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Heat shock protein 90 (Hsp90) has been predicted to be involved in hepatocellular carcinoma (HCC) ther-
apy; however, the mechanisms of action remain elusive. SNX-2112 is an Hsp90 inhibitor showing broad
antitumor activity. Here we aim to determine the role of the endoplasmic reticulum (ER) stress in SNX-
2112-induced apoptosis in HCC cells. In general, three HCC cells (i.e., HepG2, Huh7, and SK-Hep1) were

Keywords: used in our experiments. The cell viability was determined by the CCK-8 assay. The apoptosis was ana-
15-11\515(?2112 lyzed using flow cytometry, laser scanning confocal microscopy (LSM) and Western blotting. The efficacy
Hee and mechanisms of action of SNX-2112 were also evaluated in a mouse xenograft model. We found that
Apoptosis SNX-2112 showed stronger inhibition on cell growth than 17-AAG, a classical Hsp90 inhibitor. SNX-2112
ER stress treatment led to the caspase-dependent apoptosis. Interestingly, SNX-2112 decreased the expression lev-

els of the ER chaperone proteins calnexin and immunoglobulin binding protein (BiP). It also inhibited all
three ER stress sensors, namely, inositol-requiring gene 1 (IRE1), PKR-like ER kinase (PERK), and activat-
ing transcription factor 6 (ATF-6) in vitro and/or in vivo. However, the ER stress inducer tunicamycin
strongly enhanced SNX-2112-induced apoptosis, whereas the IRE1 knockdown did not. Taken together,
we for the first time indicated the possible apoptotic pathways of SNX-2112 in HCC cells, raising the pos-
sibility that the induction of ER stress might be favorable for SNX-2112-induced apoptosis.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction unfolded or misfolded proteins and release of three sensors (PERK,

IRE1, and ATF-6) from immunoglobulin binding protein (BiP),

Heat shock protein 90 (Hsp90) is a crucial mediator of protein
folding and stabilization, and of degradation of its client proteins
[1]. Therole of the Hsp90 in regulating cell proliferation and survival
of tumor cells makes it an attractive therapeutic target. Inhibition of
Hsp90 has been reported to induce apoptosis in mutiple cancer cells.
Hsp90 inhibitors can induce apoptosis through various pathways,
such as mitochondria-mediated and death receptor-induced
pathways [2-4].

Recently, several reports have shown that the endoplasmic retic-
ulum (ER) stress-evoked pathway plays a role in apoptotic execution
[5]. ERis a critical organelle for protein synthesis and folding, as well
as cellular calcium storage [6]. ER stress results in accumulation of
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leading to the initiation of the unfolded protein response (UPR). If
the stress is prolonged, or the UPR is unable to correct the balance,
apoptotic cell death ensues [7,8]. However, whether and how this
alternative pathway contributes to apoptosis induced by Hsp90
inhibitors is elusive.

Hsp90 is highly expressed in both HCC patients and cell lines
[9,10], which suggests that Hsp90 inhibitors could be used to treat
HCC. SNX-2112 is an Hsp90 inhibitor showing broad antitumor
activity. Based on our previous studies [2,11,12], we hypothesized
that the Hsp90 inhibitor SNX-2112 could induce HCC cells apoptosis.
This study aimed to elucidate the possible mechanisms involved in
SNX-2112-mediated apoptosis in vitro and in vivo. In addition to
the two conventional pathways (mitochondria- and death
receptor-mediated pathways), we have focused on the role of ER
stress in SNX-2112-induced apoptosis.
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2. Material and methods
2.1. Reagents and anti-bodies

SNX-2112 was synthesized in our lab with a purity >98%, fol-
lowing the procedure previously described [13]. SNX-2112, 17-
AAG (Alexis Biochemicals, San Diego, CA, USA), and tunicamycin
(Sigma, St. Louis, MO, USA) were dissolved in dimethyl sulfoxide
(DMSO, Sigma) at stock concentrations of 10 mM, 10 mM, and
10 mg/mlL, respectively, and stored at —20 °C.

Rabbit or mouse anti-human caspase-3, caspase-8, caspase-9,
PARP, GAPDH, BiP, calnexin, PERK, and IRE1a were purchased from
Cell Signaling Technology (Beverly, MA, USA). Anti-ATF-6a and
horseradish peroxidase-conjugated secondary antibody were ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.2. Cell lines and cell culture

The normal human hepatocyte line HL-7702 and the human
HCC cell lines: HepG2, Huh7, and SK-Hep1 (Cell Bank of the Chi-
nese Academy of Sciences, Shanghai, China) were cultured in
DMEM containing 10% FBS (fetal bovine serum, Hyclone, Logan,
UT, USA) and 100 U/mL penicillin-streptomycin, and incubated at
37 °C in an atmosphere of 5% CO,.

