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Hepatocellular carcinoma (HCC) is a highly malignant tumor that responds very poorly to existing therapies, most probably due

to its extraordinary inter- and intra-tumor molecular heterogeneity. The modest therapeutic response to molecular targeted

agents underlines the need for new therapeutic approaches for HCC. In our study, we took advantage of well-characterized

human HCC cell lines, differing in transcriptomic subtypes, DNA mutation and amplification alterations, reflecting the

heterogeneity of primary HCCs, to provide a preclinical evaluation of the specific heat shock protein 90 (HSP90) inhibitor

AUY922 (luminespib). Indeed, HSP90 is highly expressed in different tumor types, but its role in hepatocarcinogenesis remains

unclear. Here, we analyzed HSP90 expression in primary human HCC tissues and evaluated the antitumor effects of AUY922

in vitro as well as in vivo. HSP90 expression was significantly higher in HCC tissues than in cirrhotic peritumoral liver tissues.

AUY922 treatment reduced the cell proliferation and viability of HCC cells in a dose-dependent manner, but did not do so for

normal human primary hepatocytes. AUY922 treatment led to the upregulation of HSP70 and the simultaneous depletion of

HSP90 client proteins. In addition, in a cell type-dependent manner, treatment induced either both caspase-dependent

β-catenin cleavage and the upregulation of p53, or Mcl-1 expression, or NUPR1 expression, which contributed to the increased

efficacy of, or resistance to, treatment. Finally, in vivo AUY922 inhibited tumor growth in a xenograft model. In conclusion,

HSP90 is a promising therapeutic target in HCC, and AUY922 could be a drug candidate for its treatment.

Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related mortality worldwide.1 Although, the treatment
of patients with HCC has improved considerably in recent
years, unfortunately, in many cases, diagnosis is not made
until the disease is at an advanced stage when curative thera-
pies, such as liver resection, liver transplantation or local abla-
tion, cannot be used.

Sorafenib is an oral multikinase inhibitor which targets Raf
kinases, vascular endothelial growth factor (VEGFR)-2/-3,
platelet-derived growth factor receptor β (PGFR-β), c-Kit proto-
oncogene receptor tyrosine kinase and Fms-like tyrosine kinase
3 (Flt-3).2 It is the only approved drug for treating advanced
HCC.3 However, its efficacy is limited, and drug resistance
remains a major obstacle to improving survival rates.3 Other
drugs acting on different signaling pathways involved in HCC
have given disappointing results,2 emphasizing the need to
develop new and more specific therapeutic approaches.

HCC is characterized by extraordinary inter- and intra-tumor
molecular heterogeneity,4–7 which is probably responsible for the
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modest therapeutic response to molecular targeted agents. Future
studies should aim at better characterizing and stratifying HCC
patients into subgroups, according to their molecular profiles, in
order to benefit from treatment with single molecular targeted
agents or combinations of them under the heterogeneous condi-
tions of HCC tumors.4,8

In consideration of the complexity of HCC, targeting a sin-
gle component of a signaling pathway may be ineffective.
Therefore, a good molecular target is one that modulates many
components of one or more signaling pathways at the same
time. Heat shock protein 90 (HSP90) is one of the most impor-
tant molecular chaperones, and hundreds of proteins that inter-
act with it, referred to as client proteins, have been identified to
date.9 HSP90 regulates the stability, function and activity of
numerous oncoproteins, thus contributing to the malignant
phenotype. Among others, oncogenic client proteins of HSP90
are implicated in cell growth and proliferation (AKT, EGFR,
β-catenin), apoptosis (p53, AKT) and angiogenesis (VEGFR).
Most of these proteins are very commonly dysregulated in
HCC,2 so HSP90 may represent an attractive therapeutic target
in HCC.10 HSP90 is highly expressed in different tumor
types,11 but its role in hepatocarcinogenesis remains unclear.

Given the key role of HSP90 in the control of oncogenic sig-
nals, many pharmaceutical companies have recently developed
a variety of small molecule inhibitors which are selective for
HSP90. Several studies have shown that AUY922 (luminespib),
a potent third-generation HSP90 inhibitor, has antitumor activ-
ity in a wide range of human cancer cells.12–16 AUY922 is a
resorcinylic isoxazole amide that inhibits the ATPase activity of
HSP90. AUY922 is currently being tested in several phase II
clinical studies of different cancer types9 (NCT01389583;
NCT01854034; NCT01752400). However, to date, there have
been no studies of AUY922 administration in HCC.

