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Abstract. The aim of the present study was to evaluate the 
effect of geldanamycin (GA) on the treatment of human 
gastric carcinomas and to investigate the molecular mecha-
nism that provides the basis for the combination of GA with 
the tumor necrosis factor (TNF)-related apoptosis-inducing 
ligand (TRAIL) induction strategy. The expression of target 
proteins at the mRNA level was determined using reverse 
transcription-polymerase chain reaction (RT-PCR), and 
apoptosis was evaluated with the terminal deoxynucleotidyl 
transferase mediated digoxigenin-dUTP nick-end labeling 
and Annexin V/propidium iodide (PI) staining methods. 
Phosphorylation of targeted kinases was studied using immu-
nocytochemistry methods, and malignant phenotypes were 
studied using in vitro assays. GA treatment inhibits proliferation, 
migration and invasion, and induces apoptosis in human gastric 
cancer SGC-7901 cells, most likely by decreasing the expression 
of B-RAF and by phosphorylation of protein kinase B (AKT) 
and ERK. The inhibitory role of AKT in TRAIL regulation 
holds considerable potential for achieving a synergic effect 
in clinical therapy, using a combination of GA treatment and 
TRAIL induction. The present study provides a basis for the 
future application of heat shock protein 90 (Hsp90) inhibitors, 
such as GA, in the clinical treatment of gastric cancer, particu-
larly in combination therapies with TRAIL inducers.

Introduction

Previously, studies have suggested that the chaperone heat 
shock protein 90 (Hsp90) is a promising target for cancer 

therapy (1-4). According to previous studies, the constitutive 
expression of Hsp90 was found to be 2-10 folds higher in 
malignant cells compared with normal cells (5). Additionally, 
several oncogenic proteins are dependent on Hsp90 to function, 
including B-RAF, protein kinase B (AKT) and extracellular 
signal-related kinase (ERK) (6). Inhibition of Hsp90 results 
in the dissociation of corresponding client proteins and induc-
tion of apoptosis in cancer cells, and may be accompanied 
by a reduction in chemotherapy resistance (7). Overall, these 
results highlight the crucial role of Hsp90 in the survival and 
growth of cancer cells and hold considerable potential for the 
development of small molecular inhibitors in drug treatment.

As an essential chaperone in vivo, Hsp90 assists a vast 
variety of client proteins, which may be categorized into 
three groups: i) Protein kinases, including B-RAF, AKT 
and ERK; ii) transcriptional factors or polymerases; and 
iii) miscellaneous groups (8). Numerous Hsp90-associated 
proteins are important in the occurrence and development of 
cancer. By forming complexes with Hsp90, RAF is stabilized, 
consequently inhibiting proteasome-dependent protein degra-
dation (9). Disruption of Hsp90 function may significantly 
interfere with the RAF signaling pathway (10). In addition, 
AKT pathways participate in the regulation of cellular prolif-
eration and apoptosis (11,12). Previous studies have suggested 
that the occupancy of an Hsp90 binding site by ansamycins 
can result in a reduced half-life of AKT in vivo (8,13). Simi-
larly, ERK is closely involved in the pathogenesis of cancer 
and neurological disease (14,15). Previous studies indicate 
that Hsp90 inhibitors may reduce the phosphorylation of 
ERK, without affecting the expression at mRNA and protein 
levels (16,17). These oncogenic protein kinases contribute to 
cell proliferation, which is associated with apoptosis induced 
by Hsp90 inhibition. 

TNF-related apoptosis-inducing ligand (TRAIL) is a 
cytokine produced and secreted by the majority of normal 
tissue cells (18). By binding to the death receptors DR4 and 
DR5, TRAIL causes apoptosis in cancer cells. For this reason, 
TRAIL has been an anti-cancer therapy target since the 
mid‑1990s; however, no significant survival benefits have been 
found. Previous studies have reported that TRAIL can bind to 
and therefore activate NF-κB, leading to the transcription of 
genes known to antagonize the death signaling pathway (19). 
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Studies have also indicated that activation of the AKT survival 
pathway contributes to TRAIL resistance in cancer cells (20). 
These results suggest that the combination of oncogenic kinase 
inhibitors, such as AKT and TRAIL demonstrate promise in 
the induction of apoptosis.