2.3. Cytotoxicity assay

The activities of SNX-2112 and 17-AAG against HepG2, Huh7,
SK-Hep1 and HL-7702 cells were analyzed using a CCK-8 kit (Doj-
indo Laboratories, Kumamoto, Japan). Exponentially growing cells
were seeded into 96-well culture plates (5-10 x 10 cells/mL) in
100 uL medium and allowed to adhere overnight. HCC cells
(HepG2, Huh7, and SK-Hep1) were treated with a series of concen-
trations (0-10 pM) of SNX-2112 or 17-AAG for 72 h. HL-7702 nor-
mal human cells were incubated with drugs at various
concentrations (0-100 uM) for 72 h, along with an equal volume
of DMSO as the solvent control.

After adding 10 uL CCK-8 solution per well, the plates were
incubated at 37°C for 2h. The absorbance was measured at
450 nm using a BioRad 680 microplate reader (BioRad, Hercules,
CA, USA). Cell viability was calculated as (optical density of exper-
imental sample/optical density of control) x 100%. The ICsq values
were calculated using the PrismPad program.

2.4. Apoptosis evaluation

Morphological changes in the nuclear chromatin of HCC cells
were detected by staining with 4’-6-diamidino-2-phenylindole
(DAPI) purchased from Sigma (St. Louis, MO, USA). Cells were ex-
posed to SNX-2112 for 48 h, or 0.25 pg/mL tunicamycin plus
SNX-2112 for 48 h. Then, cells were washed twice with ice-cold
PBS, and fixed with 4% paraformaldehyde for 15 min at room tem-
perature. Fixed cells were washed and stained with DAPI (5 pg/mL)
for 10-15 min at 37 °C. Cells were visualized by laser scanning con-
focal microscopy (LSM) using an LSM 510 (Zeiss, Oberkochen,
Germany).

Apoptosis rates were calculated by measuring the sub-G1 DNA
content. Cells were harvested, washed, and fixed with 70% ethanol
overnight at 4 °C, then, collected and resuspended in PBS contain-
ing 50 pg/mL PI, 0.1 mg/mL RNase, and 0.2% Triton X-100 and
incubated in the dark at 37 °C for 30 min. Cells were determined
on flow cytometry. All data were collected and analyzed by Becton
Dickinson Cell Quest software.

2.5. Immunofluorescence staining

Cells were fixed, permeabilized on chambered coverslips, and
blocked in PBS containing 5% bovine serum albumin (BSA) for
1 h, then incubated with calnexin antibody (1:100) for 1 h at room
temperature. The cells were washed three times with PBS, and
incubated with FITC-conjugated anti-rabbit IgG (1:1000) for 1 h.
Cells were stained with DAPI and washed in PBS. Finally, the slides
were mounted and examined by LSM.

2.6. Western blotting

Cells were harvested and lysed in radioimmuno- precipitation
assay (RIPA) buffer (Beyotime, Shanghai, China) for 30 min on
ice. After centrifugation at 13,000 rpm for 15 min, the supernatants
were collected, and a BCA Protein Assay Kit (Beyotime, Shanghai,
China) was used to evaluate protein concentrations of cell lysates.
The lysates were mixed with 5 x SDS buffer (Beyotime, Shanghai,
China) and boiled for 10 min at 100 °C. Equal amounts of protein
lysates (30-50 pg) were resolved on 8-12% SDS-PAGE gels, trans-
ferred to PVDF membranes (Millipore, Boston, MA), and blocked in
5% skimmed milk for 1 h at room temperature.

The membranes were washed three times with Tris-buffered
saline containing 0.1% Tween 20 (TBST), and then probed with
the indicated antibodies overnight at 4 °C. The membranes were
washed three times with TBST, and then incubated with anti-rabbit
or anti-mouse IgG (1:3000) for 1 h at room temperature. The pro-
tein bands were visualized using an enhanced ECL kit (chemilumi-
nescence) (Beyotime, Shanghai, China), and imaged by
autoradiography. GAPDH was used as the loading control.