Cancer cell lines are valuable in vitro models for analyzing
genetic heterogeneity within tumors and for screening phar-
macologic agents for anticancer assessment.17,18 Recently, on
the basis of transcriptome meta-analysis of 603 clinical HCC
tissues, HCC cell lines have been classified into subtypes.18,19

Interestingly, each subtype demonstrated a different sensitivity
to molecular target agents,18–22 with the so-called S1-like cells,
such as SNU475, SNU387 and SNU182, showing more sus-
ceptibility to the Src/Abl inhibitor dasatinib,20 whereas S2-like
cell lines, such as HepG2, Huh7, Hep3B and PLC/PRF/5,
showed higher sensitivity to JQ1, a bromodomain inhibitor
targeting the Myc pathway,18 or to BJC398, a fibroblast

growth factor receptor (FGFR) inhibitor,19 or to epidermal
growth factor receptor (EGFR) and insulin-like growth factor
receptor (IGF1R) inhibitors;21,22 these results highlight the
invaluable resource offered by cancer cell lines as experimental
models for antitumor agent development and assessment.

In the present study, we used HCC cells expressing differ-
ent transcriptomic subtypes and endowed with different DNA
mutation/amplification alterations, reflecting the heterogeneity
of primary HCCs,18 to provide an in vitro and in vivo preclin-
ical evaluation of AUY922 antitumor effects in HCC and to
explore the mechanism responsible of different sensitivity of
HCCs to drug treatment.

Materials and Methods
Reagents and antibodies
The reagents and antibodies used are listed in Supporting
Information Table S1.

Tissue specimens and immunohistochemistry
The study included 12 paired primary HCC patients whose sur-
rounding peritumoral regions (cirrhotic tissues) showed hepatitis
virus B (HBV)-associated (n = 1) or HCV-associated (n = 11)
chronic liver disease (6 male, 6 females; mean age 67.6, range
42–82 years). Normal liver biopsies were obtained from patients
undergoing surgical operations for cholecystectomy. Patients’
primary clinical characteristics are reported in Supporting Infor-
mation Table S2. All patients had undergone surgery at the Uni-
versity of Palermo Medical School (Italy). Informed consent was
obtained from all patients. The study protocol was conformed to
the ethical guidelines of the 1975 Declaration of Helsinki.

Immunohistochemical analyses were performed as previ-
ously reported.23 Two independent pathologists (AG and BB)
evaluated the relative percentages of positive cells, as well as
staining intensity. Staining intensity was scored as follows:
0 (no staining), 1 (weak), 2 (moderate) and 3 (strong). Per-
centages of positive cells were scored as follows: 0 (no positive
cells), 1 (1–25% positive), 2 (26–50% positive), and 3 (>50%
positive). The two scores were added together to give a single
score, from 0 to 6.

Cell cultures
HepG2, Hep3B and SNU475 cells were purchased from the
American Type Culture Collection (Rockville, MD). PLC/PRF/5
and Huh7 cells were a gift from Professor O. Bussolati
(University of Parma, Italy) and Professor M. Levrero (Sapienza

What’s new?
Hepatocellular carcinoma (HCC) exhibits vast molecular heterogeneity, suggesting that therapies aimed against targets that

interact with multiple signaling pathways could be key to improving HCC outcome. Here, heat shock protein 90 (HSP90), a

modulator of numerous signaling components, was found to be highly expressed in HCC. AUY922, an HSP90 inhibitor, blocked

HCC cell growth in vitro and, in HepG2 liver carcinoma cells, induced apoptosis via caspase activation and β-catenin
fragmentation. These effects were not observed in Huh7 or SNU475 HCC cell lines. AUY922 also reduced tumor growth in vivo,

marking HSP90 as a promising therapeutic target in HCC.
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University of Rome, Italy), respectively. All cell lines were
authenticated by short tandem repeat (STR) profiling (BMR
Genomics, Padua, Italy) and used within 6 months of receipt.
Cells were maintained as previously reported.24 Normal
human primary hepatocytes were isolated and cultured as pre-
viously reported.25

Cell viability, proliferation assays and evaluation of caspase
3/7 activity
Cells were seeded in 96-well plates and, after 24 h, were
exposed to AUY922 alone or in combination with sorafenib.
After treatment, cell viability, cell proliferation and caspase
3/7 activity were measured as previously reported.25,26 All data
shown are the mean � standard deviation (SD) from three
experiments performed in triplicate.

