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The heat shock protein 90 inhibitor SNX-2112 inhibits
B16 melanoma cell growth in vitro and in vivo
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Abstract. SNX-2112 is a selective heat shock protein 90
(Hsp90) inhibitor which can exert a potent anticancer activity.
In this study, we investigated the effects of SNX-2112 on B16
melanoma cells in vitro and in vivo. The 3-(4,5-dimetrylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay and
flow cytometric analysis demonstrated that SNX-2112 dose-
dependently inhibited the growth of B16 cells, and induced G0/
Gl cell cycle arrest and apoptosis. Western blotting revealed
that SNX-2112 lead to the degradation of Hsp90 client proteins
including Akt, IKKa, NF-xB, B-Raf and GSK3p. Furthermore,
we assessed the antitumor effect of SNX-2112 in vivo, using
a xenograft model in C57BL/6 mice. Oral administration of
SNX-2112 significantly inhibited the growth of B16 tumors in
mice, with a 47% inhibition observed at dose of 80 mg/kg/day
for 15 days, compared to control tumors. Hematoxylin-eosin
(H&E) staining of xenograft tissues showed that SNX-2112 also
inhibited angiogenesis and lead to a lower blood vessel density
in the tumors, compared to the control group. These findings
demonstrate that SNX-2112 can exhibit a potent anticancer
activity against B16 melanoma cells both in vitro and in vivo,
by inhibiting cell proliferation and inducing cell cycle arrest
and apoptosis in a mechanism dependent on the degradation of
Hsp90 client proteins.
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Introduction

Hsp90 is an important ATP-dependent molecular chaperone
required for protein folding, as well as the assembly and mainte-
nance of the conformational stability of a diverse range of client
proteins. Hsp90 client proteins play key roles in cellular metabo-
lism, trafficking, signal transduction, chromatin remodeling, cell
growth and differentiation (1-4). Hsp90 client proteins include
cell survival and proliferation regulators, such as Akt, IKK, Raf;,
GSK3 and NF-«xB (5-7). Hsp90 is overexpressed in tumor cells
compared to their normal counterparts (8), and inhibition of
Hsp90 has been considered as a possible strategy for the treat-
ment of cancer.

Currently, 14 drug candidates which target Hsp90 are
undergoing clinical trials for multiple indications, either
as single agents or in combination therapy, including
17-(allylamino)-17-demethoxygeldanamycin (17-AAG), 17-allyl-
amino-17-demethoxygeldanamycin hydroquinone hydrochloride
(IPI-504) and BIIB021 (9). 17-A AG was the first Hsp90 inhibitor
to undergo phase III clinical trials, and is well tolerated and has
a good therapeutic efficacy. However, 17-AAG has several poten-
tial limitations, including poor solubility, limited bioavailability
and unsatisfactory hepatotoxicity (10-12). This has led to efforts
to identify new, safer and more effective Hsp90 inhibitors for
clinical applications.

SNX-2112, a selective Hsp90 inhibitor, can bind to the
N-terminal adenosine triphosphate binding site of Hsp90 and
can exert significant growth inhibition of various cancer cell
lines both in vitro and in vivo (13,14). In our previous research,
SNX-2112 displayed promising anti-tumor activity in human
chronic leukemia K562 cells and MCF-7 cells (15,16). In addi-
tion, SNX-2112 is a more effective agent than 17-AAG. For
example, SNX-2112 can induce cell growth inhibition and cell
cycle arrest, and cause apoptosis in a more potent dose-dependent
manner than 17-AAG (16). However, the molecular mechanisms
by which Hsp90 inhibitors exert an anticancer effect require
further elaboration. In this study, we investigated the effect of
SNX-2112 on BI6 cells in vitro and in vivo. We investigated the
effect of SNX-2112 on cell proliferation, the cell cycle, apoptosis
and the expression of Hsp90 client proteins in B16 cells in vitro.
Additionally, we investigated the effect of SNX-2112 on tumor
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growth and blood vessel density in vivo, using a mouse xenograft
model.