2.7. Transfection

HepG2 and Huh7 cells were seeded in 96-well plates
(8 x 10> cells per well) or in 6-well plates (1 x 10° cells per well)
in antibiotic-free complete medium for 24 h. Cells were transfected
with small interfering RNA (siRNA) targeted to human IRE1 (5'-GG
ACGUGAGCGACAGAAUATT-3' and 5-UAUUCUGUCGCUCACG
UCCTG-3’) or non-targeting siRNA (GenePharma, Shanghai, China)
using Lipofectamin RNAIMAX (Invitrogen, Carisbad, CA), according
to the manufacturer’s instructions. After 48 h, cells were treated
with SNX-2112 (0.5 uM for HepG2 and 0.15 uM for Huh7 cells)
for another 48 h. Cytotoxicity of the compound was determined
by CCK-8 kit, and the percentages of apoptotic cells were analyzed
by flow cytometry.

2.8. HCC xenograft experiments

Fifteen nu/nu athymic BALB/c male mice (4-6 weeks old) were
obtained from the Experimental Animal Center of Sun Yat-sen Uni-
versity (Guangzhou, China). All animal experiments were per-
formed in compliance with Institutional Animal Care and Use
Committee guidelines. Tumors were established by flank injection
of 5 x 10° cells suspended with reconstituted basement membrane
(BD Biosciences, Bedford, MA) at a ratio of 2:1 (volume). When tu-
mors reached 100 mm?>, mice were randomly divided into two
groups: control (n=7) and SNX-2112 (n=8). Animals were re-
ceived alternate-day intraperitoneal injection of SNX-2112
(10 mg/kg) or an equal volume of diluents (10% DMSO) for 14 days.
Tumor volumes were calculated using the formula: 1/2 x larger
diameter x (smaller diameter)?. Mice were sacrificed and tumors
were excised and weighed. Tumor tissue was homogenized in a
Dounce tissue grinder (Wheaton Instruments, Millville, NJ). Wes-
tern blotting was used to determine the expression of PARP, BiP,
IRE1a. and PERK.
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2.9. Statistical analysis

The results are expressed as mean + SD of three independent
experiments. Statistical analysis was performed using SPSS 18.0
for Windows (SPSS Inc., Chicago, IL, USA). Differences between
two groups were analyzed using the two-tailed Student’s t-test
and groups of three or more were analyzed using one-way ANOVA
with multiple comparisons. *P < 0.05, **P < 0.01 were considered
statistically significant in all experiments.

3. Results

3.1. SNX-2112-induced apoptosis was caspase-dependent and
mediated via the mitochondrial and death receptor pathways

The effects of SNX-2112 on cell growth were determined using
three types of HCC cells (HepG2, Huh7, and SK-Hep1) and a normal
human hepatic cell line HL-7702. In HCC cells, SNX-2112 and 17-
AAG (the positive control) significantly inhibited cell growth at
72 h (Fig. 1A). SNX-2112 inhibited cell viability dose-dependently
with an ICso of 0.36 +£0.08 M in HepG2 cells, 0.12 + 0.02 pM in
Huh7 cells, and 0.24 £ 0.04 uM in SK-Hep1 cells. The calculated
ICso values of 17-AAG were 0.53+0.09 uM in HepG2 cells,
0.26 £ 0.05 uM in Huh7 cells, and 5.47 + 0.3 uM in SK-Hep1 cells,
respectively. This clearly indicated that SNX-2112 showed a great-
er inhibitory effect on cell growth than 17-AAG. Therefore, the ICsq
values of SNX-2112 were then chosen as the experimental concen-
trations (0.5 uM, HepG2; 0.15 uM, Huh7; 0.3 uM, SK-Hep1). Mean-
while, in normal liver HL-7702 cells, treatment with SNX-2112
(100 uM) resulted in a 30% decrease in cell viability, and we were
unable to calculate the ICsq value. The estimated ICsq value of 17-
AAG was 50.0 + 3.7 uM (Supplementary Fig. 1). This suggested that
SNX-2112 may be less toxic than 17-AAG.

To determine the effect of SNX-2112 on apoptosis, we examined
the ability of SNX-2112 to induce the characteristic morphological
changes of apoptosis using DAPI staining. Compared to the control
group, SNX-2112-treated cells displayed apoptotic phenotypes,
with signs of significant chromatin condensation and nuclear frag-
mentation (Fig. 1B). Flow cytometry results showed that SNX-2112
treatment led to accumulation of cells in the sub-G1 fraction for
each cell line (Fig. 1C). In addition, we found that SNX-2112 treat-
ment decreased the expression of three Hsp90 client proteins in a
time-dependent manner, and it also led to a gradual increase of
cells at G2/M phase (Supplementary Fig. 2).