Western blotting
Immunoblotting was performed as previously reported.27 The
relative expressions were calculated as the ratio of drug-
treated samples vs. control (dimethylsulfoxide, DMSO) and
corrected using the quantified level of β-actin expression. The
data shown are representative of three independent experi-
ments with comparable results.

Immunofluorescence, cell transfection, RNA extraction, real-
time polymerase chain reaction (PCR) and β-catenin
transcriptional activity
Immunofluorescence analysis and cell transfection with spe-
cific nuclear protein 1 (NUPR1) and Mcl-1 small interference
RNAs (siRNAs) (Supporting Information Table S1) were per-
formed as previously reported.23,28 Briefly, for immunofluores-
cence analysis, HCC cells were seeded in chamber slides and,
after 24 h, treated with 100 nM of AUY922 for another 24 h.
Cells were fixed, permeabilized and stained with primary anti-
NUPR1 antibody. After staining, slides were mounted with
Vectashield mounting medium containing DAPI (Vector Lab-
oratories Inc., Peterborough, UK) to visualize cell nuclei.
Images were acquired with a Leica microscope.

For siRNA transfection, 3.5 × 105 Huh7 cells and 2.0 × 105 of
SNU475 cells were seeded in 6-well plates. After 24 h, 50 nmol/l
of Mcl-1 siRNA or NUPR1 siRNA (siMcl-1 and siNUPR1) were
used. Control cell transfection was performed with a Negative
Control siRNA (siNC). Cell transfections were carried out with
Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA, USA), fol-
lowing the manufacturer’s instructions. Cells were detached after
24 h of transfection and seeded in 96-well plates or 60-mm plates
for MTS assay or protein extraction, respectively.

After 24 h of transfection, a cell viability assay, RNA
extraction and quantitative Real-Time PCR were performed as
previously reported.23 Briefly, total RNA was extracted from
cells using TRIzol reagent, and 1 μg of RNA was used for
reverse transcription to generate cDNA. Expression of selected
genes was quantified by QuantiNova SYBR Green fluorescence
Real-Time PCR (Qiagen, Milan, Italy), using specific primers

(Supporting Information Table S1). Real Time PCR data were
expressed as the relative mRNA expression level of the differ-
ent genes in treated cells compared to control cells. Values
given are the mean � SD of three different experiments per-
formed in triplicate. Semiquantitative PCR was performed
using specific primers (Supporting Information Table S1). The
cycling conditions were conducted using the following pro-
gram: for survivin, 94 �C (5 min), then 94 �C (30 s), 60 �C
(30 s); for cyclin D1, 94 �C (5 min), then 94 �C (30 s), 58 �C
(30 s); for β- actin, 60 �C (30 s), then 72 �C (30 s), and a final
elongation step at 72 �C (10 min). Electrophoresis on agarose
gel was performed to analyze amplified PCR products.

β-catenin transcriptional activity was measured using the
TOPflash/FOPflash luciferase system as previously reported.29

In vivo studies
Female athymic nude mice (Fox1 nu/nu) (4 weeks of age; 6 mice/
group) were purchased from Envigo (Udine, Italy). All proce-
dures were conducted according to institutional guidelines which
were conformed to national and international laws and policies.
The study was authorized by the Italian Ministry of Health
(no. 1187/2015-PR). Animals were subcutaneously inoculated
with 10 × 106 Huh7 cells. AUY922 was dissolved in 5%
2-hydroxypropyl-β-cyclodextrin at 1 mg/ml concentration. When
tumors were palpable (approximately 150 mm3), the mice were
randomly assigned to two groups; the control group (C) received
the vehicle alone (10% DMSO, 5% Tween 20 and 85% saline),
and the treated group (T) received 30 mg/kg of AUY922 by intra-
peritoneal injection five times a week for 15 days. Tumor volumes
and body weight measurements were performed as previously
reported,30 and the data obtained were presented as mean� stan-
dard error (SE). Western blotting and immunohistochemistry
analyses were performed as previously reported.30

