to platinum drugs and 
alkylating agent, was discovered from non-
small cell lung cancer cell line SW-1573/2R120 

Figure 5. Flow cytometry detection of cell apoptosis and cell cycle in SKOV3 cells treated with 17-DMAG + DDP. The 
apoptotic rate and cell cycle of SKOV3 (A) and SKOV3/DDP (B) cells after treated with 1.5 μg/mL DDP and/or 6 
μmol/L 17-DMAG for 48 h.
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in 1993 [7]. LRP blocks the nuclear pores to 
prevent antineoplastic drugs from entering into 
the nuclei, transports antineoplastic drugs into 
cytoplasmic vesicles and pumps the drugs out 
of cells to decrease the intracellular drug con-
centration, thus cause drug resistance [8]. LRP 
is increased in tumor tissues compared to nor-
mal tissue, but the expression level is depen-
dent on specific tissue. The overexpression of 
LRP can predict the sensitivity of cancer 

patients to chemotherapy and prognosis, so 
that it could be an important index for screen-
ing chemotherapy drugs and evaluating the 
prognosis [9]. The expression of LRP in ovarian 
epithelial cancer is about 78%, which is obvi-
ously higher than benign tumors. This suggests 
that the expression of LRP could be related to 
the advance of ovarian cancer. Furthermore, 
LRP is an independent marker for prediction of 
the efficacy and prognosis in ovarian cancer 

Figure 6. Flow cytometry detection of cell apoptosis and cell cycle in SKOV3 cells and SKOV3/DDP cells treated with 
17-AAG and/or DDP. The apoptotic rate (A) and cell cycle (B) of SKOV3 and SKOV3/DDP cells after treated with 3 
μg/ml DDP and/or 5.85 μg/ml 17-AAG for 48 h.
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[10]. The gene amplification or protein overex-
pression of LRP is an important mechanism for 
multi-drug resistance. Thus evaluation of the 
LRP expression by different methods provides 
a good reference for determining a specific che-
motherapy in clinic. The current work detected 
the mRNA and protein expression of LRP after 
GA, DDP and GA + DDP treatment for 48 h in 
SKOV3 and SKOV3/DDP cells by Western blot 
and RT-PCR. The results show that GA but not 
DDP decreased the expression of LRP, whereas 
GA + DDP treatment further decreased the 
mRNA and protein expression of LRP. This data 
suggests that GA could increase the sensitivity 
of ovarian cancer cells to DDP by reducing the 
expression of LRP at mRNA and protein levels.  

GSTs are a protein superfamily with many phys-
iological functions, consisting of two isogenic or 
heterogenic subunits. There are three isoforms: 
α, μ and π. They are widely distributed in vari-
ous organs with tissue-specificity for isoforms 
[11]. GST-π is the major isoform expressed in 
ovarian tumors and closely related to tumor 
drug resistance. GST-π could catalyze the bind-
ing of antineoplastic drugs with GST to decrease 
the cytotoxicity. Also, GST-π could bind with 
lipophilic drugs to increase their water solubility 
and thus facilitate their excretion. Moreover, GST- 
π has the peroxidase activity which could 

reduce the oxidative damage of chemothera-
peutic drugs to normal cells. Immunohisto- 
chemisty analysis indicated that the expression 
of GST-π is highly increased in ovarian cancer 
compared to normal ovarian tissue or benign 
ovarian tumors, and it is correlated with clinic 
stages but not the cell differentiation status 
[12]. GST-π is associated with the drug resis-
tance of platinum drugs and alkylating reagents. 
In addition, the gene expression of GST-π is 
closely related to the advance and prognosis of 
ovarian cancer patients treating with cisplatin 
[13]. The current data detected the mRNA and 
protein expression of GST-π after GA, DDP and 
GA + DDP treatment for 48h in SKOV3 and 
SKOV3/DDP cells by Western blot and RT-PCR. 
The results show that GA but not DDP decreased 
the expression of GST-π, whereas GA + DDP 
treatment further decreased the mRNA and 
protein expression of GST-π. This data suggests 
that GA could increase the sensitivity of ovarian 
cancer cells to DDP by reducing the expression 
of GST-π at mRNA and protein levels. 

p53, bcl-2 and survivin are important genes 
involved in apoptosis. They are involved in the 
regulation of cell cycle, life span and apoptosis. 
There are two types p53, wild-type p53 (wtp53) 
and mutation p53 (mtp53). mtp53 is related to 
the initiation and drug resistance of tumor. It is re- 