The caspase enzymes catalyze specific cleavage of many key
cellular proteins such as PARP (an indicator of apoptosis) [14].
SNX-2112 treatment increased the levels of cleaved caspase-3, cas-
pase-8 (a downstream indicator of the death receptor apoptotic
pathway), caspase-9 (a downstream indicator of the mitochondrial
apoptotic pathway), and PARP (Fig. 1D). Furthermore, z-VAD-fmk
(a pan-caspase inhibitor) prevented SNX-2112-induced apoptosis
(Supplementary Fig. 3). Taken together, the results indicated that
SNX-2112-induced apoptosis was caspase-dependent, and medi-
ated by the death receptor and mitochondrial pathways.

3.2. SNX-2112 inhibited ER stress and UPR in vitro

To determine whether ER stress can be affected by SNX-2112,
confocal immunofluorescence was used to detect the cellular local-
ization and expression of the ER-localized molecular chaperone
calnexin in HepG2 and Huh7 cells. SNX-2112 decreased the
expression of calnexin (Fig. 2A), indicating that SNX-2112 might
interfere with ER structure and/or function. Western blot results
showed that treatment with SNX-2112 decreased the expression
of calnexin and BiP in a time-dependent manner (Fig. 2B).

Furthermore, SNX-2112 treatment significantly decreased the lev-
els of IRE1a, PERK, and the cleaved form of ATF-6a (Fig. 2C), which
represent the three branches of UPR. Our findings suggested that
SNX-2112 inhibited ER stress and inactivated the UPR in HCC cells.

3.3. SNX-2112 induced apoptosis and inhibited ER stress and UPR
in vivo

The in vivo efficacy of SNX-2112 and mechanisms of action were
determined in a mouse xenograft model. SNX-2112 treatment
(14 days) produced an approximately 40% decrease in tumor
weight (Fig. 3A). Treatment with SNX-2112 for 8 days led to a sig-
nificant delay in tumor growth (Fig. 3B). The levels of cleaved PARP
were significantly increased, indicating that apoptosis was induced
in vivo (Fig. 3C). SNX-2112 exposure resulted in a significant de-
crease in protein levels of BiP, IRE1a, and PERK in HCC xenograft
tissues (Fig. 3D). These data clearly indicated that ER stress path-
way might be involved in the antitumor effect of SNX-2112
in vivo, which support our in vitro studies.

3.4. SNX-2112-induced apoptosis was enhanced by the ER stress
inducer tunicamycin

To further determine the contribution of ER stress in SNX-2112-
induced apoptosis, the functionally validated siRNA against human
IRE1 and the chemical inducer tunicamycin were used to interfere
with ER stress pathway. The IRE1-specific siRNA markedly inhib-
ited basal expression of IRE1a in HepG2 and Huh7 cells (Fig. 4A).
Transfection of IRE1 siRNA resulted in the attenuation of apoptosis
induced by SNX-2112 (Fig. 4B). These results indicated that knock-
down of IRE1 might be disadvantageous for SNX-2112-induced
apoptosis.

Cells were pre-treated with tunicamycin for 6 h, then, incubated
with SNX-2112 for another 48 h. 0.25 pg/mL tunicamycin exhib-
ited low cytotoxicity with <10% growth inhibition in HCC cells
(Supplementary Fig. 4A) and enhanced the effect of various con-
centrations of SNX-2112 on HCC cell growth inhibition (Supple-
mentary Fig. 4B). After exposure to 0.25 pg/mL tunicamycin, the
expression of BiP was markedly up-regulated. Use of tunicamycin
up-regulated cleaved PARP (Fig. 4C), indicating that tunicamycin
aggravated SNX-2112-induced apoptosis in HCC cells. It dramati-
cally increased the sub-G1 apoptosis fraction from 38.52% to
68.36% (HepG2 cells) or 15.22% to 28.22% (Huh7 cells) (Fig. 4D).
Our data consistently indicated that the induction of ER stress
was favorable for SNX-2112-induced apoptosis.

