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Abstract. The present study evaluated the effect of combining 
inhibitors (17‑AAG) of heat shock protein 90 (HSP90) and 
autophagy (3‑MA) on apoptosis using an incomplete thermal 
ablation animal model. A total of 28 orthotopic mice with 
hepatocellular carcinoma were randomly divided into 4 groups 
to receive different drug interventions. Following palliative 
laser ablation, changes in autophagy, apoptosis and Akt/mTOR 
expression levels were assessed in tumors. Compared with 
the controls, the 17‑AAG‑treated mice exhibited significantly 
decreased expression levels of phosphorylated (p)‑Akt and 
p‑mTOR with enhanced autophagy and apoptosis; no marked 
increases in the expression levels of p‑Akt and p‑mTOR 
were observed in the 3‑MA‑treated mice, with no significant 
changes in autophagy; however, apoptosis was enhanced. No 
significant decreases in p‑Akt and p‑mTOR or any increase in 
autophagy were observed in the mice receiving a combination 
of 17‑AAG and 3‑MA, but they did exhibit a marked increase 
in apoptosis. Compared with 17‑AAG alone, the combination 
of 17‑AAG and 3‑MA resulted in a marked increase in apop-
tosis without enhanced autophagy. In the incomplete ablation 
model, the effects of autophagy and apoptosis are antagonistic. 
The combined use of 17‑AAG and 3‑MA can significantly 
promote apoptosis and is worthy of further study.

Introduction

In addition to being minimally invasive, safe, effective and 
amenable to repeated treatments, thermal ablation has been 
demonstrated to produce satisfactory long‑term follow‑up 
results in the treatment of hepatocellular carcinoma (HCC) 
and is considered an important radical curative therapy for this 
disease (1). Due to the effect of the ablation mechanism, the 
pathological characteristics of liver cancer and the anatomical 
characteristics of the liver, a certain proportion of the residual 
tumor remains even following ablation therapy, which is the 
main factor affecting the survival rate of patients with HCC 
following ablation (2,3).

New strategies based on an improved understanding of 
residual tumor biology may help to maximize the efficacy 
of current treatments. There has been steadily increasing 
interest in changes in heat shock protein (HSP) expression and 
its antagonistic effect on apoptosis (4‑8). The application of 
HSP90 inhibitors to improve the therapeutic effect on tumors 
has also been explored in several studies (9‑17). However, due 
to the regulatory effects and complex downstream molecular 
changes HSPs exert on numerous companion proteins (14), 
current research on the treatment of advanced tumors remains 
limited.

The autophagy system serves multiple roles in the 
degradation of dysfunctional proteins. In the case of incom-
plete ablation, we first reported the decreased expression of 
autophagy‑associated proteins and a concomitant increase in 
the expression of HSPs (18). HSP90, as a molecular chaperone, 
is essential for the proper function of Akt as it forms a chap-
erone‑substrate protein complex, and a decrease in HSP90‑Akt 
binding results in Akt inactivation  (19‑21). The activation 
of AKT is characterized by high levels of Akt phosphoryla-
tion (p‑Akt), resulting in activation of the mTOR complex. 
mTOR acts as a major checkpoint regulating autophagy (22). 
Further, it has been suggested that the HSP90/Akt/mTOR 
pathway is involved in signal transmission between autophagy 
and HSPs. Autophagy can either protect against or promote 
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apoptosis in a stimulus‑dependent manner (23‑25). The rela-
tionship between the two in the incomplete ablation model is 
unclear. Specifically, it is unclear whether the use of autophagy 
inhibitors promotes apoptosis or if there a synergistic effect 
when autophagy inhibitors and HSP90 inhibitors are used in 
combination. Autophagy was assessed by analyzing the conver-
sion of microtubule‑associated protein 1A (LC3) protein from 
cytosolic LC3‑I to the autophagosome‑associated lipid‑modi-
fied form LC3‑II, indicative of the onset of autophagy (24). 
The present study hypothesized that autophagy serves an 
important role in apoptosis during the treatment of residual 
tumors with HSP90 inhibitors following incomplete ablation, 
and it analyzed the coordinating mechanisms mediating the 
interplay between these processes. The HSP90 inhibitor 17‑N
‑allylamino‑17‑demethoxygeldanamycin  (17‑AAG), which 
is a derivative of the antibiotic geldanamycin, has already 
been used in stage III  clinical trials (NCT00546780)  (26) 
and 3‑methyladenine (3‑MA) has been well established as an 
autophagy inhibitor. This present study builds upon previous 
studies that explore the possibility of improving the thera-
peutic effect of thermal ablation by combining inhibitors of 
autophagy and HSP90.

