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ABSTRACT

Heat shock protein 90 (HSP90) is essential for cancer cells to assist the function 
of various oncoproteins, and it has been recognized as a promising target in cancer 
therapy. Although the HSP90 inhibitors in clinical trials have shown encouraging 
clinical efficacy, these agents induce heat shock response (HSR), which undermines 
their therapeutic effects. In this report, we detailed the pharmacologic properties of 
4-(2-((1H-indol-3-yl)methylene)hydrazinyl)-N-(4-bromophenyl)-6-(3,5- dimethyl-
1H -pyrazol-1-yl)-1,3,5-triazin-2-amine (X66), a novel and potent HSP90 inhibitor. 
X66 binds to the N-terminal domain in a different manner from the classic HSP90 
inhibitors. Cellular study showed that X66 depleted HSP90 client proteins, resulted 
in cell cycle arrest and apoptosis, and inhibition of proliferation in cancer cell lines. 
X66 did not activate heat shock factor-1 (HSF-1) or stimulate transcription of HSPs. 
Moreover, the combination of X66 with HSP90 and proteasome inhibitors yielded 
synergistic cytotoxicity which was involved in X66-mediated abrogation of HSR 
through inhibition of HSF-1 activity. The intraperitoneal administration of X66 alone 
depleted client protein and inhibited tumor growth, and led to enhanced activity when 
combined with celastrol as compared to either agent alone in BT-474 xenograft model. 
Collectively, the HSP90 inhibitory action and the potent antitumor activity, with the 
anti-HSR action, promise X66 a novel HSP90-targeted agent, which merits further 
research and development.

INTRODUCTION

The molecular chaperone heat shock protein 90 
(HSP90) is essential for the viability of eukaryotic cells. 
HSP90, in complex with other cochaperone proteins 
[1, 2], directs the maturation and stabilization of an 
array of proteins referred to as client proteins [3], via 
its ATPase activity [4]. A number of these proteins are 
oncogenic proteins, including tyrosine-kinase receptors, 
signal transduction proteins and transcription factors, 
which are crucial for the development and promotion of 
cancer. Since cancer cells require HSP90 to maintain its 
homeostasis by stabilizing the mutated or overexpressed 
oncoproteins, HSP90 has become a promising target for 
cancer therapy.

The first HSP90 inhibitor geldanamycin (GM) 
[5], and the inhibitors in clinical trials, including GM 
analogues, resocinol derivatives, purine analogues and 
other compounds, bind to an ATP pocket in the N-terminal 
domain [6]. The binding inhibits HSP90 ATPase activity 
and results in the degradation of oncogenic client proteins 
through ubiquitin-mediated proteasomal degradation [7, 
8]. The degradation leads to tumor cell growth arrest and 
activation of apoptosis [9]. The compounds targeting the 
ATP pocket in HSP90 N-terminal domain are referred to 
as classic HSP90 inhibitors.

Although some of classic HSP90 inhibitors 
have obtained positive results in clinical trials [10, 11], 
they will induce heat shock response (HSR), which 
is activated mainly by heat shock factor-1 (HSF-1), a 
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transcription factor repressed by HSP90 complex under 
normal conditions [12, 13]. After the treatment with 
HSP90 inhibitor, the interaction of monomeric HSF-1 
with HSP90 complex is disrupted. This results in the up-
regulation of a wide range of heat shock proteins (HSPs), 
including HSP72 and HSP27 [14, 15], both of which are 
anti-apoptotic and tumorigenic [16, 17]. Consequently, 
targeting HSR is a promising strategy for enhancing 
therapeutic efficacy on HSP90 inhibition. Evidence has 
been accumulated that inhibition of HSP72 or HSP27 
increases cellular sensitivity to HSP90 inhibitor [18-
20]. In addition, studies of HSF-1 show the positive 
correlation between HSF-1 and tumor malignancy [21], 
and silencing HSF-1 increases antitumor activity of 
HSP90 inhibitor [22].

In this study, a triazine derivative , 4-(2-((1H-indol-
3-yl)methylene) hydrazinyl)-N- (4-bromophenyl)-6-(3,5-
dimethyl-1H-pyrazol-1-yl)-1,3,5-triazin-2-amine (X66)
stood out as a novel N-terminal inhibitor with a unique 
HSP90 binding site which was distinct from all those known 
HSP90 inhibitors. We aimed to determine the anti-tumor 
activities of X66 both in vitro and in vivo, and figure out the 
related possible mechanisms of action. The results indicated 
that X66 depleted client proteins, caused cell-cycle arrest 
and apoptosis. More importantly, X66 did not induce HSR 
alone, and abrogated other chemotherapeutic compounds-
induced HSR and potentiated the antitumor activity. These 
findings help to elucidate the precise mechanisms involved 
in the antitumor activities of X66 and enable the rational 
design of novel HSP90–targeted drugs.