4. Discussion

In this study we have determined the effects and mechanisms
of Hsp90 inhibition on HCC cells using the synthetic functional
inhibitor SNX-2112. Different from previous work, the focus of
the present study is the role of ER stress in SNX-2112-induced
apoptosis in vitro and in vivo. This study for the first time demon-
strated that ER stress is an important factor to SNX-2112-induced
apoptosis. We have provided four lines of evidence. First, morpho-
logical experiments showed that SNX-2112 treatment resulted in a
decrease in the quantity of ER-localized molecular chaperone caln-
exin and BiP. Second, immunoblotting experiments showed that
SNX-2112 decreased the protein levels of BiP, IRE1a, and PERK
in vitro and in vivo. Third, disruption of ER stress by specific IRE1
siRNA attenuated SNX-2112-mediated apoptosis. Fourth, use of
the ER stress inducer tunicamycin enhanced SNX-2112-induced
apoptosis.

We have shown that SNX-2112 inhibited ER stress and inacti-
vated all three branches of UPR (i.e., IRE1a, PERK, and ATF-6a)
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Fig. 1. SNX-2112-induced apoptosis depends on the activation of caspases in HCC cells. (A) The viability plots of HepG2, Huh7, and SK-Hep1 cells were determined by CCK-8
kit. The dashed lines indicate the ICso values of SNX-2112 in HCC cells. (B) Confocal images of DAPI-stained HepG2 cells, Huh7 cells, and SK-Hep1 cells (SNX-2112 treated; 0.5,
0.15, and 0.3 puM, respectively). White arrows indicate significant chromatin condensation and nuclear fragmentation. (C) The percentage of cells with sub-G1 DNA content
was taken as a measure of apoptotic rate by flow cytometry. Statistical histograms indicate the percentage of cells in the sub-G1 phase. Data are mean * SD (error bars) from
three independent experiments (*P < 0.05; **P<0.01; compared with control). (D) The cleaved forms of caspase-3, caspase-8, caspase-9, and PARP were determined by
Western blotting after exposure to SNX-2112 for the indicated times. GAPDH was used as a protein loading control.

in vitro and/or in vivo. Our result is consistent with the studies of
Roue et al. and Patterson et al. [15,16], wherein IPI-504 (another
type of Hsp90 inhibitor) similarly disrupted the UPR in mantle cell
lymphoma and myeloma cells. The reason why use of an Hsp90
inhibitor could lead to suppression of UPR is probably because
the three membrane-bound UPR sensors are Hsp90 client proteins
[17,18]. However, the studies of Taiyab et al. and and Davenport
et al. revealed that inhibition of Hsp90 by GA and 17-AAG led to
an increase of ER stress and up-regulation of the ER chaperones
expression [19,20]. Therefore there is no general consensus on
the regulation of ER stress by Hsp90 inhibitor. It is not yet clear
why different types of Hsp90 inhibitors show distinct effects on
ER stress and UPR.

Deciding whether to inhibit or promote ER stress for anti-cancer
therapies requires careful analysis of mechanisms involved
[21-23]. The ER stress signaling pathway is a complicated target
for cancer therapy because of its dual role in cell survival and cell

death; therefore its potential benefit against tumor growth or
regression remains controversial. We have demonstrated that the
ER stress inducer tunicamycin enhanced SNX-2112-induced apop-
tosis, whereas the IRE1 knockdown did not. The finding that use of
ER stress inducer is favorable for SNX-2112-induced apoptosis ap-
pears to be consistent with previous studies of Noda et al. and
Nawrocki et al. [24,25]. In these studies, tunicamycin increased
the sensitivity of various cancer cells to cisplatin or
bortezomib-induced apoptosis.

It remains to be determined the underlying mechanisms of how
tunicamycin enhances SNX-2112-induced apoptosis. Tunicamycin
markedly up-regulates the expression of C/EBP homologous pro-
tein transcription factor (CHOP), an important pro-apoptotic ele-
ment in ER stress-induced apoptosis [26,27]. Use of tunicamycin
also induces activation of c-Jun NH2-terminal kinase (JNK) path-
way, which is known to influence the cell death machinery through
the regulation of Bcl-2 family proteins [25,28]. Therefore, on the
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basis of the literature, it is speculated that aggravation of apoptosis
by tunicamycin is mediated through CHOP and JNK pathway.

In conclusion, we have demonstrated that mitochondrial-,
death receptor-, and ER stress-provoked pathways were involved
in SNX-2112-induced apoptosis in HCC cells. The ER stress inducer
tunicamycin strongly enhanced SNX-2112-induced apoptosis,
whereas the IRE1 knockdown did not. These findings indicate that
ER stress inducers may be used as adjuvant to SNX-2112 chemo-
therapy for the purpose of efficacy enhancement. Our study

provides a mechanistic insight into how SNX-2112 leads to
apoptosis, and establishes a possible connection between ER stress
and SNX-2112-induced apoptosis.
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