Materials and methods

Reagents and cells. SNX-2112 was synthesized in our labora-
tory as previously described (17). Dimethylsulfoxide (DMSO),
4'.6-diamidino-2-phenylindole (DAPI), and MTT were
purchased from Sigma (St. Louis, MO, USA). Antibodies
against GAPDH and Akt were purchased from Cell Signaling
Technology (Beverly, MA, USA), antibodies against IKKo and
GSK3p were purchased from Epitomics (Burlingame, CA, USA)
and antibodies against NF-«xB and B-Raf were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

The B16 cell line was obtained from the Cell Bank of Chinese
Science Academy (Shanghai, China) and cultured in RPMI-1640
medium containing 10% fetal bovine serum (FBS) and 1%
streptomycin and penicillin in a 5% CO, humidified incubator
at 37°C. Log-phase growth cells were used for all experiments.

MTT assay. B16 cells (5x10° cells/well) were seeded into a
96-well plate with various concentrations of SNX-2112 for 24,
48 or 72 h, then 20 pl/well MTT solution (5 mg/ml) was added,
the plates were incubated for an additional 4 h, the supernatants
were removed, and the formazan crystals were solubilized in
100 ul/well DMSO and cell viability was assessed at an optical
density of 570 nm. All samples were tested in triplicate.

DAPI staining assay. B16 cells (6x10* cells/ml) were seeded
into chamber dishes and treated with 0.2 yM SNX-2112 for
48 h. The cells were twice washed in ice-cold PBS, fixed in 4%
paraformaldehyde for 15 min at room temperature, washed with
ice-cold PBS, stained with 5 yg/ml DAPI for 10-15 min, and
then examined by fluorescence microscopy. Apoptotic cells were
identified by chromatin condensation and fragmentation.

Cell cycle distribution analysis. Cell cycle distribution was
determined by staining the DNA with propidium iodide (PI).
Briefly, B16 cells were cultured and treated in 6-well plates with
or without 0-0.4 uM SN X-2112 for 48 h. The cells were harvested
in cold PBS, fixed in 70% ethanol overnight, collected, resus-
pended in PBS containing 50 gg/ml PI and 0.1 mg/ml RNase
and incubated at 37°C for 30 min. The cells were analyzed on a
flow cytometer (Becton-Dickinson, San Jose, CA, USA).

Quantification of apoptosis. Apoptosis was measured by flow
cytometry using Annexin V-FITC (an apoptotic cell marker) and
PI (necrotic cell marker) staining. The staining was performed
according to protocol of the Annexin-V-FITC/PI staining kit
(BioVision, Mountain View, CA, USA). Briefly, B16 cells were
cultured in the presence or absence of the indicated compounds
for 48 h, harvested, washed twice and resuspended in 500 u1 PBS
containing Annexin-V-FITC and PI. Apoptosis was determined
as the percentage of Annexin-V-FITC* and PI* cells in at least
1x10* cells from each sample.

Western blotting. The cells were washed twice in ice-cold PBS,
lysed in RIPA buffer for 30 min on ice, centrifuged at 12,000 g
for 15 min and the supernatants were collected. Equivalent
amounts of lysate (20-30 ug) were denatured in SDS sample
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buffer, resolved on 6-15% SDS-PAGE gels, transferred to
Immobilon-polyvinyldifluoride (PVDF) membranes, blocked
in 5% skimmed milk in Tris-buffered saline (TBS) containing
0.1% Tween-20 (TBST) at room temperature for 1 h and then
probed with appropriate dilutions (1:100 to 1:5,000) of primary
antibody overnight at 4°C. The membranes were washed three
times in TBST for 10 min, incubated with secondary antibody
(1:3,000) in TBST at room temperature for 1 h, washed and the
bound antibodies were detected using BeyoECL Plus (Beyotime,
Haimen, China) following the manufacturer's instructions. Anti-
GAPDH antibodies were used as loading controls.