Statistical analysis
Statistical analysis was performed using Student’s t-test
(two-tailed). The Mann Whitney test was used for analyzing
immunohistochemistry results. The criterion for statistical
significance was p < 0.05. For the synergistic activity, data were
analyzed using CalcuSyn software v. 2.0 (Biosoft, Cambridge,
UK), in which CI < 1 indicated synergy, ~1 indicated an addi-
tivity and >1 indicated antagonism. IC50 was calculated using
the GraphPad Prism 6 software (GraphPad Software, La Jolla,
CA, USA) by linear regression.

Results
HSP90 expression in HCC tissues and cirrhotic peritumoral
liver tissues
To explore the clinical relevance of HSP90 in liver cancer, its
expression was assessed by immunohistochemistry in 12 pairs of
human liver cirrhosis-associated HCC tissues and their corre-
sponding adjacent non-cancerous liver tissues, as well as in 3 nor-
mal liver (NL) tissues (Fig. 1a). Immunohistochemical analysis
showed significantly higher HSP90 expression in HCC tissues
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(T) than in cirrhotic peritumoral tissues (P) (p < 0.01). The sum
of the scores (intensity + percentage of positive cells) for HSP90
expression was significantly higher in HCC tissues (3.91 � 1.08)
compared to cirrhotic peritumoral liver tissues (2.08 � 1.62)
(p < 0.01) (Fig. 1b and Supporting Information Table S3).

AUY922 reduced the viability and proliferation of HCC cells,
but not of normal hepatocytes, and inhibited HSP90 activity
The basal expression level of HSP90 protein was analyzed in
five human HCC cell lines, HepG2, Huh7, Hep3B, PLC/PRF/5
and SNU475, all of which expressed HSP90, though each
showed a different expression level (Fig. 2a).

The effect of AUY922 on cell viability was measured by
MTS assay. As shown in Figure 2b, AUY922 reduced cell via-
bility in a dose- and time-dependent manner in four of five
HCC cell lines (Fig. 2b), but it showed no cytotoxicity in nor-
mal human primary hepatocytes (Fig. 2c). The 50% inhibitory
concentration (IC50) values ranged from 9.2 to 16.2 μM in
Huh7 and Hep3B cells, respectively, at 72 h (Supporting
Information Table S4), whereas a minimal effect on SNU475
cells was observed, even at the highest dose tested (200 nM).

Based on these results, we selected HepG2, Huh7 and
SNU475 cells as models for all subsequent experiments, with
HepG2 and Huh7 cells being the most responsive and
SNU475 the most resistant to AUY922 treatment. However,
HSP90 activity was inhibited similarly in the three HCC cell
lines, as demonstrated by the upregulation of HSP70
(Fig. 2d). This effect has been shown to be due to the disso-
ciation of heat shock factor 1 (HSF1) monomer from
HSP90, with subsequent HSF1 trimerization, nuclear translo-
cation and transcriptional activation of genes coding for heat
shock proteins, including HSP70.31 Therefore, HSP70 upre-
gulation is considered one of the hallmarks of HSP90 inhibi-
tion, along with the downregulation of HSP90 clients, such
as AKT, ERK and EGFR (Fig. 2d). In addition, AUY922
inhibited the activation of AKT and ERK signaling, as
highlighted by decreased phosphorylated forms of these
kinases (Fig. 2d). Due to their role in controlling cell prolifera-
tion, the ability of AUY922 to inhibit HCC cell proliferation
was evaluated by BrdU assays. As expected, a dose-dependent
inhibitory effect on cell proliferation in the three cell lines was
observed (Fig. 2e).

Figure 1. HSP90 expression in primary human HCC samples. (a) HSP90 protein expression levels were examined by immunohistochemistry in
normal liver (NL) and HCC tissues. Peritumoral tissue (P) and tumoral tissue (T) are shown. Magnification is indicated. (b) Immunohistochemistry
scores in P and T tissues. ** p < 0.01. [Color figure can be viewed at wileyonlinelibrary.com]
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AUY922 triggered apoptosis via activation of caspases,
fragmentation of β-catenin and inhibition of β-catenin-
mediated transcriptional activity in HepG2 cells
Apoptosis induction was investigated by analyzing poly
(ADPribose) polymerase 1 (PARP) cleavage and the expression

of the tumor suppressor p53 and anti-apoptotic proteins Bcl-2
and Mcl-1, and by measuring the activation of caspase-3/7.