Materials and methods

Animal model. A total of 28 nude mice transplanted with the 
Huh7 tumor cell line were randomly divided into 4 groups 
of 7 mice each. All model animals underwent laser ablation 
with different drug combination therapies. The protocol of 
this study was approved by the Research Ethics Committee 
of the First Affiliated Hospital, College of Medicine, Zhejiang 
University. In brief, healthy female nude mice (body weight 
12‑16  g; 4  weeks of age; n=28) were purchased from the 
Shanghai Cancer Institute. The nude mice were housed in 
a specific pathogen‑free (SPF) animal room at a tempera-
ture of 20‑25˚C, humidity of 50‑60%, and were subjected 
to a 12‑h light/dark cycle with free access to food and tap 
water. All experimental procedures followed the operational 
specifications for experimental animals at Zhejiang University 
(http://www.lac.zju.edu.cn/cms/12997). Huh7 tumor tissue 
exhibiting sufficient growth up to 10 mm in length was cut 
into 2‑mm3 pieces and subcutaneously implanted into the right 
flanks of nude mice using a 20‑gauge trocar. A total of 28 mice 
were used for the experiments after 3 weeks, when tumors had 
grown to an average diameter of 0.8‑1.0 cm. The grouping was 
performed using the random number method. On the day of 
ablation, the average diameter of the tumors was 1.0‑1.2 cm 
and average volume of tumors was 617.9±138.7 mm3. The 
largest tumor diameter was 1.2‑1.4 cm and multiple tumors 
were not present at the end of the experiment.

Palliative ablation method. Intraperitoneal anesthesia was 
administered to the nude mice in the experimental and control 
groups with approximately 200 µl 4% chloral hydrate at a dose 
of 400 mg/kg mouse weight. The conditions established in a 
previous study were applied to build a model of incomplete 
ablation (18). Mice were fixed on the operating table with local 
disinfection and the tumor size was observed and measured by 
high‑frequency ultrasound. An ultrasound‑guided 21G PTC 
needle was used to puncture the tumor and the inner core 

was withdrawn. Subsequently, a laser fiber was inserted into 
the needle (Mylab™ Twice, Esaote SpA). After the fiber was 
ultrasonically confirmed to be positioned at 1/3 the length of 
the tumor, the power was set at 1 W and the foot switch was 
activated for continuous laser ablation; the treatment time was 
30 sec (total dose of 30 J). Following treatment, the fiber was 
removed and local hemostasis was conducted by applying 
gentle pressure.

Drug preparation and intravenous injection. The 17‑AAG 
inhibitor (Selleck Chemicals LLC) was prepared by dissolving 
50 mg in 800 µl DMSO solution and then diluting this to a 
concentration of 5 mg/ml with normal saline solution. The 
3‑MA inhibitor (Selleck Chemicals LLC) was prepared by 
dissolving 50 mg directly in 10 ml normal saline to produce 
a 5 mg/ml stock concentration. The method of drug admin-
istration was as follows: In group 1, each mouse received an 
intraperitoneal injection of 300 µl DMSO (concentration 0.8%); 
in group 2, each mouse received an intraperitoneal injection 
of 200 µl 17‑AAG (concentration 5 mg/ml); in group 3, each 
mouse received an intraperitoneal injection of 300 µl 3‑MA 
(concentration 5 mg/ml); in group 4, each mouse received an 
intraperitoneal injection of 200 µl 17‑AAG (concentration 
5 mg/ml) and, 30 min later, an intraperitoneal injection of 
300 µl 3‑MA (concentration 5 mg/ml) was administered. The 
drugs were administered twice, at 25 h and 1 h prior to surgery.

Sample collection. Nude mice were euthanatized via intra-
peritoneal injection of 2% sodium pentobarbital at a dose of 
150 mg/kg body weight. Cervical dislocation was used to 
confirm the death of mice. The nude mice were sacrificed 
24 h post‑surgery; the tumors were then extracted and their 
volumes were measured. The tumors were cut along their 
diameter and three‑quarters of each tumor was kept in a liquid 
nitrogen jar, whereas the remaining one‑quarter was fixed in 
4% paraformaldehyde for 48 h at room temperature.