Gastric cancer is the second most common cause of 
cancer-associated mortality. More importantly, gastric cancer 
is characterized by extremely low survival rates among 
patients (21). Numerous studies have suggested the impor-
tance of Hsp90 in the progression of gastric cancer (22-24). 
Certain small molecular inhibitors of Hsp90, including 
MPC-3100 (Myriad Pharmaceuticals, Salt Lake City, UT, 
USA), have demonstrated potential in the treatment of gastric 
cancer (25). Geldanamycin (GA) is a naturally occurring 
benzoquinone ansamycin that specifically binds to and inhibits 
Hsp90 (26). GA inhibits proliferation and induces apoptosis 
in certain types of cancer, including leukemia, colon cancer 
and breast cancer (27). However, the effect of GA on gastric 
cancer is unclear. In the present study, a systematic evaluation 
of GA in the treatment of gastric cancer was performed and 
the molecular mechanism behind Hsp90 inhibition was inves-
tigated. GA was found to significantly decrease the expression 
and phosphorylation of numerous oncogenic protein kinases, 
including AKT, which holds promise as a drug treatment, 
when used in combination with apoptosis-inducing TRAIL.

Materials and methods

Cell line and reagents. The human gastric cancer cell line 
SGC-7901 was purchased from Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Monoclonal mouse 
anti-human antibodies against phosphorylated-AKT (p-AKT; 
100 µl; cat no. 5106S) and phosphorylated-ERK (p-ERK; 
200 µl; cat no. 9106S) were purchased from Cell Signaling 
Technology (Beverly, MA, USA). Annexin V-fluorescein 
isothiocyanate (FITC) Apoptosis Detection kit was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). In‑Situ Cell 
Death Detection kit was obtained from Roche (Mannheim, 
Germany). Dulbecco's modified Eagle's medium (DMEM) 
and fetal bovine serum (FBS) were purchased from Thermo 
Fisher Scientific (Waltham, MA, USA).

Cell culture of the SGC‑7901 cancer cell line. Human gastric 
cancer SGC-7901 cells were cultured in DMEM containing 
10% FBS, 1% glutathione (Sigma-Aldrich) and 1% peni-
cillin/streptomycin (Hyclone; GE Healthcare Life Sciences, 
Logan, UT, USA), at 37˚C in a humidified atmosphere 
containing 5% CO2. For all experiments, the cells were used in 
the exponential growth phase.

In vitro migration and invasion assays. An in vitro cell migra-
tion assay was performed with Millicell chambers (EMD 
Millipore, Bedford, MA, USA), as previously described (28). 
Briefly, the SGC‑7901 cells were treated with 0.4 M of GA for 
48 h, then harvested and suspended with serum-free medium. 
Then, 200 µl of cell suspension (2.5x105 cells/ml) was added to 
the upper chamber and 500 µl NIH3T3-conditioned medium 
(Gibco; Thermo Fisher Scientific, Waltham, MA, USA) was 
added to the lower compartment. The chamber was incubated 
in 5% CO2 at 37˚C for 48 h. The cells were removed from 

the upper chamber and the attached cells in the lower section 
were stained with 0.1% crystal violet. A similar procedure 
was performed for the invasion assay, but Matrigel (Clontech 
Laboratories, Inc., Mountain View, CA, USA) was added to 
the Transwell chambers (EMD Millipore) (28).

Terminal deoxynucleotidyl transferase mediated digoxi‑
genin‑dUTP nick‑end labeling (TUNEL) assay. Cells were 
seeded in 6-well plates (1.5x105 cells/well) after placing 
a coverslip in each well. Apoptotic cells were detected 
using a TUNEL assay using the in situ cell death assay kit, 
according to the manufacturer's protocol. A BX53 microscope 
(Olympus, Tokyo, Japan) was used to count the total cell 
number and TUNEL‑positive cell number in five fields of each 
TUNEL-stained section. The apoptotic index was calculated 
as the mean percentage of cells with definite positive TUNEL 
staining in the five microscopic fields.