AUY922 treatment induced PARP cleavage in HepG2 cells,
suggesting the activation of caspase cascade, but not in Huh7 or
SNU475 cells (Fig. 3a). Accordingly, an increase in caspase-3/7

Figure 2. Expression of HSP90 and HSP90-client proteins in HCC cells, cell viability and proliferation in HCC cell lines and normal human
primary hepatocytes. (a) Immunoblotting evaluation of HSP90 expression in HCC cells. (b) HCC cells were treated with AUY922 at the
indicated concentrations for 24–48-72 h, and cell viability was evaluated by MTS assays. (c) Normal human primary hepatocytes were treated
with AUY922 at the indicated concentrations for 24–48-72 h, and cell viability was evaluated by Cell Titer-Glo® assays. (d) Immunoblotting
evaluation of p-AKT, AKT, p-ERK1/2, ERK1/2, EGFR and HSP70 expression in HCC cells. (e) HCC cells were treated with AUY922 at the
indicated concentrations for 24 h, and cell proliferation was evaluated by BrdU incorporation into DNA.
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Figure 3. AUY922 induced apoptosis and inhibited β-catenin transcriptional activity in a cell-type dependent manner in HCC cells.
(a) Immunoblotting evaluation of apoptosis-related protein expression in HCC cells. The PARP fragment (85 kDa) is indicated by an arrowhead.
(b) Caspase-3/7 activity levels in HCC cells after AUY922 treatment at the indicated concentrations for 24 h. Data are given as Arbitrary Units
(A.U.) normalized to control values. (c,d) Representative Western blotting analysis of β-catenin expression in HCC cells after AUY922 treatment
for 24 h. The β-catenin fragment is indicated by an arrowhead. (e) Western blotting analysis of β-catenin expression after treatment of HepG2
cells with 100 nM AUY922 and/or 100 μM z-VAD-fmk for 24 h. (f) HepG2 cell morphology after treatment with AUY922 and/or z-VAD-fmk for
24 h. (g) β-catenin transcriptional activity in HepG2 cells treated with AUY922. Cells were transfected with pTOPflash or pFOPflash constructs,
and 24 h later, the cells were treated with AUY922 for 24 h. Data are expressed as TOPflash/FOPflash ratio and normalized to the activity of a
co-transfected ß-galactosidase plasmid in the same experiment. **p < 0.01, 100 nM AUY922 vs. control. (h) Survivin and cyclin D1 mRNA levels
were evaluated by semi-quantitative RT-PCR after treatment of HepG2 cells with AUY922 for 24 h. The results shown are in the linear range of
PCR amplification.
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activity was observed in HepG2 cells, but not in Huh7 or
SNU475 cells (Fig. 3b); p53 expression was unchanged after
treatment in Huh7 and SNU475 cells, whereas in HepG2 cells
increased protein expression was observed (Fig. 3a). Moreover,
downregulation of Bcl-2 expression was observed only in
HepG2 cells, whereas an increase of Mcl-1 was observed in
SNU475 cells, but not in HepG2 or Huh7 cells (Fig. 3a). These
results suggest that each cell line behaved differently after treat-
ment with AUY922.

β-catenin is an HSP90 client protein, and some apoptotic
stimuli can induce caspase-dependent cleavage of β-catenin in
HCC cells.28,29 As shown in Figure 3c, AUY922 treatment
triggered β-catenin cleavage in HepG2 cells, but not in Huh7
or SNU475 cells (Fig. 3d). β-catenin cleavage was inhibited by
the co-administration of the pan-caspase inhibitor z-VAD-
fmk with AUY922 (Fig. 3e), confirming caspase involvement.
In addition, after AUY922 treatment in combination with z-
VAD-fmk, a clear recovery of cell morphology was observed,
with reduced cell shrinkage and detachment (Fig. 3f ). More-
over, AUY922-induced fragmentation of β-catenin in HepG2
cells resulted in the inhibition of β-catenin-mediated tran-
scriptional activity as measured by gene reporter assay
(Fig. 3g) and the reduced expression of β-catenin target genes
coding for survivin and cyclin D1 (Fig. 3h).