TUNEL. TUNEL (G3250; Promega Corporation) was used 
to determine apoptosis in HCC model mice that underwent 
incomplete ablation. Previously fixed tumor tissue was 
dehydrated in graded ethyl alcohol (70, 80, 90 and 100%), 
embedded in paraffin, sliced into 4 µm sections, and rehy-
drated (100, 95, 85 and 75%). The slides were immersed in 
4% formaldehyde in PBS for 15 min and then in PBS for 
5 min. Equilibration buffer (100 µl) was added and the slides 
equilibrated at room temperature for 5‑10 min.50 µl TdT 
reaction mix was added to the pretreatment slide on an area 
≤5 cm2 for 60 min at 37˚C in a humidified chamber protected 
from light. Reactions were stopped by immersing slides in 
2X saline‑sodium citrate buffer (15 min at room temperature). 
Slides were washed 3 times for 5 min each in PBS to remove 
unincorporated f luorescein‑12‑dUTP. Then, mounting 
medium was added to the slides. To visualize the nuclei, 
Vectashield with DAPI (Vector Laboratories, Inc.; Maravai 
LifeSciences) was used. Samples were analyzed immediately 
by fluorescence microscopy (Olympus Corporation). For each 
slide, 5 high‑power fields (magnification, x200) with >500 
cells were observed. ImagePro Plus 6.0 (Media Cybernetics, 
Inc.) was used to calculate the number of apoptotic cells. The 
apoptosis index (AI) was calculated by counting the number 
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of cells that emitted green fluorescence using the following 
formula:

AI=(number of positive cells/total cell count) x 100%.

Western blot analysis. The small tumor samples were lysed on 
ice using RIPA buffer containing a protease inhibitor cocktail 
with constant shaking for 30 min; cellular debris was pelleted 
by centrifugation at 10,000 x g for 5 min at 4˚C and superna-
tants were harvested. Protein concentrations were measured 
by BCA protein assay kit (ab207007; Abcam). Target proteins 
(30 µg per lane) were separated via SDS‑PAGE. Following 
separation with different concentrations of acrylamide gel 
(6% for mTOR; 10% for AKT and P62; 12% for caspase‑3 and 
cleaved caspase‑3; 15% for LC3II/I), the proteins were trans-
ferred onto PVDF membranes. The membrane containing the 
proteins was successively incubated in blocking buffer (over-
night at 4˚C), with a primary antibody (37˚C for 1 h) and with 
a secondary antibody (37˚C for 1 h). The following primary 
antibodies were used: Anti‑LC3II/I (1:200, 12741), anti‑p‑Akt 
(1:400, 4060s; both from Cell Signaling Technology, 
Inc.); anti‑Akt (1:400, ET1609‑47), anti‑mTOR (1:400, 
ET1608‑5), anti‑Caspase‑3 (1:200, ER30804) and anti‑p62 
(1:200, R1309‑8) (all from Hangzhou HuaAn Biotechnology 
Co., Ltd.); and anti‑p‑mTOR (1:400, ab52757; Abcam); 
anti‑actin (1:400, ab179467; Abcam). HRP‑conjugated goat 
anti‑mouse IgG H&L (1:5,000, ab205719; Abcam) was used 

as the secondary antibody. Chemiluminescence detection 
was achieved by exposure to film in a darkroom. Following 
development and fixation with washing buffer at 20‑25˚C for 
10 min (P0019, Beyotime Institute of Biotechnology), the film 
was photographed by FluorChem HD2 (ProteinSimple). The 
densities of the protein bands were determined using ImageJ 
software (v1.46; National Institutes of Health), normalized to 
actin expression and quantified using Microsoft Excel software 
(version 2016, Microsoft Corporation).

Statistical analysis. All data were analyzed using SPSS 17.0 
software (SPSS Inc.). Data are expressed as the mean ± standard 
deviation. The differences among different groups were exam-
ined by one‑way analysis of variance followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Combined use of 17‑AAG and 3‑MA significantly promotes 
apoptosis. In Fig. 1A, compared with group 1, groups 2‑4 
showed green fluorescent protein‑LC3 accumulation. The 
apoptosis indices in groups 1 to 4 were 11.0±2.3, 21.2±4.9, 
18.6±5.0 and 30.5±6.1%, respectively (Fig. 1B). Differences 
for all groups were statistically significant compared with 
the results of Group 1 (P<0.05) and there was a significant 
difference between groups 2 and 4 (P<0.05). The relative 

Figure 1. Apoptosis expressions in 4 groups. (A) TUNEL expression in the four groups (magnification, x200). (B) Apoptosis index of the four groups. (C) Protein 
levels and (D) quantitative analysis of cleaved caspase‑3. The data are presented as the mean ± standard deviation. *P<0.05 vs. control; #P<0.05 vs. AAG group. 
17‑AAG, 17‑N‑allylamino‑17‑demethoxygeldanamycin; 3‑MA, 3‑methyladenine.
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quantities of cleaved‑capase‑3 protein detected by western blot 
analysis in groups 1‑4 were 0.10±0.03, 0.18±0.05, 0.23±0.06 
and 0.42±0.11  (Fig.  1C), respectively, with a statistically 
significant difference between group 1 and the other three 
groups (Fig. 1D). The expression of apoptosis proteins was 
highest in Group 4 and there was a significant difference 
between groups 2 and 4 (Fig. 1).

