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17-Allylamino-17-demethoxygeldanamycin (17-AAG), a typical Hsp90 inhibitor derived from geldana-
mycin (GA), has entered Phase III clinical trials for cancer therapy. However, it has several significant lim-
itations such as poor solubility, limited bioavailability and unacceptable hepatotoxicity. In this study, the
anticancer activity and mechanism of SNX-25a, a novel Hsp90 inhibitor, was investigated comparing with
that of 17-AAG. We showed that SNX-25a triggered growth inhibition more sensitively than 17-AAG
against many human cancer cells, including K562, SW-620, A375, Hep-2, MCF-7, HepG2, HeLa, and
A549 cell lines, especially at low concentrations (<1 lM). It showed low cytotoxicity in L-02, HDF and
MRC5 normal human cells. Compared with 17-AAG, SNX-25a was more potent in arresting the cell cycle
at G2 phase, and displayed more potent effects on human cancer cell apoptosis and Hsp90 client proteins.
It also exhibited a stronger binding affinity to Hsp90 than 17-AAG using molecular docking. Considering
the superiority effects on Hsp90 affinity, cell growth, cell cycle, apoptosis, and Hsp90 client proteins,
SNX-25a is supposed as a potential anticancer agent that needs to be explored in detail.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Heat shock protein 90 (Hsp90) is a molecular chaperone that is
responsible for modulating the stability and activity of its client
proteins [1]. The Hsp90 client proteins are almost exclusively sig-
naling proteins like kinases and transcription factors, which play
a critical role in regulating cell growth, cell cycle, survival, and
apoptosis [2,3]. As compared to normal tissues, Hsp90 is overex-
pressed in solid tumors and hematological malignancies. There-
fore, targeting of Hsp90 with chemical inhibitors may induce the
degradation of oncogenic proteins and disrupt multiple oncogenic
processes [4].

The ansamycin antibiotic geldanamycin (GA), as the first natu-
ral Hsp90 inhibitor, was found to bind to an ATP pocket in the
N-terminal domain of the protein [5], which has led to the discov-
ery of several other Hsp90 inhibitors currently undergoing clinical
trials. 17-allylamino-17-demethoxygeldanamycin (17-AAG), an
analogue of GA, is the first Hsp90 inhibitor entered into clinical
trials to treat various types of cancers [6,7]. However, GA is too
toxic for clinical use, while 17-AAG has several significant
limitations, including poor solubility, limited bioavailability and
unacceptable hepatotoxicity [7,8]. These drawbacks have catalyzed
efforts to identify novel scaffolds with improved pharmacological
properties for clinical applications.

A novel class of indol-4-one and indazol-4-one derived from 2-
aminobenzamide that potently inhibit Hsp90 has been discovered
[9]. Previous studies carried out in our lab have shown that SNX-
2112, a 2-aminobenzamide Hsp90 inhibitor, exerts its growth
inhibitory and apoptosis-inducing activity in many human cancer
cells [10–13]. However its development has been discontinued
recently because of ocular toxicity seen in animal models and in
a separate phase I study [14]. Thus, design of a SNX-2112 alterna-
tive, based on the 2-aminobenzamide scaffold, might be a feasible
way to meet the clinical needs.

SNX-25a, with a 2-(trans-4-hydroxy-cyclohexylamino) side
chain, is a novel 2-aminobenzamide inhibitor of Hsp90 optimized
by structure–activity relationship (SAR) explorations for high
Hsp90 affinity [9]. To our knowledge, the anticancer effect of
SNX-25a has not been reported. Here we tested the anticancer
activities and mechanisms of SNX-25a on several human cancer
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Fig. 1. Cytotoxic effects of SNX-25a and 17-AAG on human cancer cells (A) and normal cells (B) Cells were treated with various concentrations of SNX-25a and 17-AAG for
72 h. Cytotoxic effect of the compounds was determined by MTT assay. Percentages of viable cells were calculated by comparing treated and solvent control cells. Data are the
mean ± S.D. of three replicates (⁄P < 0.05; ⁄⁄P < 0.01).
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cells, compared with 17-AAG. Initially, the growth inhibitory
effects of SNX-25a and 17-AAG on human cancer lines were inves-
tigated. To demonstrate more details, effects of the two com-
pounds on cell cycle distribution, apoptotic rate, levels of Hsp90
client proteins, and Hsp90 affinity were also determined.