Annexin V/PI staining assay. To evaluate the early stage of 
apoptosis induced by GA, an Annexin V/PI staining assay was 
performed. Subsequent to treatment with different concentra-
tions of inhibitor for 48 h, the SGC-7901 cells were harvested 
and washed three times with PBS. The cells were then 
stained with Annexin V/PI staining kit, as per the manufac-
turer's instructions. Flow cytometric analysis was immediately 
performed with a FACSCalibur Instrument (Becton Dickinson, 
Franklin Lakes, NJ, USA).

Immunocytochemistry assay. The SGC-7901 cells were 
treated with various concentrations of GA for 48 h. The phos-
phorylation of AKT and ERK kinases was then evaluated by 
immunocytochemistry assay, as previously described (29).

Statistical analysis. The data were presented as the 
mean ± standard deviation based on three independent 
experiments and statistically analyzed using a t-test or χ2 test. 
Analyses were performed using SPSS-13.0 statistical software 
(SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indi-
cate a statistically significant different.

Results

GA inhibits proliferation, migration and invasion of 
SGC‑7901 cancer cells. By forming protein complexes, 
Hsp90 assists in maintaining the conformation, stability 
and function of certain oncogenic client proteins. Therefore, 
Hsp90 is important in cell proliferation, cell cycle progression, 
apoptosis and other features of malignant phenotypes, such 
as invasion, angiogenesis and metastasis (2,4). To evaluate the 
potency of GA on gastric cancer, the effect of GA on the prolif-
eration, migration and invasion of the gastric SGC-7901 cancer 
cell line was determined. The time taken for GA-induced 
proliferation inhibition is shown in Fig. 1A. GA significantly 
inhibits the proliferation of SGC-7901 cancer cells even at a low 
concentration of GA (0.2 M). The effect of GA on migration 
was studied using a Transwell assay. In this method, the cells 
that migrated through the pored membrane under the induction 
of NIH3T3-conditioned medium in the lower compartment 
were fixed and stained with crystal violet. The results revealed 
that treatment with 0.4 M GA for 48 h significantly inhibits the 
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migration of SGC-7901 cells (Fig. 1B). The effect on invasion 
was also evaluated using a Matrigel invasion assay, where cells 
invade the Matrigel with the induction of NIH3T3-conditioned 
medium.  Following  incubation  at  37˚C  for  48  h,  the  cells 
invading the surface of the filter were fixed and stained using 

crystal violet. The treatment with 0.4 M GA was found to 
significantly inhibit the invasion of SGC‑7901 cells (Fig. 1C). 

GA induces apoptosis of SGC‑7901 cancer cells. The effect of 
GA on SGC-7901 cells was evaluated using TUNEL assay and 

Figure 1. Treatment with GA inhibits the proliferation, invasion and migration of SGC-7901 cancer cells. (A) Dose-dependent effects of GA on cell prolifera-
tion at different time points. (B) The effect of GA on the migration of SGC-7901 cancer cells. (C) The effect of GA on the invasion of SGC-7901 cancer cells. 
GA, geldanamycin.

  A

  B

  C

Figure 2. Treatment with GA-induced apoptosis of SGC-7901 cancer cells, as determined using (A) terminal deoxynucleotidyl transferase mediated digoxigen-dUTP 
nick-end labeling assay and (B) Annexin V-fluorescein isothiocyanate/propidium iodide staining assay, respectively (***P<0.001). GA, gelanamycin.

  A   B
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Annexin V-FITC/PI staining assays. Cells undergoing apop-
tosis were indicated by brown granules in the nucleus. Treatment 
with 0.4 M GA induced apoptosis in SGC-7901 cancer cells 
compared with control cells (Fig. 2A). Similar results were 
observed by Annexin V-FITC/PI staining. GA significantly 
increased the percentage of apoptosis in SGC-7901 cancer 
cells at various concentrations (0.2 and 0.4 M) compared with 
control cells (P<0.001) (Fig. 2B).