Xenograft murine model. Specific pathogen-free (SPF) C57BL/6
mice (16 g) were obtained from the Medical Laboratory Animal
Center of Guangdong Province, China, housed at 20+2°C and
55+5% relative humidity and provided with commercial food
and water ad libitum through the experiment. All studies were
performed in compliance with the Institutional Animal Care
Guidelines. The mice were inoculated with 2x10° B16 cells in
the armpit. When the tumors were measurable, the mice were
randomly assigned into three treatment groups receiving oral
SNX-2112 (20, 40 or 80 mg/kg, daily for a total of 15 days) or
the control group receiving oral vehicle alone (10% DMSO),
with a total oral dose of 200 x1/10 g. All mice were euthanized
at day 15, and the tumors were excised and weighed to evaluate
tumor growth inhibition. The effect of SNX-2112 on angiogen-
esis was evaluated by H&E staining of the tumor tissues.

Statistical analysis. All the data are the mean + SD of three inde-
pendent experiments. Statistical analysis was performed using
SPSS 13.0 for Windows (SPSS, 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 and “P<0.01 were
considered statistically significant.

Results

SNX-2112 is a more potent inhibitor of BI16 cell growth than
17-AAG. We used the MTT assay to investigate the anti-tumor
activity of SNX-2112 and 17-AAG in B16 melanoma cells. The
cells were cultured in the presence of a range of concentrations
of SNX-2112 or 17-AAG for 24, 48 or 72 h. As shown in Fig. 1,
SNX-2112 significantly inhibited the proliferation of B16 cells in
a dose- and time-dependent manner. B16 cells were much more
sensitive to SNX-2112 than 17-AAG, with half-maximal inhibi-
tory concentrations of 0.18 and 9.37 uM at 48 h, respectively.
These data suggest that SNX-2112 has a significantly higher
in vitro growth inhibitory effect in B16 cells than 17-AAG.

SNX-2112 induces GO/GI cell cycle arrest in BI6 cells. To probe
the mechanism by which SNX-2112 inhibited cell growth, we
incubated B16 cells with SNX-2112 (0, 0.1, 0.2 or 0.4 uM) for
48 h, stained the cells with PI and determined the cell cycle
distribution using flow cytometry. As shown in Fig.2, SNX-2112
induced GO/GI cell cycle arrest in a dose-dependent manner, in
a similar manner to the growth inhibitory effect. After 48 h, the
relative percentages of GO/G1 phase cells in the control, 0.1,0.2
and 0.4 uM SNX-2112-treated groups were 56.5, 76.1, 78.4 and
79.7%, respectively. The percentage of GO/G1 phase cells in the
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SNX-2112-treated groups were significantly higher than the

A i control cells (P<0.01). The dose-dependent increase observed
ﬁ12°' e in the GO/G1-phase cell population of SNX-2112-treated cells
§1 00- was accompanied by a concomitant decrease in the S phase cell
>80 population. These results indicate SNX-2112 exerts a growth
% 50 inhibitory effect in B16 cells by inducing cell cycle arrest at the
.g w0 GO/G1 checkpoint.
8 20+ SNX-2112 induces apoptosis in BI6 cells. DAPI staining was
o] performed to determine if SNX-2112 induced morphological
- T changes in the cell nucleus associated with apoptosis. DAPI
SNX-2112 (uM) staining indicated that the majority of chromatin in control cells
B had a normal, homogeneous distribution, whereas chromatin
S condensation and marginalization and/or DNA fragmentation
’_:20' } (& was frequently observed in cells treated with SNX-2112 for
3R 100+ $ 48 h (Fig. 3A). On the basis of the cell cycle analysis results, the
:; 804 presence of DNA condensation and the formation of apoptotic
% 60 bodies indicated that SNX-2112 induced death in B16 cells via
© typical apoptotic cell death.
; 404 To further investigate whether the growth inhibitory effects
8 20 of SNX-2112 were due to apoptosis, B16 cells were treated with
ol SNX-2112 for 48 h, stained with Annexin V-FITC and PI and
o ; - analyzed by flow cytometry. Fig. 3B shows that the percentage
" 17-AAG (UM) of necrotic and apoptotic cells (Annexin V*/PI* and Annexin V*/