Mcl-1 was responsible for the sensitizing effect of AUY922
in SNU475 cells
Western blotting analysis revealed that the expression of the anti-
apoptotic protein Mcl-1 increased after AUY922 administration
in SNU475 cells, but not in HepG2 or Huh7 cells (Fig. 3a). This
observation led us to evaluate the functional role of Mcl-1 in the
apoptotic resistance of SNU475 cells to AUY922, especially in
consideration of the key role of Mcl-1 in HCC chemoresis-
tance.28,32 Therefore, HCC cells were transfected with Mcl-
1-specific siRNA to inhibit Mcl-1 gene expression. Transfection
efficiency after 72 h of transfection with siMcl-1 was confirmed
by a clear reduction in Mcl-1 protein expression levels (Fig. 4a).
Mcl-1 knockdown (KD) significantly sensitized SNU475 cells to
AUY922 treatment, reducing cell viability (Fig. 4b) and promot-
ing AUY922-induced PARP cleavage (Fig. 4c).

NUPR1 was responsible for the sensitizing effect of AUY922
in Huh7 cells
We have recently demonstrated that the overexpression of
NUPR1, a stress inducible protein, plays an essential role in
the survival and chemoresistance of HCC cells.23,28 Therefore,
expression levels of NUPR1 mRNA and protein were also
investigated. AUY922 treatment increased NUPR1 mRNA
and protein expression in Huh7 cells (Fig. 4d, e), but not in
HepG2 or SNU475 cells. Therefore, we examined whether the
inhibition of NUPR1 could affect the sensitivity of Huh7 cells
to AUY922. After evaluating transfection efficiency by Real-
Time PCR of NUPR1 mRNA expression (Fig. 4f ), the cell via-
bility of transfected cells treated with AUY922 was measured.

NUPR1 KD significantly sensitized Huh7 cells to AUY922
treatment, reducing cell viability (Fig. 4g) and promoting
AUY922-induced PARP cleavage (Fig. 4h).

Combining AUY922 with sorafenib synergistically inhibited
HCC cell viability
The observation that treatment with AUY922 altered ERK1/2
signaling prompted us to investigate the effect of combining
AUY922 with the multi-kinase inhibitor sorafenib.33 Treatment
with 12.5 nM AUY922 in combination with different concen-
trations of sorafenib for 48 h effectively reduced cell viability in
all cell lines (Fig. 5, left panels). According to the combination
index (CI), the combination of 12.5 nM AUY922 with all con-
centrations of sorafenib resulted in synergistic effects in HepG2
and Huh7 cells (Fig. 5, right panels). For SNU475 cells, syner-
gistic, additive or antagonistic effects were observed, depending
of the combination used (Fig. 5, right panels).

AUY922 treatment inhibited tumor growth in vivo
The potential therapeutic effects of AUY922 were tested
in vivo using nude mice bearing HCC tumor xenografts.
AUY922 treatment led to significantly reduced tumor volume
compared to the vehicle alone (control group) (Fig. 6a).
Moreover, mice treated with AUY922 did not show signifi-
cantly altered body weight when compared to control group,
suggesting that the treatment was well tolerated (Fig. 6b). In
addition, HSP90 inhibition was associated with significantly
increased HSP70 expression in post-treatment HCC samples
(Fig. 6c), confirming that in vivo AUY922 inhibited HSP90
activity as demonstrated previously in in vitro experiments
(Fig. 2d). Furthermore, immunohistochemical staining dem-
onstrated that AUY922 treatment decreased cell proliferation
and angiogenesis, as measured by the percentage of cells
expressing the proliferation marker Ki67 (Fig. 6d) and the
endothelial marker CD31 (Fig. 6e), respectively.

Discussion
HCC is one of the deadliest cancers, partly due to a lack of
effective treatments. The failure of molecular targeted thera-
pies is likely due to the intra- and inter-tumor molecular het-
erogeneity of HCC tumors resulting from different types of
molecular aberrations, ultimately leading to patient-specific
dysregulation of molecular pathways.4–6,18

In the present study, in accordance with data also reported
by others,34 we demonstrated that HSP90 expression was sig-
nificantly higher in HCC tissues compared to cirrhotic peritu-
moral liver tissues, suggesting that high expression of HSP90
might be involved in the hepatocarcinogenesis process.