2. Materials and methods

2.1. Reagents and antibodies

SNX-25a was prepared in our laboratory with purities of >98.0%
according to a previously described procedure [9]. 17-AAG was
purchased from Sigma (Sigma, USA). SNX-25a and 17-AAG were
dissolved in dimethyl sulfoxide (DMSO) at 10 mM stock solution
and stored at �20 �C for in vitro experiments. Antibodies against
IKKa, Raf-1, CHK1 and GSK3b were purchased from Epitomics
(Burlingame, CA), and the glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody was obtained from Millipore (Billerica,
MA).

2.2. Cell culture

The normal human diploid fibroblast (HDF) was isolated from
the foreskins of newborns using the procedure reported elsewhere



Table 1
IC50 values of SNX-25a and 17-AAG.

Cell lines Drug: IC50 (lM)

SNX-25a 17-AAG

Human cancer cells
K562 (leukemia) <0.01** 0.23 ± 0.11
SW-620 (colon carcinoma) <0.01* 0.08 ± 0.07
A375 (melanoma) 0.41 ± 0.10** 2.09 ± 0.82
Hep-2 (laryngeal cancer) 2.45 ± 1.39* 4.20 ± 2.77
MCF-7 (breast cancer) 3.02 ± 1.80 4.61 ± 2.71
Hep-G2 (liver cancer) 3.66 ± 1.90* 7.02 ± 2.14
Hela (cervical cancer) 6.09 ± 3.11* >10.00
A549 (lung cancer) 6.69 ± 3.32* >10.00

Normal human cells
MRC5 (fetal lung fibroblasts) >100.00 >100.00
L-02 (liver cells) >100.00 >100.00
HDF (dermal fibroblasts) >100.00 >100.00

Cells were cultured with various concentrations (0–10 lM in cancer cells, 0–50 lM
in normal cells) of compounds for 72 h. IC50 values of SNX-25a and 17-AAG towards
eight cancer cell lines (K562, A375, MCF-7, Hep-2, HepG2, A549, SW620, and Hela)
and three human normal cells (L-02, MRC5, and HDF) at 72 h as determined by
using MTT assay. Data are the mean ± S.D. of three replicates.
* P < 0.05.
** P < 0.01.
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[15,16]. Other ten cell lines were from the Cell Bank of China
Science Academy (Shanghai, China). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM), Minimum Essential
Medium (MEM) or RPMI-1640 medium supplemented with 10%
(v/v) fetal bovine serum.

2.3. MTT assay

Exponentially growing cells were seeded at 5–10 � 103 cells per
well in 96-well culture plates for 24 h. Cells were exposed to
increasing concentrations (0–10 lM) of SNX-25a or 17-AAG for
72 h. HDF, MRC5 and L-02 normal human cells were exposed to
SNX-25a or 17-AAG at various concentrations (0–50 lM) for
72 h. The equal volume of DMSO was used as the solvent control.
MTT solution (10 ll) was added to each well (0.5 mg/ml) and incu-
bated for another 4 h. Light absorbance of the solution was mea-
sured at 570 nm, with a reference wavelength of 630 nm, on a
multiscanner autoreader (M450; Bio-Rad, USA). The IC50 values
were calculated using the PrismPad program.

2.4. Cell cycle analysis

To determine the effects of SNX-25a and 17-AAG on the cell
cycle distribution, cancer cells were incubated with SNX-25a or
17-AAG (1.0 lM) for 48 h. Both suspended and adhered cells were
collected and fixed in 70% ethanol overnight. Cells resuspended in
PBS containing 50 lg/ml PI, 0.1 mg/ml RNase, and 5% Triton X-100
and incubated at 37 �C for 30 min. Cells were analyzed on a flow
cytometer (Becton Dickinson, San Jose, CA), and the percentages
of cells in different phases of the cell cycle were determined using
Becton Dickinson CellQuest software.

2.5. Apoptosis assay

Cancer cells (1.5 � 106 cells/ml) were cultured with SNX-25a or
17-AAG (1.0 lM) for 48 h. Cells were harvested by trypsinization
and resuspended in 500 ll of 1� binding buffer containing
Annexin V-FITC and PI. Samples were incubated in the dark for
15 min at room temperature and analyzed by the flow cytometry.