RESULTS

X66 is a novel N-terminal HSP90 inhibitor

X66 is a potent and novel HSP90 inhibitor

We used the surface plasmon resonance (SPR) 
assay to measure the direct interaction of HSP90 with its 
inhibitors, and identified X66 as a novel HSP90 inhibitor 
(Figure 1A). As shown in Figure 1B, both X66 and GM 
bound to the recombinant human full-length HSP90α 
immobilized on sensor chip in a concentration-dependent 
manner, yielding dissociation constants (KD) of 5.3 μM 
and 0.1 μM, respectively.

Next, the pull-down gel showed that Biotin-X66 
was able to isolate HSP90 in SK-BR-3 cell lysates. The 
major proteins bound to Biotin-X66 were visualized 
with Coomassie blue as bands at approximately 95 KDa, 
70 KDa and 55 KDa, respectively (Figure 1C). The protein 
appeared at 95 KDa had been identified as HSP90 by 
Western blot (Figure 1D).
X66 binds to a different N-terminal domain of HSP90 
from that of classic HSP90 inhibitors

HSP90 has three structural domains: the N-terminal 
domain contains an ATP pocket and has ATPase activity, the 

middle domain provides binding sites for cochaperones and 
client proteins, and the C-terminal domain is responsible for 
HSP90 being a dimer and has a second ATP pocket [23]. The 
majority of HSP90 inhibitors bind to sites of the N-terminal 
domain or C-terminal domain. The in vitro binding assay 
showed that Biotin-X66 was able to isolate the recombinant 
human full-length protein and its N-terminal fragment, 
but not the C-terminal fragment (Figure 1D). The amount 
of HSP90 N-terminal fragment was directly proportional 
to the amount of Biotin-X66 used (data not shown), and 
diminished by preincubation with excess soluble X66 
(Figure 1E). Unexpectedly, GM and the more potent HSP90 
inhibitor NVP-AUY922 were unable to compete against 
Biotin-X66 for binding to the N-terminal fragment after 
preincubation with the protein solution. This result was 
further confirmed by the competitive binding fluorescence 
polarization (FP) assay. As shown in Figure 1F, X66 failed 
to block the interaction of FITC-GM, GM or NVP-AUY922 
with the recombinant HSP90. Thus, these results suggest that 
X66 binds to the N-terminal domain of HSP90 in a manner 
that is different from classic HSP90 inhibitors.

X66 inhibits tumor cell proliferations and 
induces cell cycle arrest and apoptosis

The anti-proliferative activity of X66 in vitro was 
examined in several tumor cell lines. X66 inhibited the 
proliferation of SK-BR-3, BT-474, A549, K562 and HCT-
116, in a concentration-dependent manner, with IC50 values 
of 8.9, 7.1, 7.5, 8.6 and 6.7 μM, respectively. (Figure 2A).

We further investigated the effect of X66 on cell 
cycle profile. X66, similar to GM, causes cell type-
dependent cell cycle arrest. Treatment with 20 μM X66 
resulted in G1 arrest in SK-BR-3 and A549 cells, with the 
proportion of cells in G1 phase increasing from 50.8% 
to 64.5% and 61.8% to 77.9%, respectively. However, 
20 μM X66 arrested K562 cells in G1 plus G2/M phases, 
with the G1 fraction increasing from 34.0% to 45.1% and 
G2/M fraction increasing from 3.7% to 9.2%, respectively 
(Figure 2B). Furthermore, cell apoptosis was observed 
with prolonged X66 treatment for 48 h in SK-BR-3 cells. 
20 μM X66 caused slightly cleavage of Poly (ADP-ribose) 
polymerase (PARP) Caspase-8, Caspase-9 and Caspase-3, 
and the phenomena became obvious at the concentration 
of 40 μM (Figure 2C). Together, these results indicate that 
X66 causes cell-cycle arrest followed by apoptosis.