To study the functional role of HSP90 and evaluate the
antitumor effects of HSP90 inhibitor AUY922, in vitro as well
as in vivo, we used different HCC cell lines expressing differ-
ent transcriptomic subtypes and endowed with different DNA
mutation/amplification alterations, reflecting the heterogeneity
of primary HCCs.18 For example, HepG2 cells carry mutated
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K-Ras and CTNNB1 (encoding for β-catenin), Hep3B cells are
p53-null, Huh7, PLC/PRF/5 and SNU475 cells carry mutated
p53, and PLC/PRF/5 cells carry mutant K-Ras. Interestingly, a
recent study by Wang et al.14 reported that AUY922 preferen-
tially kills colon cancer cells carrying mutant K-Ras, which
were also more prone to AUY922-induced ER stress. Accord-
ingly, in the present study, cells with mutated K-Ras, such as
HepG2 cells, were more prone to apoptosis induction com-
pared to cells with wild-type K-Ras, such as Huh7 cells.

However, these results could also depend on the different
p53 statuses in these two cell lines. The tumor suppressor p53
is an important HSP90 client protein and is mutated in over
50% of human cancers. It has been reported that HSP90 inhi-
bition with the benzoquinone 17-dimethylaminoethylamino-
17-demethoxygeldanamycin (17-DMAG) induced apoptosis

in a p53-dependent manner35 and that blocking HSP90
activity with 17-allylamino-17-demethoxygeldanamycin (17-
AAG) promoted the ubiquitination and degradation of
mutated p53 via proteasome.36 In our study, we demon-
strated that AUY922 treatment triggered the downregulation
of mut-p53 protein in Huh7 and SNU475 cells, whereas it
promoted the upregulation of WT-p53 expression in HepG2
cells, leading to the activation of the apoptotic pathway, with
PARP cleavage and increased caspase activity.

In addition, in HepG2 cells, the oncogenic Wnt signaling is
constitutively activated, due to the deletion of exon 3 of the
CTNNB1 gene encoding β-catenin, whereby the activation of
the Wnt/β-catenin pathway seems to be crucial for cell prolifer-
ation/survival of this cell type.37 Here, we found that β-catenin
was cleaved in a caspase-dependent manner, which in turn

Figure 4. Mcl-1 knockdown (KD) sensitized SNU475 cells to AUY922-mediated cell death and NUPR1 KD sensitized Huh7 cells to
AUY922-mediated cell death. (a) Western blotting analysis of Mcl-1 expression after 24 h of transfection with Mcl-1 siRNA (siMcl-1) compared
to cells transfected with control siRNA (NC). (b) Cell viability of cells transfected with siMcl-1 after treatment with the indicated AUY922
concentrations for 24 h. *p < 0.05 siMcl-1 vs. siNC; **p < 0.01 siMcl-1 vs. siNC. (c) Western blotting analysis of PARP expression in cells
transfected with siMcl-1 or siNC after 24 h of AUY922 treatment. The PARP fragment (85 kDa) is indicated by an arrowhead (d) Real-Time PCR
of NUPR1 mRNA expression after AUY922 treatment of HCC cells for 24 h. #p < 0.005 AUY922 vs. control. (e) Immunofluorescence analysis of
NUPR1 protein expression after treatment for 24 h with AUY922 in HCC cells. (f ) Real-Time PCR of NUPR1 mRNA expression after 24 h of
transfection with NUPR1 siRNA (siNUPR1) in Huh7 cells compared to cells transfected with control siRNA (NC). (g) Cell viability of cells
transfected with siNUPR1 after treatment with the indicated AUY922 concentrations for 24 h. *p < 0.05 siNUPR1 vs. siNC; #p < 0.005 siNUPR1
vs. siNC. (h) Western blotting analysis of PARP expression in cells transfected with siNUPR1 or siNC after 24 h of AUY922 treatment. The PARP
fragment (85 kDa) is indicated by an arrowhead. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. Treatment with AUY922 in combination with sorafenib synergistically inhibited cell viability in HCC cells. Left panels, viability of HCC
cells treated with different doses of sorafenib combined with 12.5 nM AUY922 for 24 h. Right panels, the combined effect of sorafenib and
AUY922 was evaluated using CalcuSyn software. CI-FA plots represent the combination index (CI) values and the fraction affected (FA) at
different concentrations of sorafenib [(1) 2.5 μM; (2) 5 μM; (3) 7.5 μM] combined with 12.5 nM AUY922. CI <1 indicates synergism between
the two drugs. *p < 0.05, 12.5 nM AUY922 + sorafenib vs. 12.5 nM AUY922 alone; **p < 0.01, 10 nM AUY922 + sorafenib vs. 12.5 M AUY922
alone.
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reduced β-catenin transcriptional activity with a consequent
downregulation of cyclin D1 and survivin mRNA expression.
Interestingly, the suppression of the β-catenin-cyclin D1 path-
way, together with survivin reduction, has been shown to over-
come AUY922 resistance in colorectal cancer cells.38