17‑AAG‑treatment significantly enhances autophagy. Western 
blot analysis of LC3 II/I expression revealed that the protein 
levels in groups 1‑4 were 0.72±0.21, 1.18±0.43, 0.70±0.15 
and 0.82±0.25, respectively, and were significantly different 
between groups 1 and 2 (P<0.05). The relative protein expres-
sion levels of p62 in groups 1‑4 were 1.51±0.29, 0.74±0.13, 
1.48±0.25 and 1.38±0.26, respectively, and were significantly 
different between groups 1 and 2 (P<0.05; Fig. 2).

17‑AAG treatment significantly decreases the expression 
levels of p‑Akt and p‑mTOR. The quantities of p‑Akt rela-
tive to Akt levels in groups 1‑4, as measured by western blot 
analysis, were 1.11±0.15, 0.32±0.09, 1.01±0.17 and 1.05±0.15, 
respectively. A significant difference was observed between 
groups 2 and 1 (P<0.05). The relative expression of p‑mTOR in 
groups 1‑4 was 0.58±0.12, 0.32±0.09, 0.67±0.14 and 0.65±0.16, 
respectively. A significant difference between groups 2 and 1 
was revealed (P<0.05). The relative expression of mTOR was 
0.81±0.19, 0.75±0.21, 0.85±0.23 and 0.80±0.25, respectively 
(17‑AAG vs. control, P>0.05; Fig. 3).

Discussion

The present study demonstrated that suppressing autophagy 
enhanced HSP90 inhibitor‑induced apoptosis in residual 
tumors. These results clearly indicated that autophagy provided 
a pro‑survival function following incomplete ablation. 

Furthermore, the combination of inhibitors targeting these 2 
pathways could potentially kill residual tumor cells more effec-
tively, thereby providing a rationale for combining these drugs as 
a treatment strategy for incomplete ablation. Finally, the results 
clearly suggested that there was an association between changes 
in autophagy and regulation of the Akt/mTOR signaling pathway.

The HSP90 inhibitor 17‑AAG has already been used in 
stage III  clinical trials (NCT00546780)  (26). The results 
from stage I/II/III clinical trials of 17‑AAG reveal limita-
tions on its efficacy for the treatment of advanced tumors 
and particularly in allowing tumor cells to enter a quiescent 
phase (NCT00103272, NCT00098423, NCT00118092 and 
NCT001048897) (27‑30). To achieve the optimum therapeutic 
effect for this oncotherapy, 17‑AAG needs to be administered 
long‑term or be considered for combined treatment with other 
anti‑cancer regimens (NCT00103272) (27).

Previous studies have investigated on the combination of 
various drugs with HSP90 inhibitors. Lang et al (14) reported that 
an HSP90 inhibitor increases the efficacy of rapamycin against 
HepG2 and Huh7 cells by inhibiting rapamycin‑induced Akt and 
NF‑kB activation, decreasing the expression of platelet‑derived 
growth factor receptor β in vascular smooth muscle cells and 
vascular endothelial growth factor 2 expression in the vascular 
endothelium. Another study on non‑small cell lung cancer cell 
lines by Webber et al (15) indicated that combining an HSP90 
inhibitor (17‑AAG) and a focal adhesion kinase inhibitor 
(PF‑573228) suppresses the Akt‑mTOR pathway, consequently 
inhibiting colony formation and promoting the activation of 
apoptosis‑inducing proteins. Furthermore, Yang  et  al  (16) 
describes the inhibition of HSP90 expression and enhancement of 
apoptosis using Thy‑1 membrane glycoprotein (Thy‑1)‑targeted 
thermosensitive magnetoliposome‑encapsulated 17‑AAG for 
Thy‑1 +  liver cancer stem cells (LSCSs) selected from the 
BEL‑7404 cell line and in a nude mouse model transplanted with 
Thy‑1 + LCSCs tumors.