X66 decreases HSP90 client protein levels via the 
proteasome pathway

The HSP90 chaperone complex stabilizes many 
client proteins that play key roles in tumor formation 
and progression [24]. Therefore, we examined whether 
HSP90 inhibition by X66 can induce degradation of 
these oncoproteins. X66 effectively decreased the levels 
of specific oncogenic proteins, such as HER2, EGFR and 
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Figure 1: X66 is a novel N-terminal inhibitor of HSP90. A. Chemical structures of X66 (upper panel) and Biotin-X66 (lower 
panel). B. SPR analysis of X66 binding to full-length HSP90α. Sensorgrams obtained by injection of X66 and GM at the indicated 
concentrations on immobilized HSP90α. C. Bands isolated in the pull-down assay using SK-BR-3 cell lysate. Lane1: MW marker; lane 2: 
cell lysate input; lane 3: negative control (Biotin); Lane 4: Biotin-X66. Major proteins are indicated by asterisks. The first one is HSP90 
followed the order from top to bottom. D. Cell lysates of SK-BR-3 cells, full-length HSP90α, fragment of N-terminal domain (NTD) and 
fragment of C-terminal domain (CTD) were tested for binding to Biotin-X66. The assay was carried out as described under “Materials and 
Methods”. HSP90 in cell lysates and full-length HSP90α were detected by HSP90 antibody, and NTD and CTD were detected by His-tag 
antibody. (Continued )



Oncotarget29651www.impactjournals.com/oncotarget

BCR-ABL in BT-474, A549 and K562 cancer cell lines 
(Figure 2D). Similar effects were observed in SK-BR-3 
cells. X66 treatment reduced the levels of HER2 and 
other client proteins including AKT, RAF-1, CDK6 and 
CDK4 in a concentration- and time-dependent manner 
(Figure 2E). The reduction of HSP90 client proteins was 
usually concurrent with induction of HSP72 and HSP27, 
a hallmark of HSP90 inhibition [25]. Unexpectedly, Both 
proteins were induced by GM, but not by X66, in all these 
tested cell lines (Figure 2D and 2E). X66 does not induce 
constitutive heat shock protein 70 (HSC70) either.

It has been proved that the HSP90 inhibitor-treated 
degradation of client proteins is mediated by proteasome 
[7, 8]. Co-treatment with proteasome inhibitor MG132 

reversed the X66- and GM-induced degradation of HER2 
and AKT (Figure 2F). The data suggest that X66 depletes 
HSP90 client proteins in a proteasome-dependent manner, 
and does not induce the expression of HSPs in various 
tumor cell lines.

X66 does not induce HSR

We further examined the mechanistic action of X66 
on HSP90 client protein and HSPs. First, we detected 
whether the changes of HSP90 client protein and HSPs 
observed after X66 treatment were reflected in the 
mRNAs. In SK-BR-3 cells, both X66 and GM declined 
the protein expression of HER2, and did not affect the 
mRNA expression. However, neither mRNA nor the 

Figure 1: (Continued )  X66 is a novel N-terminal inhibitor of HSP90. E. X66, GM and NVP-AUY922 in increasing concentrations 
were used to compete with Biotin-X66 on binding to NTD. F. FP assay was carried out as described under “Materials and Methods”. The 
HSP90α was incubated with GM, NVP-AUY922 or their combination with X66 at the indicated concentrations. n=3; Error bars ± SEM.
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protein of HSP72 and HSP27 was induced after X66 
treatment, even at the concentration of 40 μM, whereas 
1 μM GM triggered the transcription of these two HSPs 
prominently (Figure 3A and 3B). Similar results were 
obtained in A549 cells. These data indicate that X66 may 
not induce the transcription of stress-inducible heat shock 
elements (HSE)-containing genes.

HSF-1, the transcription factor for HSPs by 
recruiting to HSE, is critical for the induction of HSR 
[26]. We next investigated the effect of X66 on HSF-1 in 
SK-BR-3 cells that were transfected with a HSR reporter 
plasmid. The HSR reporter is a HSE-luciferase fusion 
construct, and the luciferase activity is coupled with the 
transcriptional activity of HSF-1. As shown in Figure 3C, 

X66 did not activate the activity of HSF-1, and partly 
inhibited the activity even at the concentration of 40 μM, 
whereas 1 μM GM triggered the activity significantly.