GA treatment decreases the expression of B‑RAF. Most 
frequently found in melanoma and other types of cancer, 
mutation in B-RAF may cause B-RAF activation, thus facili-
tating its binding to the Hsp90-cdc37 complex that is essential 
for stability as well as function. Hsp90 inhibitors, such as 
17-N-allylamino-17-demethoxygeldanamycin (17-AAG), stim-
ulate B‑RAF degradation in cancer cells (30,31). When the 
B-RAF mRNA levels were measured using RT-PCR, it was 
found that treatment with GA (0.4 M) for 48 h induced a signifi-
cant reduction of B-RAF mRNA in SGC-7901 cells (Fig. 3).

GA treatment decreases the phosphorylation of AKT and ERK. 
AKT and ERK can each promote cell survival and growth, as 
well as suppress cell apoptosis. The two kinases are consid-
ered to be involved in apoptosis induced by the inhibition of 
Hsp90. In the present study, the phosphorylation levels of two 
protein targets in GA-treated SGC-7901 cancer cells were 
determined with immunocytochemistry assays. Treatment with 
GA (0.2 and 0.4 M) significantly decreases the phosphorylation 
of AKT and ERK (Fig. 4). This is a notable result regarding 

the well-established role of activated AKT in the resistance of 
TRAIL in cancer cells, and holds great promise for the combina-
tion therapy of GA and TRAIL in gastric cancer chemotherapy.

Discussion

The molecular chaperone Hsp90 has been well-established 
as an important target of anticancer therapies. Hsp90 may 
stabilize and regulate the function of numerous client proteins, 
including kinases involved in cancer development (2,32). 
The anticancer potential of chemical inhibitors of Hsp90, 
including GA and 17-AAG, has been extensively and compre-
hensively validated with cell models, xenografts and clinical 
studies (6,27,30). The results of the present study revealed 
that GA strongly inhibits the proliferation of gastric cancer 
SGC-7901 cells. In addition, GA significantly increases the 
apoptosis of SGC-7901 cells, which supports the anticancer 
potential of GA. 

As protein clients of Hsp90, B-RAF, AKT and ERK 
kinases are regarded to be involved in apoptosis induced 
by Hsp90 inhibitors (33,34). The expression of B-RAF and 
the phosphorylation of AKT and ERK were determined. As 
a result, mRNA levels of B-RAF were found to be largely 
reduced in the GA-treated SGC-7901 cancer cells compared 
with control cells. By contrast, the phosphorylation of AKT and 
ERK significantly decreased in GA‑treated SGC‑7901 cells at 
various concentrations. These results suggest that the inhibition 
of oncogenic signaling pathways, such as the PI3K-AKT and 
Ras-RAF-MEK-ERK pathways, may contribute to apoptosis 

Figure 3. Treatment with 0.4 M GA decreased the mRNA level of B-RAF, determined using reverse transcriptase-polymerase chain reaction. GA, geldana-
mycin.

Figure 4. Treatment with GA decreased the phosphorylation level of AKT and ERK, determined using immunocytochemistry assays. GA, geldanamycin; 
ERK, extracellular signal-regulated kinase; AKT, protein kinase B.
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induced by GA in SGC-7901 cells. The present study provides 
a potential mechanism for the drug treatment of gastric cancer 
with GA. As previously mentioned, numerous studies have high-
lighted the inhibitory role of AKT in TRAIL signaling (20,35). 
Down-regulation of constitutively active AKT may lead to the 
resistance of cancer cells to recombinant human (rh)TRAIL. 
During this process, Hsp90 protects cancer cells from apop-
tosis by stabilizing AKT and NF-κB. Therefore, inhibition of 
Hsp90 may result in cell cycle arrest and more importantly, 
apoptosis (36,37). The use of 17-AAG as an Hsp90 inhibitor is 
currently being clinically evaluated in phase I trials (38,39). 

In conclusion, combinations of Hsp90 inhibitors with 
TRAIL inducers exhibited synergistic effects on apoptosis 
induction in gastric cancer. Thus, the present study provides a 
rationale for the combined use of GA and TRAIL in the clinic.
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