2.6. Immunoblotting

K562 (15 � 106 cells/ml) cells were incubated with SNX-25a or
17-AAG (1.0 lM) for 0, 6, 12, 24 or 48 h. Cells were collected and
washed with ice-cold PBS for three times. Then, cells were lysed
with RIPA buffer for 30 min on ice. Total cellular protein
(�25 lg) from each samples was loaded onto 8–12% sodium dode-
cyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) gels.
The proteins were transferred to polyvinylidene fluoride (PVDF)
membrane (Millipore) and membranes were blocked with 5% non-
fat milk for 1 h. The membranes were probed with primary anti-
bodies overnight, washed with TBST for 30 min, exposed to
horseradish peroxidase (HRP)-conjugated secondary antibodies
for 1 h, and washed again in TBST for 30 min. Immunoreactive
material was detected by using the chemiluminescence method.
GAPDH was used as the loading control.

2.7. Docking assay

The affinity of SNX-25a and 17-AAG against Hsp90 was deter-
mined by MOE docking assay. Crystal structure of Hsp90 was taken
from the Protein DataBank (PDB code: 3R92). SNX-25a and 17-AAG
were converted to 3D structures, and energy was minimized in
MOE. The binding site of Hsp90 was minimized using the AMBER
99 force field in MOE with the default parameter. The two
compounds were docked, employing Triangle Matcher as the
placement method and the function London dG as the first scoring
function. The refinement was set to force field (AMBER 99), and the
docked poses were energy minimized in the receptor pocket [17].
The conformations of lowest energy were given, and a lower
scoring value indicated a more favorable binding.

2.8. Statistical analysis

Data were evaluated by the Welch t-test when only 2 value sets
were compared. One-way ANOVA followed by Dunnett’s test was
used for comparisons of 3 or more groups. Results were expressed
as means ± S.D. with significance at ⁄P < 0.05 or ⁄⁄P < 0.01.

3. Results

3.1. SNX-25a inhibited cancer cell growth more potently than 17-AAG

We compared the growth inhibitory effects of SNX-25a and
17-AAG on human cancer lines originating from bone marrow,
colon, skin, larynx, breast, liver, cervix, and lung. All cells were
exposed to various concentrations (0–10 lM) for 72 h and cell via-
bility was quantified by MTT assay. As shown in Fig. 1A, SNX-25a
and 17-AAG significantly inhibited the growth of eight human can-
cer cell lines in a dose-dependent manner. The most two sensitive
cell line were K562 and SW-620 (IC50<0.01 lM). The IC50 values of
other cancer cells were from 0.41 lM to 6.69 lM (Table 1). In all 8
cancer cell lines that we studied, SNX-25a was more potent than
17-AAG, especially at the low concentrations of <1 lM. For the
remaining experiments, we adopted 1 lM as the optimal
concentration.

3.2. SNX-25a exerted low cytotoxicity toward human normal cells

The cytotoxic effects of the two agents on three human normal
cell lines (L-02, HDF, and MRC5 cells) were determined by MTT
assay. The cells were exposed to SNX-25a or 17-AAG at concentra-
tions from 3.13 to 50.0 lM for 72 h. There was no significant differ-
ence between SNX-25a and 17-AAG in the toxic effects of normal
cells (Fig. 1B). The value of IC50 could not be determined even at
the high concentration of 50.0 lM (Table 1), suggesting that
SNX-25a exerted acceptable cytotoxicity toward normal cells and
high selectivity in cancer cells.
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3.3. SNX-25a induced cell cycle arrest at G2/M phase in cancer cells

To detect whether the growth-inhibitory effects of SNX-25a and
17-AAG was associated with the cell cycle arrest, we assessed their
effects on the cell cycle distribution in five different cancer cell
lines, including K562, Hep-2, A549, SW620 and Hela cells. Cells
were treated with 1 lM SNX-25a or 17-AAG for 48 h, then sub-
jected to flow cytometric analysis. We found that SNX-25a and
17-AAG induced G2 phase arrest in all five cancer cells in compar-
ison to untreated cells (Fig. 2). Compared to 17-AAG, SNX-25a is
more potent than 17-AAG in induction of cell cycle, suggesting that
SNX-25a induced inhibitory effects may be mediated by cell cycle
arrest.
Fig. 2. Cell cycle analysis of cancer cells after treatment with SNX-25a and 17-AAG. Five c
analysis. Cells were cultured with SNX-25a and 17-AAG at 1 lM, collected after 48 h and
cytometry. Results represent mean ± SD of three replicates. Representative images from
Data are the mean ± S.D. of three replicates (⁄P < 0.05; ⁄⁄P < 0.01).
3.4. SNX-25a was more potent than 17-AAG in inducing apoptosis of
human cancer cells