PT fraction) in control, 0.1, 0.2 and 0.4 uM SNX-2112-treated
Figure 1. SNX-2112 and 17-AAG inhibit the growth of B16 cells. B16 cells  cells were 3.96, 31.52, 62.84 and 71%, respectively. The number
were treated with different concentrations of SNX-2112 (A) or 17-AAG (B) for of necrotic and apoptotic cells in the SNX-2112-treated groups

24,48 and 72 h, and the number of viable cells was determined using the MTT .. .
assay. All values are mean + SD of three independent experiments. were significantly higher than control cells (P<0.01).
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Figure 2. SNX-2112 induces GO/G1 cell cycle arrest in B16 melanoma cells. B16 cells were cultured with SNX-2112 at the indicated concentrations for 48 h. The
nuclei were isolated, stained with propidium iodide (PI), and cell cycle distribution was determined by flow cytometry. All values are the mean + SD of three
independent experiments with three replicates each; "P<0.05 and “P<0.01, compared to untreated control cells.
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Figure 3. SNX-2112 induces apoptosis in B16 cells. (A) B16 cells were treated with 0.2 uM SNX-2112 for 48 h, stained with DAPI and morphological changes were
assessed using fluorescent microscopy. (B) Quantification of apoptosis using the Annexin V-FITC/PI dual staining assay in B16 cells treated with the indicated
concentrations of SNX-2112 for 48 h. All values are the mean = SD of three independent experiments; "P<0.05 and “P<0.01, compared to untreated control cells.
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Figure 4. SNX-2112 induces Hsp90 client protein degradation in B16 cells. B16 cells were cultured with 0.2 uM SNX-2112 for the indicated times and subjected
to Western blot analysis for Hsp90 client proteins. GAPDH was used as a loading control.

SNX-2112 induces the degradation of Hsp90 client proteins. We ~ in SNX-2112-treated B16 cells. Western blot analysis indicated
investigated expression of the Hsp90 client proteins Akt, IKKa, that SNX-2112 reduced the expression levels of these proteins in
NF-«B, B-Raf and GSK3p, which are crucial for cell growth, a time-dependent manner (Fig. 4). After treatment with 0.2 uM
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Figure 5. SNX-2112 inhibits in vivo tumor growth. Mice were inoculated with B16 cells and once the tumors were established, the mice were treated with the
indicated concentrations of SNX-2112 or DMSO vehicle for 15 days. (A) The influence of SNX-2112 treatment on body weight. (B) The influence of SNX-2112
treatment on tumor weight at 15 days. Values represent mean = SD, n=10; "P<0.05 and “P<0.01, compared to the control tumors. (C) Representative H&E
stained sections of B16 xenograft tissues indicating that administration of SNX-2112 lead to a reduced blood vessel density. Blood vessels are stained light

pink/crimson (x200).

SNX-2112 for 48 h, the expression of Akt, IKKa, NF-kB, B-Raf,
and GSK3[ was significantly decreased to 3.8, 0.1, 34.5, 9.5
and 33.2%, respectively (compared to control cells, all P<0.01).
These results suggest that the inhibition of B16 cell growth by
SNX-2112 is associated with degradation of the Hsp90 client
proteins Akt, IKKa, NF-xB, B-Raf and GSK3.