Previous studies have demonstrated that many 
steps are required for HSF-1 activation, including 
phosphorylation and accumulation in the nucleus [15, 27]. 
As expected, our results showed that a mobility 
shift for HSF-1, which is often correlated with the 
hyperphosphorylation, was observed after treatment with 
GM in SK-BR-3 and A549 cells (Figure 3A). In consistency 
with this, GM successfully phosphorylated HSF-1 at 
S326, which contributes significantly to the activation of 
HSF-1 [27]. On the contrary, X66 had little effect on the 
phosphorylation at S326 in either cell line, although it 

Figure 2: X66 inhibits proliferation of tumor cell lines and causes HSP90 client proteins degradation in vitro. A. Anti-
proliferative effects of X66 against SK-BR-3, BT-474, A549, HCT-116 and K562 cells. n=3; Error bars ± SEM. B. Representative cell cycle 
phase histograms of SK-BR-3, A549 and K562 cells following treatment with X66 or GM for 24 h, respectively. n=3; Error bars ± SEM. 
C. Levels of PARP, Procaspase-3, Caspase-8 and Caspase-9 were determined by Western blot in SK-BR-3 cells following 48-h exposure to 
increasing concentrations of X66. β-Tubulin was included as loading control in all experiments. (Continued )
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Figure 2: (Continued ) X66 inhibits proliferation of tumor cell lines and causes HSP90 client proteins degradation 
in vitro. D. Western blot analysis of BT-474, A549 or K562 cells following 24-h exposure to 20 μM X66 or 1 μM GM. E. Western blot 
analysis of SK-BR-3 following 24-h exposure to increasing concentrations of X66 (left), or 20 μM X66 for indicated time (right). F. SK-
BR-3 cells were pretreated with or without 10 μM MG132 for 1 h before exposure to 1 μM GM or 40 μM X66 for 12 h. Levels of HER2 
and AKT were analyzed by Western blot.
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Figure 3: X66 does not induce HSR. A. and B. SK-BR-3 and A549 cells were treated with indicated concentrations of GM or X66 for 
8 h and 13 h, respectively. Cell lysates were analyzed by Western blot with indicated antibodies (A). Total mRNA was amplified by two-
step RT-PCR and then separated on 1% agarose gel (B). C. SK-BR-3 cells were transiently transfected with a reporter plasmid encoding 
luciferase under the control of a HSE promoter or a plasmid encoding luciferase only. 48 h after transfection, SK-BR-3 cells were treated 
with indicated concentrations of GM or X66 for 8 h, and then assayed for luciferase activity. D. A549 cells were treated with GM or X66 
for 13 h, and then were fractionated as described under “Materials and Methods”. The presence of HSF-1 was analyzed by Western blot. 
β-Tubulin and Histone3 were used as loading control of cytoplasmic fraction and nuclear fraction, respectively. E. A549 cells were treated 
with GM or X66 for 3 h, and then followed by co-immunoprecipation as described under “Materials and Methods”. Samples were analyzed 
by Western blot with indicated antibodies. *, p < 0.05.
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caused the mobility shift of HSF-1 at the concentration of 
40 μM. We next investigated whether X66 has effect on the 
nuclear accumulation of HSF-1 in A549 cells. As indicated 
in Figure 3D, a marked accumulation of HSF-1 was found 
within the nuclear fraction in the cells treated with GM. 
In contrast, no increase in HSF-1 level within the nuclear 
fraction was observed after X66 treatment.

It is well-known that HSF-1 dissociates from HSP90 
complex in cells after treatment with HSP90 inhibitors 
[12]. To find out whether X66 can cause the release of 
HSF-1 from HSP90 complex, we detected the protein 
level of HSF-1 by co-immunoprecipitation with HSP90 
antibody. As shown in Figure 3E, HSF-1 that bound to 
HSP90 decreased in cells treated by GM but changed 
little after X66 treatment, compared with their respective 
control level. These data indicate that X66 is unable to 
release HSF-1 which binds to HSP90 complex and then 
results in its lack of HSR.

X66 reverses the HSF-1 activator-induced HSR

Since X66 does not induce HSR, we were interested 
to find out whether its combination with HSF-1 activators, 
such as GM, MG132 or celastrol [28], has potential effect on 
anti-tumor activity. We evaluated the cellular activity of the 
combination treatment to the two agents alone by calculating 
the combination index (CI). The CI value definition for 
synergism is CI < 1, additive effect CI = 1, and antagonism 
CI > 1. As shown in Table 1, X66 showed synergistic effects 
in growth inhibition of all tested cell lines when combined 
with celastrol. Its combination with GM or MG132 also 
showed synergistic effects in some of the cell lines.