To explore the mechanisms of cytotoxicity in cancer cells trig-
gered by SNX-25a and 17-AAG, we performed apoptotic analysis
in six cancer cells. The percentage of apoptotic cells increased after
exposure to 1 lM SNX-25a and 17-AAG for 48 h, evaluated by flow
cytometric analysis for Annexin-V/FITC and PI staining. SNX-25a
and 17-AAG clearly induced apoptosis in all six cell lines (Fig. 3).
SNX-25a at 1 lM induced apoptosis from 4.0% to 17.9% for K562;
from 6.5% to 15.4% for SW-620; from 5.5% to 13.2% for Hep2; from
5.6% to 22.1% for Hela; and from 11.7% to 42.2% for A549, respec-
tively. 8.8%–32.4% apoptotic cells were generated when these six
ancer cells lines (K562, Hep-2, A549, SW620, and Hela cells) were used for cell cycle
stained with PI. The DNA content and cell cycle distribution were analyzed by flow

three experiments are shown, and percentages of cells in cycle arrest are indicated.



Fig. 3. Effects of SNX-25a and 17-AAG on induction of apoptosis in human cancer cells. K562, Hep-2, A549, SW620, and Hela cells were treated with control, SNX-25a and 17-
AAG at 1 lM for 48 h. Apoptosis was detected by flow cytometric analysis based on PI (Y-axis) and Annexin V (X-axis) staining. Representative images from three experiments
are shown, and percentages of apoptotic cells (lower and upper right-quadrants) are indicated. Data are the mean ± S.D. of three replicates (⁄P < 0.05; ⁄⁄P < 0.01).
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cancer cell lines treated with 1 lM 17-AAG. Our results indicate
that SNX-25a is more potent than 17-AAG in the apoptotic induc-
tion of human cancer cells.

3.5. SNX-25a down-regulated Hsp90 client proteins more potently
than 17-AAG

Hsp90 inhibitors bind to the ATP pocket and suppress the
ATPase activity of Hsp90, resulting in degradation of its client pro-
teins [25]. To identify whether the Hsp90 client proteins are
involved in the increased potency of SNX-25a compared with
17-AAG, Western blot was used to monitor the changes of the
expression of four client proteins (including IKK, CHK1, GSK, and
Raf) in K562 cells. As shown in Fig. 4A, these four Hsp90 client pro-
teins were degraded in a time-dependent manner by SNX-25a and
17-AAG. Moreover, SNX-25a was more potent in suppressing
Hsp90 client proteins than 17-AAG (Fig. 4B).

3.6. SNX-25a exhibited a stronger binding affinity to Hsp90 than 17-
AAG

To compare the affinity to Hsp90 of SNX-25a and 17-AAG, dock-
ing studies were used to examine the fitness. A lower scoring value
suggests a more favorable binding. It was clearly recognized that
SNX-25a and 17-AAG interacted with Hsp90 binding pocket differ-
ently (Fig. 4C). We found a hydrogen bond residue (Phe-138) and a
side chain donor molecule (Lys-58) contacted with SNX-25a. SNX-
25a interacted with 18 residues in the pocket, whereas, 17-AAG
only interacted with 11 residues, and major portion was exposed
to the solvent. The scoring value of SNX-25a was �29.46 kcal/
mol, which was lower than �21.4 kcal/mol in 17-AAG, indicating
that SNX-25a had a better affinity to Hsp90 than 17-AAG.

4. Discussion

In this study, we revealed significant growth inhibitory effect of
SNX-25a on multiple cancer cell types. This effect (1) is higher than
17-AAG; (2) seems to be generalized; (3) may be mediated by G2
phase arrest and cell apoptosis; and (4) may be provoked by the
down-regulation of Hsp90 client proteins. In addition, we found
that SNX-25a, a novel Hsp90 inhibitor, exerted higher affinity for
Hsp90 than the typical Hsp90 inhibitor 17-AAG in molecular
docking.