SNX-2112 inhibits B16 xenograft tumor growth. To further
examine the therapeutic effect of SNX-2112 in vivo, we treated
C57BL/6 mice bearing B16 tumor xenografts with 20, 40 or
80 mg/kg SNX-2112 for 15 days, while the control group was
treated with physiological saline containing 10% DMSO. Body
weight was measured each day before the administration of
SNX-2112. Fig. 5A shows that the body weight of all animals
increased over the period of the experiment. At the end of the
experiment, tumor weight was measured. As shown in Fig. 5B,
the tumor weights of the SNX-2112-treated groups were signifi-
cantly lower than the vehicle treated control group (P<0.01).

Furthermore, when the tumor weight was subtracted from
the body weight, the 20, 40 and 80 mg/kg SNX-2112 treated
groups had an increased body weight (1, 1 and 1.5 g, respec-
tively), while the control group had a reduced body weight (1 g).
These results suggest that SNX-2112 has a good anti-tumor
therapeutic activity in vivo.

As blood vessels are critical for the growth of tumors in vivo,
the tumor vessel density was determined in H&E stained xeno-
graft tumor sections to further analyze the effects of SNX-2112
in vivo. The tumor vessel density of the 80 mg/kg SNX-2112
group was obviously reduced compared to the control group
(Fig. 5C).

Discussion

The incidence of melanoma is continuously increasing world-
wide. Melanoma is one of the most aggressive forms of cancer,
and is usually resistant to chemotherapy agents (18). The in vitro
experiments of this study demonstrated that SNX-2112, a selec-
tive Hsp90 inhibitor, time- and dose-dependently lead to growth
inhibition (Fig. 1), accumulation of cells in the GO/G1 phase
(Fig.2) and apoptosis (Fig. 3) in B16 melanoma cells. Additionally,
the growth inhibitory ability of SNX-2112 was much more potent
than 17-AAG. We also observed that the growth inhibitory effect
of SNX-2112 was associated with downregulation of the Hsp90
client proteins Akt, IKKa, NF-xB, B-Raf and GSK3p (Fig. 4).
In the in vivo experiments, SNX-2112 exhibited a significant
anti-tumor activity in B16 melanoma cell xenografts, without
displaying signs of significant toxicity. This study demonstrated
that SNX-2112 can significantly inhibit the proliferation and/
or growth of B16 melanoma cells, and has potential beneficial
therapeutic effects for the treatment of solid tumors.

The MTT assay indicated that SNX-2112 reduced the
viability of B16 melanoma cells in a time- and dose-dependent
manner, and exerted more potent effects than the classical Hsp90
inhibitor 17-AAG (Fig. 1). In addition, SNX-2112 reduced cell
proliferation in a concentration-dependent manner within the
range 0.039-0.625 uM, but reached a plateau at higher concen-
trations (0.625-10 xM). This may indicate that the anti-tumor
mechanisms of SNX-2112 differ from cytotoxic drugs, which do
not exhibit limited dose-effect relationships (19). In our previous
work, SNX-2112 showed a highly significant anti-proliferative
effect on MCF-7 cells (16).
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SNX-2112 significantly increased the percentage of B16
cells in the GO/GI1 phase. As the percentage of GO/G1 cells
increased, the percentage of S phase cells decreased and the
percentage of G2/M cells slightly changed. These results indi-
cate that SNX-2112 can inhibit B16 cell growth via a mechanism
involving GO/G1 arrest. It is possible that the Hsp90 client
protein p53 may play a key role in the cell cycle distribution in
B16 cells (20). As reported, 17-AAG induced G(0/1) cell cycle
arrest and apoptosis in a dose- and time-dependent manner in
mantle cell lymphoma cell lines by depleting levels of cyclin D1,
Akt, Bid and activating caspase 9 (21). Additional studies are
needed to clearly investigate the molecular mechanism by which
SNX-2112 leads to arrest of B16 cells in the GO/GI1 phase of the
cell cycle. To confirm whether SNX-2112-induced cell death
occurred via apoptosis, we examined the ability of SNX-2112
to induce the characteristic morphological changes of apoptosis
using DAPI staining. Marked morphologic alterations indicative
of apoptosis, including nuclear condensation, were observed in
cells treated with 0.2 uM SNX-2112 for 48 h (Fig. 3A). To further
investigate whether the growth inhibitory effect of SNX-2112 was
due to apoptosis, we quantified apoptosis in B16 cells using the
Annexin V-FITC/PI assay. The number of early and late apop-
totic cells and necrotic cells in B16 cells treated with SNX-2112
was significantly increased (Fig. 3B). These results indicate that
the anticancer effects of SNX-2112 in B16 cells may be due to
the ability to induce GO/G1 arrest and apoptosis. However, in our
previous work, we have found that SNX-2112 induced G2/M cell
cycle arrest in A375 (data not shown) and MCF-7 cells (16).