However, different modulators involved in resistance to
HSP90 inhibitors have been investigated in colorectal cancer
and HCC cell lines.39 Recently, Lee et al. have reported that

the anti-apoptotic protein Mcl-1 plays a key role in sensitizing
effects of AUY922 in colorectal cancer cells.40 Here, we
observed that AUY922 upregulated Mcl-1 expression in
SNU475 cells. Furthermore, we demonstrated that the specific
inhibition of Mcl-1 expression in SNU475 cells by siMcl-1
induced apoptosis in response to AUY922 treatment, thus
suggesting that Mcl-1 expression could protect cells from
AUY922 antitumor effects. Therefore, our results provide a

Figure 6. AUY922 inhibited tumor growth in xenograft models of Huh7 cells. (a) Tumor volume curve and (b) mice body weight alterations
after treatment with 30 mg/kg AUY922. (c) Left panels, Western blotting showing HSP70 levels in control (C) and treated samples (T). Right
panel, quantification of HSP70 expression. The numbers represent the median � SD of HSP70 protein expression, after normalization with
β-actin, with vehicle-treated control sample (C) arbitrarily set at 1.0. (d,e) Evaluation of Ki67 and CD31 expression by immunohistochemical
staining in control and treated samples (AUY922) (scale bar = 50 μm). ImmunoRatio® software was used to quantify protein expression.
Arbitrary Units (A.U.) normalized to control values. [Color figure can be viewed at wileyonlinelibrary.com]
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possible explanation of the mechanism of resistance to
AUY922 treatment and might highlight the use of combina-
tions of Mcl-1 small molecule inhibitors and AUY922 to
improve therapeutic benefits in a subclass of HCC.

Previous studies have shown that HSP90 inhibition was
associated with the ER stress response pathway.14,41 It has
been shown that the stress-associated protein NUPR1
mediates resistance to chemotherapy drugs,42–44 as well as
to molecular targeted agents.23 Our results point to the
important role of NUPR1 in resistance to AUY922 treat-
ment. In support, NUPR1 silencing in Huh7 cells resulted
in apoptosis induction upon AUY922 treatment, suggesting
that, in a cell type-dependent manner, AUY922-induced
expression of NUPR1 might confer drug resistance. There-
fore, NUPR1 and Mcl-1 expression may be useful bio-
markers for AUY922 response and personalized medicine
for HCC.

Sorafenib is the standard treatment for patients with
advanced HCC, but with only modest efficacy. As sorafenib
remains the only approved drug for HCC treatment, to
improve treatment outcomes, different combination therapies
of sorafenib with either conventional cytotoxic chemotherapy
or other targeted specific agents have been evaluated.2 Here,
we demonstrated that targeting HSP90 synergized the effect of
sorafenib in a dose- and cell-type-dependent manner. Finally,
the in vivo studies demonstrated that AUY922 treatment sup-
pressed tumor growth and inhibited cell proliferation and
angiogenesis in an HCC xenograft model.

Overall, our results provide a preclinical proof of concept
for the efficacy of AUY922 in HCC treatment. AUY922 was
well tolerated in vivo and lacks toxicity in human primary
normal hepatocytes, thus supporting its potential use in HCC
treatment as a single agent or in combination with sorafenib,
or other molecular targeted anticancer drugs.
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