Figure 2. Autophagy in the four groups. (A) Protein levels and (B) quantitative analysis of LC3‑II/I. (C) Protein levels and (D) quantitative analysis of p62. 
The data are presented as the mean ± standard deviation. *P<0.05 vs. control. LC3, microtubule‑associated protein 1A; LC3‑II, lipid modified LC3; LC3‑I, 
17‑AAG/AAG, 17‑N‑allylamino‑17‑demethoxygeldanamycin; 3‑MA/MA, 3‑methyladenine; p62, protein sequestosome‑1.
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To generate the incomplete ablation model, the present 
study used a laser fiber with a diameter of 300 µm and a trans-
planted Huh7 tumor mouse to provide a model that can more 
easily measure molecular changes for subsequent studies (18). 
Our previous study (18) indicated that HSP90 inhibitors may 
promote apoptosis in the area of incomplete ablation, although 
an increase in efficiency was not observed. Another notable 
result is that 17‑AAG not only induces apoptosis, but also acti-
vates autophagy in the residual tumor. Upon treatment with 
17‑AAG, a decreased level of LC3‑I to LC3‑II conversion was 
observed and a decrease in p62 protein levels, all of which are 
markers of autophagy activation.

The Akt/mTOR signaling pathway has emerged as the 
central conduit in the regulation of autophagy. Accumulating 
evidence has emphasized that the inhibition of Akt and its 
downstream target mTOR contributes to the initiation of 
autophagy (23‑25). The present study assessed the Akt/mTOR 
pathway proteins using western blot analysis, which indicated 
that the 17‑AAG group exhibited significantly decreased levels 
of p‑Akt and p‑mTOR expression with increased autophagy 
activity. In the group treated with a combination of 17‑AAG and 
3‑MA, p‑Akt and p‑mTOR levels were not decreased and the 
corresponding increase in levels of autophagy was diminished. 
It could be hypothesized that this is due to a 3‑MA‑based inhi-
bition of PI3K, which is important for a number of signaling 
pathways that control mTOR activation. 3‑MA blocks class I 
PI3K persistently, whereas its suppressive effect on class III 
PI3K is transient. Class I PI3K is a heterodimer composed of 
p85‑regulated and p110 catalytic subunits, resulting in AKT 

activation. Fully activated AKT leads to mTOR activation 
and the subsequent inhibition of autophagy. Although the 
possibility that other 17‑AAG‑mediated mechanisms may be 
responsible for the observed activation of autophagy cannot 
be completely excluded, accumulating evidence suggests that 
Akt/mTOR inhibition is probably the mechanism of autophagy 
induction (22,31).

An increasing body of evidence supports the existence of 
crosstalk between apoptosis and autophagy, including both 
positive and negative interactions (23‑25). Recent evidence 
suggests that autophagy may attenuate drug‑induced apop-
totic responses (31,32). In the present study, an increase in 
the activation of caspase‑3 was observed following treatment 
with 3‑MA, which is a mark of apoptosis. Compared with 
treatment with 17‑AAG alone, a combination of 17‑AAG and 
3‑MA inhibited the increase of autophagy in a complimentary 
manner, resulting in a markedly enhanced level of apoptosis. 
To the best of our knowledge, this is the first study to highlight 
the interaction between apoptosis and autophagy in an animal 
model of residual tumors. This antagonism between autophagy 
and apoptosis can also be observed in an HCC incomplete abla-
tion model, which suggests that the activation of autophagy has 
a protective effect on HCC cells and decreases the occurrence 
of apoptosis during incomplete ablation.

In summary, the results of the present study demonstrated 
that incomplete ablation and HSP90 inhibitor‑induced 
autophagy involved enhanced autophagosomal synthesis and 
may negatively regulate apoptosis in Huh7 transplantation 
tumors. Therefore, autophagy has a pro‑survival function in 

Figure 3. 17‑AAG and/or 3‑MA modulated Akt/mTOR signaling pathway. (A) Protein levels and (B) quantitative analysis of p‑AKT and AKT. (C) Protein 
levels and (D) quantitative analysis of p‑mTOR and mTOR. The data are presented as the mean ± standard deviation. *P<0.05 vs. control. 17‑AAG/AAG, 
17‑N‑allylamino‑17‑demethoxygeldanamycin; 3‑MA/MA, 3‑methyladenine; p‑phosphorylated.
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incompletely‑ablated tumors treated with HSP90 inhibitors. 
Consistent with these results, the inhibition of autophagy may 
enhance the anti‑cancer effects of HSP90 and therefore could 
be therapeutically targeted to improve treatment efficacy of 
combination therapy. In conclusion, the combined application 
of both drugs described in the present study has promise in 
clinical settings.
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