To examine the mechanistic basis for this synergistic 
interaction, we investigated the effect of X66 on the stress 
response, which is an important determinant of sensitivity 
to these tested agents. As shown in Figure 4A, X66 blocked 
the up-regulation of HSP72 protein induced by GM, 
celastrol or MG132 in all the tested cell lines including 
SK-BR-3, A549, HCT-116 and BT-474 cells. In consistency 

with this data, X66 abrogated the GM-induced transcription 
of HSP72 in a concentration-dependent manner (Figure 4B). 
The capability of reversing the GM-induced HSR was 
further confirmed by monitoring the transcriptional activity 
of HSF-1, while the protein levels of HSF-1 changed 
little after combination treatment (Figure 4C). Moreover, 
the hyperphosphorylation of HSF-1 at S326 induced by 
celastrol was inhibited by X66 markedly, while the protein 
level of HER2 was restored (Figure 4D). Thus, these results 
suggest that the enhanced anti-proliferation activity of X66 
in combination with these agents in vitro might be attributed 
to its capability of reversing HSR through diminishing the 
transcriptional activity of HSF-1.

The in vivo study of X66

Pharmacokinetic/pharmacodynamic relationship of 
X66 in tumor-bearing animals

Given its encouraging activity in vitro, we 
investigated the antitumor efficacy of X66 in vivo. A single-
dose pharmacokinetic/pharmacodynamic study was first 
conducted in the HER2-overexpressing BT-474 breast cancer 
xenograft model. After a single intraperitoneal injection 
(i.p.) dosing of X66 at 100 mg/kg, the plasma and tumor 
were collected at various time points over a 24-h period. A 
portion of the tumor tissue was prepared for pharmacokinetic 
evaluation, and the remaining tumor tissue was subjected to 
Western blot analysis. As shown in Figure 5B, HER2 was 
inhibited from 0.5 to 24 h after compound administration in a 
time-dependent manner, which was in concordance with the 
changes of the plasma and the intratumoral concentrations 
of X66 (Figure 5A). The protein level of HER2 decreased 
significantly at 9 h, correlating with the plasma and tumor 
exposure to X66 with the concentration of 11.4 μM and 51.6 
μM, respectively. Note that the protein level of HSP72 in 
tumor tissue remained stable during the time course, which 
was consistent with in vitro results.

Table 1: Combination of X66 with HSP90 and proteasome inhibitors sensitizes tumor cells

Cell line CI

GM Celastrol MG132

SK-BR-3 0.95 ± 0.04 0.89 ± 0.06 0.85 ± 0.12

A549 0.98 ± 0.04 0.87 ± 0.06 ND

HCT-116 0.96 ± 0.03 0.70 ± 0.06 ND

BT-474 ND 0.85 ± 0.05 0.96 ± 0.04

Cells were plated in 96-well plates and incubated with different concentrations of each compounds or their combinations 
for 72 h in triplicate. The concentration of X66 ranged from 0.625-10 μM. The fixed ratios of X66 to GM are 1000 : 
1(SK-BR-3), 500 : 1(A549) and 250 : 1(HCT-116), respectively. The fixed ratios of X66 to celastrol are 15 : 1 (SK-
BR-3, HCT-116), 5 : 1 (A549) and 50 : 1 (BT-474), respectively. The fixed ratios of X66 to MG132 are 25 : 1 (SK-BR-3) 
and 7.5 : 1(BT-474), respectively. The Calcusyn software was used to calculate the CI values. Values represent the mean ± 
SEM (n=3). ND, not determined.
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Figure 4: X66 blocks the HSF-1 activator-induced HSR. A. SK-BR-3, A549, HCT-116 and BT-474 cells were incubated with 
or without X66 for 1 h before exposed to GM, celastrol or MG132 for 8 h. Cell lysates were analyzed by Western blot with indicated 
antibodies. B. SK-BR-3 cells were pretreated with or without increasing concentrations of X66 for 1 h before exposed to GM for 8 h. The 
protein and mRNA levels of HSP72 were analyzed by Western blot and Real-time PCR, respectively. C. SK-BR-3 cells were transiently 
transfected with a reporter plasmid encoding luciferase under the control of a HSE promoter or a plasmid encoding luciferase only. 48 h 
after transfection, the cells were treated similarly as described in B and assayed for luciferase activity.The protein level of HSF-1 were 
analyzed by Western blot D. BT-474 cells were pretreated with or without X66 for 1 h before exposed to celastrol for 8 h. Cell lysates were 
analyzed by Western blot with indicated antibodies. *, p < 0.05; **, p < 0.01.
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X66 exhibits potent antitumor activity accompanied by 
degradation of HSP90 client proteins in vivo