Inhibition of Hsp90 using small molecules results in the
rapid degradation of client proteins via the ubiquitin/proteasome
pathway, which leads to a significant reduction in the activity
of growth-promoting signaling pathways (22). Therefore, in
order to determine the mechanism by which SNX-2112 inhib-
ited proliferation and induced GO/G1 arrest and apoptosis, we
investigated the effects of SNX-2112 on the protein expression
of Akt, IKKa, NF-kB, B-Raf and GSK3f, which are related to
cell growth (23,24). SNX-2112 potently and time-dependently
downregulated the expression of all of the Hsp90 client proteins
tested (Fig. 4). These results demonstrated that SNX-2112 medi-
ates the degradation of Hsp90 client proteins and attenuates
Akt/GSK3p, IKKa/NF-kB and MAPK signaling. Inhibition
of these proteins is associated with reduced proliferation of
melanoma cells (25-29). Both the Ras/Raf/MEK/Erk (MAPK)
and the phosphatidylinositol 3-kinase (PI3K)/AKT signaling
pathways are constitutively activated via multiple mechanisms
in melanoma (30,31). AKT is a serine threonine kinase down-
stream of PI3K, which has a large number of downstream targets
implicated in survival and cell cycle regulation (32,33). The IKK
complex plays a central role in NF-«xB activation and has various
biological effects in cancer cells (34). Constitutive activation of
NF-«B is an emerging hallmark of a wide variety of tumor types,
including melanoma (35). Mutated B-Raf is frequently detected
in melanoma cells and appears to be a key activator of MEK/Erk
signaling; however, Hsp90 inhibitors can induce the degradation
of B-Raf (31). The a and (3 forms of GSK3, are critical regula-
tors of apoptosis (36), and GSK3p may play an important role
in Hsp90 inhibitor-treated cells (37). GSK3 oppositely regulates
the two major apoptotic signaling pathways, the mitochondrial
intrinsic apoptotic pathway and the death receptor-mediated
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extrinsic apoptotic signaling pathway, to induce either anti- or
pro-apoptotic actions (38).

In vivo, SNX-2112 significantly inhibited the growth of B16
melanoma xenograft tumors, demonstrating that SNX-2112 can
exert a potent anti-tumor effect. The reduced tumor growth of
mice treated with SN X-2112 could be explained, at least in part,
by a decreased blood vessel density in the tumor tissues. These
results are consistent with a previous report, which showed that
the administration of SNX-2112 led to tumor growth inhibition
and reduced angiogenesis in multiple myeloma xenografts (13).

In conclusion, this study demonstrated that SN X-2112 can
exhibit a potent anticancer activity against B16 melanoma cells
in vitro and in vivo. These findings indicated that SNX-2112
is a potent chemotherapeutic agent which can inhibit cell
proliferation and induce cell cycle arrest and apoptosis. Our
in vitro experiments suggested that SNX-2112 induces the
degradation of Hsp90 client proteins, leading to the inhibition
of Akt/GSK3p, IKKa/NF-xB and MAPK signaling which
inhibits cell growth, and induces apoptosis and cell cycle arrest.
Additionally, SNX-2112 significantly inhibited tumor growth
and decreased blood vessel density in vivo. The results of this
study provided evidence that SNX-2112 has potential for the
treatment of melanoma.
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