Figure 7. The mRNA expressions of LRP and GST-π mRNA in SKOV3 and SKOV3-DDP cells. Treated with GA and DDP 
and their combination for 48h and were analyzed by RT-PCR. M: Marker; 1: control; 2:3 μg/ml DDP; 3: 40 nmol/L 
GA; 4: 400 nmol/L GA; 5: 3 µg/L DDP + 40 nmol/LGA; 6: 3 µg/L DDP + 400 nmol/L GA.
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ported that the level of mtp53 
is dramatically increased in 
drug resistant cells results 
from chemotherapy of cispla-
tin and Taxol in stage IIIc ovar-
ian cancer tumor cells, which 
demonstrated that the drug 
resistance of chemotherapy 
in ovarian cancer is related to 
the mutation of p53 [14]. At 
the same time, mtp53 is an 
important client protein for 
hsp90. The mutation of 
wtp53 results in a change in 
conformation with exposed 
binding sites and increased 
affinity to hsp90. After binding 
with hsp90, the stability of 
p53 is increased and thus 
mtp53 is avoided from the 
degradation of protease and 
is accumulated, whereas 
mtp53 loses the control of 
cell cycle. However, one study 
showed that the expression 
levels of survivin, cyclin D1 
and NF-κB are decreased but 
p53 is increased in primary 
liver cancer cells treated by 
17-DMAG.

Bcl-2 is an important anti-
apoptotic gene that is 
increased in drug-resistant 
tumor cells. However, this 
drug induced bcl-2 has lost its 
original role of anti-apoptosis 

[15]. Bcl-2 is over expressed 
in cisplatin-resistant ovarian 
tumor cells, and when inhibit-
ing this induction by drugs or 
gene silencing the drug resis-
tance could be reversed [16]. 
In drug resistant cells, the 
gene expression of bcl-2 is 
increased and thus the anti-
apoptotic effect is increased, 
which results in reduced cell 
apoptosis and drug resis-
tance. Cisplatin could induce 
ovarian cancer cell apoptosis 
by reducing the expression of 
bcl-2, whereas over expres-

Figure 8. The expressions of Hsp90α, p53, Bcl-2 and Survivin mRNA in 
SKOV3 and SKOV3-DDP cells. Treated with 17-DMAG, DDP alone or the com-
bination and were analyzed by RT-PCR. 

Figure 9. The expression of BRCA1, BRCA2, ERCC1 and XRCC1 mRNA in 
SKOV3 and SKOV3/DDP cells. Treated with 17-AAG, DDP alone or the combi-
nation and were analyzed by RT-PCR. M: Marker.
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Reducing the expression of 
survivin could enhance the 
sensitivity of tumor cells to 
cisplatin induced apoptosis 
[18].

Hsp90 inhibitors including GA 
could reduce the induction of 
the protein expression levels 
of Bcl-2, Bcl-xL and Bax, mito-
chondria membrane potential 
loss, cytochrome C release, 
the activation of caspase 8, 
caspase 9 and caspase 3, 
cleavage of PARP-1 and the 
induction of p53 protein lev-
els [15]. 17-DMAG could 
decrease the expression of 
survivin and livin by inhibiting 
the function of Hsp90, as well 
as induce cell apoptosis 
through activating STAT sig-
naling pathway and causing 
p53 mutation. The results 
showed that 17-DMAG (or 
17-AAG) and DDP in combina-
tion could significantly reduce 
the expression of resistance 
genes of p53, bcl-2 and sur-
vivin mRNA in SKOV3 and 
SKOV3/DDP cells. Moreover, 
17-DMAG ( or 17-AAG) + DDP 
treatment further decreased 
the mRNA and protein expres-
sion of p53 in SKOV3/DDP 
cells, which suggests that 
17-DMAG could increase the 
sensitivity of ovarian cancer 
cells to DDP by reducing the 
expression of P53 and sur-
vivin at mRNA and protein 
levels. 

The enhancement of cell sig-
naling pathway and DNA 
repair ability is a hot topic in 

sion of bcl-2 inhibits cell apoptosis and leads to 
drug-resistance to cisplatin [17]. 

Survivin is a recently discovered anti-apoptotic 
gene. The gene expression of survivin is highly 
related to the cell proliferation of ovarian can-
cer, and the drug-resistance in ovarian cancer 
is related to the anti-apoptotic role of survivin. 

the mechanisms for drug-resistance in ovarian 
cancer. The abnormal cell signaling pathway 
includes PI3K/Akt cell signaling, ERK1/2 cell 
signaling, STAT3 cell signaling, NF-κB cell sig-
naling and so on. Platium durgs play their role 
of cytotoxicity through formation of intra-strand 
heavy platium-DNA adduct and crosslinking 
between two DNA strands. DNA repair pathway 

Figure 10. The protein expressions of LRP and GST-π mRNA in SKOV3 and 
SKOV3-DDP cells. Treated with GA and DDP and their combination for 48h 
and were analyzed by Western-blot. 1: control; 2: 3 μg/ml DDP; 3: 40 nmol/L 
GA; 4: 400 nmol/L GA; 5: 3 μg/L DDP + 40 nmol/LGA; 6: 3 μg/L DDP + 400 
nmol/L GA.