SNX-25a displayed better activity than 17-AAG in human
cancer cells, with different sensitivity depended on specific cell
types. One interpretation is that the expressions and functions of



Fig. 4. Effects of SNX-25a and 17-AAG on Hsp90 client proteins and Hsp90 affinity. (A) Inhibition of Hsp90 client proteins by SNX-25a and 17-AAG. K562 cells were cultured
with control (vehicle), 17-AAG and SNX-25a at 1 lM for the indicated times. Equal amounts of whole-cell lysates (25–50 lg) were analyzed by Western blot to detect the
expressions of Hsp90 client proteins. (B) In the accompanying bar graphs, protein levels were normalized to GAPDH, which was used as a loading control. Results are shown
as means ± S.D. of three independent experiments. (C) Docking of SNX-25a and 17-AAG into the N-terminal domain of Hsp90 (protein structure from PDB code 3R92). The
conformations of lowest energy were shown, and a lower scoring value indicated a more favorable binding.
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multiple Hsp90 isoforms are not uniform in different cell types.
These Hsp90 isoforms include Hsp90a and Hsp90b in the cyto-
plasm and nucleus, GRP94 in the endoplasmic reticulum (ER),
and TRAP1 in the mitochondria [18]. Hsp90a’s functions include
stress-induced cytoprotection and cell cycle regulation, whereas
Hsp90b plays an important role in early embryonic development,
signal transduction, and long term cell adaptation [19,20]. GRP94
is specialized for protein folding and plays a role in degradation
of misfolded proteins through the ER-associated degradation path-
way [21]. Meanwhile, TRAP1 is involved in signal transduction,
protein folding, protein degradation, and morphologic evolution
[22]. In fact, the development of Hsp90 inhibitors against specific
Hsp90 isoforms may be a promising strategy for cancer therapy.

SNX-25a has strong selectivity in cell growth inhibition
between cancer cells and normal cells. This is probably because
the expression and molecular conformation of Hsp90 are greatly
different in cancer and normal cells. In tumor cells, Hsp90 might
be exclusively complexed with co-chaperones, forming a super-
chaperone complex in a state of high affinity for ATP/ADP or
ligands (e.g., Hsp90 inhibitors) of this regulatory pocket. However,
in normal cells, Hsp90 is predominantly in a latent, uncomplexed,
and low affinity state [23,24]. Therefore, compared with Hsp90
from normal cells, tumor Hsp90 is hypersensitive to Hsp90
inhibitors.

We show that SNX-25a displays the antitumor profile of the
natural product Hsp90 inhibitors: growth inhibition, G2 cell cycle
arrest, induction cell apoptosis, and degradation of Hsp90 clients
[25]. Previously, we found that SNX-2112 can induce the degrada-
tion of Bcr-abl and Akt in K562 cells [26]. Here we focused on the
levels of IKKa, GSK3, CHK1 and Raf-1, due to their critical roles in
the proliferation of human leukemia cells. For instance, The IKK
complex is a central regulator of NF-jB activation, and participates
in up-regulation of several anti-apoptotic genes [27,28]. Holmes
and Wang et al. have indicated that GSK3b can promote prolifera-
tion and/or survival in leukemia cells [29,30]. Emerging evidence
suggests that CHK1 is a necessary regulator required for tumor
growth and may contribute to anticancer therapy resistance
[31,32]. The Ras/Raf/MEK/ERK signaling pathway has been shown
to play a key role in the K562 cell survival [33,34]. Targeting
Raf-1 gene expression by a DNA enzyme induces growth inhibition
of leukemia cells [35]. Here we observed that SNX-25a induced
time-dependent down-regulation of the expression of Hsp90 client
proteins more potently than 17-AAG, which may be the mode of
action of SNX-25a on induction of growth inhibition, cell cycle
arrest, and apoptosis.

In conclusion, SNX-25a is a novel 2-aminobenzamide analogue
of SNX-2112 with a higher efficacy than 17-AAG on inhibition of
eight cancer cells growth. Consequently, this superiority effect
merits further confirmation in xenograft experiments in vivo. The
mode of action of antitumor activity may be associated with the
induction of cell cycle arrest, apoptosis and Hsp90 client proteins
degradation. Our results suggest that the novel Hsp90 inhibitor
SNX-25a may represent a promising alternative to 17-AAG for clin-
ical applications.
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