Figure 11. The protein expressions of Hsp90α, p53, Bcl-2 and Survivin 
mRNA in SKOV3 and SKOV3-DDP cells. Treated with 17-DMAG, DDP alone or 
the combination and were analyzed by Western-blot. 
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that occurs during genomic DNA recombination 
and DNA repair in crosslinking could remove 
these adducts to cause drug resistance. Thus 
the current study investigated the effects of 
17-AAG on DNA repair genes ERCC1 and 
XRCC1. 17-AAG has a better anti-tumor effects 
and a lower toxicity compared to GA. 17-AAG 
could inhibit cell signaling pathway such as 
RAF/MEK/ERK, PI3K/Akt and p38/MAPK [19]. 
PI3K/Akt signaling pathway is highly active in 
ovarian cancer, and 17-AAG with cisplatin or 
taxol could induce cell apoptosis by inhibiting 
PI3K/Akt signaling in some ovarian cancer cell 
lines.

ERCC1 is a key factor involved in the procedure 
of nucleotide excision repair (NER) which is 
responsible for the formation of platinum-DNA 
adduct and the sensitivity of tumor cells to pla-
tium-based chemotherapy [20]. Overexpression 
of ERCC1 inhibits the efficacy of platinum and 
leads to drug resistance. The mRNA expression 
level of ERCC1 in platinum resistant tumor cells 
is increased, whereas tumor cells with a low 
level of ERCC1 mRNA have higher sensitivity in 
clinic. Thus, reducing the gene expression of 
ERCC1 can increase the sensitivity to cisplatin. 
The expression of ERCC1 could be served as a 
prognosis index for cancer patients who are 
treated with cisplatin-based therapy [21]. 
XRCC1 participates in DNA base excision repair 
pathway. The polymorphism of XRCC1 increas-
es the incidences of gastric cancer and lung 
cancer and the DNA repair ability [22]. XRCC1 
can adjust the efficacy and toxicity of cytotoxic 
drugs. It is single strand break repair factor that 
is related to non-homologous end joining [23]. 
It is demonstrated that XRCC1 encoded protein 
is the key for repairing DNA damage induced by 
DDP and Carboplatin (CBP) [23]. XRCC1 medi-
ated DNA repair can remarkably affect the effi-
cacy of tumor therapy and its polymorphism 
could predict the clinic efficacy for platinum 
based therapy [23]. 

The key function of BRCA1 and BRCA2 is repair-
ing gene mutation through homologous recom-
bination [20]. BRCA1 and BRCA2 are suscepti-
ble genes in breast cancer, the germline muta-
tion of them is the most common genetic defi-
ciency that can cause hereditary ovarian can-
cer [24]. Expression of functional breast cancer 
susceptibility gene 1 (BRCA1) is associated 
with resistance to platinum-based chemothera-
peutics and poly (ADP ribose) polymerase 

(PARP) inhibitors in human breast and ovarian 
cancers [25]. BRCA1 and BRCA2 are tumor 
suppressors that are critical for resolving dou-
ble-strand DNA breaks (DSBs) and interstrand 
crosslinks (ICLs) by homologous recombination 
(HR). 17-AAG can lead to the ubiquitination and 
degradation of BRCA1 by proteasome, thus 
dampen the DNA repair ability after irradiation 
and platinum-based chemotherapeutics to 
cause the loss of drug resistance. BRCA1 can 
modulate the checkpoint and repair reaction 
related to DNA damage. Hsp90 inhibitors can 
increase the sensitivity of BRCA1 to malignant 
tumors. 17-AAG can dose-dependently 
decrease the protein level of BRCA2, increase 
Hsp90 and enhance the specific anti-tumor 
activity of PARP inhibitors [26].

The present work demonstrated that GA may 
reverse the drug resistance of ovarian cancer 
cells to DDP through reducing the expression of 
LRP, GST-π. Similarly, 17-DMAG and 17-AAG 
may reverse the drug resistance of ovarian can-
cer cells to DDP through the reducing the 
expression of p53, bcl-2 and survivin. 17-AAG 
may also reverse the drug resistance of ovarian 
cancer cells to DDP through the increasing the 
expression of BRCA1 and BRCA2, and decreas-
ing the expression of XRCC1 and ERCC1.

In summary, GA and its derivatives can syner-
gistically inhibit the cell proliferation of SKOV3 
and SKOV3/DDP with DDP. Also they can par-
tially reverse the drug resistance of DDP in 
ovarian cancer cells through multiple resis-
tance-associated genes such as LRP, GST-π 
and p53.
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