We next evaluated the antitumor efficacy of 
the compound given i.p. daily against the same BT-
474 xenograft model. X66 exhibited dose-dependent 

antitumor activity with the treated/control (T/C) value of 
78.4%, 47.7% and 28.0% for doses of 25, 50 and 100 mg/
kg, respectively, on the final treatment day (Figure 5C). 
These treatments were well tolerated, and no significant 
body weight loss was observed during the course of the 

Figure 5: In vivo study of X66. A. and B. BT-474 tumor-bearing mice were received a single dose of 100 mg/kg X66 i.p., and the mice 
were sacrificed at indicated time. The concentrations of X66 were determined in blood plasma and tumor tissues (A). In parallel, tumor 
extracts were used to analyze HER2 and HSP72 levels by Western blot (B). C. and D. BT-474 tumor-bearing mice were received vehicle 
(n=10) or X66 (n=6) i.p. daily for 21 days at indicated doses. Tumor volumes were measured (C). The mice were sacrificed 9 h after last 
dose, and tumor was removed and analyzed by Western blot (D). E. and F. BT-474 tumor-bearing mice were received vehicle (n=10), X66 
50 mg/kg, celastrol 2 mg/kg, or their combination (n=6). Tumor volumes were measured (E). The mice were sacrificed 9 h after last dose, 
and tumor was removed and analyzed by Western blot (F). Data are presented as mean ± SEM. **, p < 0.01 verses vehicle; †, p < 0.05 
verses either single agent alone.
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experiment in all groups (data not shown). Furthermore, 
the antitumor activity in this model was correlated with the 
reduced levels of HSP90 client proteins, including HER2 
and AKT in the tumor tissues (Figure 5D). Neither HSP72 
nor non-client protein ERK had changed.
X66 enhanced anti-tumor activity of celastrol in 
xenograft model

To determine whether the synergistic anti-
proliferative activity of X66 in combination with celastrol 
translated in vivo, we assessed the combinational treatment 
against BT-474 xenograft model. As shown in Figure 
5E, treatment with 2 mg/kg celastrol alone resulted in 
moderate block of tumor growth (T/C of 65.6%), whereas 
the addition of 50 mg/kg X66 was significantly more 
potent than each single agent in inhibiting the growth of 
tumor xenografts with a T/C value of 19.5% (p < 0.01). 
No additional toxicity was observed in the co-treatment 
group as assessed by treatment-related mortality and body 
weight change (data not shown).

It was noted that the induction of HSP72 in the co-
treatment group became less prominent compared with 
the celastrol treated group in tumor tissues, while HER2 
did not decrease in the co-treatment group compared with 
the monotherapy groups (Figure 5F). Altogether, these 
preliminary in vivo results suggest that X66 causes disease 
stasis as a single agent and can enhance the efficacy of 
other anticancer agents when used in combination studies.

DISCUSSION

In this study, we demonstrated that X66 was a 
potent inhibitor of HSP90 that structurally differed from 
all the well-known HSP90 inhibitors, such as GM and 
NVP-AUY922. The results of SPR and pull-down assay 
showed that X66 bound to human HSP90, and the HSP90 
binding assay showed its bind site located in N-terminal 
domain. However, in two different competition assays, 
the binding of X66 to the N-terminal domain of HSP90 
could not be competed by GM or NVP-AUY922 and vice 
versa. Molecular modeling of the HSP90-X66 complex 
indicates that X66 adopts a very different binding mode 
from GM (Supplementary Figure S1). GM almost fills 
the whole ATP pocket [6], while X66 just occupies partial 
the pocket and extends into the adjacent hydrophobic 
subpocket with pyrazole moiety. Previous study has 
proved that a triazine derivative CH5138303 almost 
occupies the whole ATP pocket as GM does [29]. Thus, 
the data indicate that X66 possesses a unique binding site 
of HSP90 which is distinct from that of classic HSP90 
inhibitors.

Previous studies have indicated that the up-
regulation of stress-inducible proteins, particularly 
HSP72 and HSP27, after HSP90 inhibition, might be 
responsible for the poor activity observed in HSP90 
inhibitors clinical trials [24, 30, 31]. Furthermore, HSF-

1, the master regulator of HSR, is believed to correlate 
with tumorigenesis and be the potential target of cancer 
therapy [32, 33]. Therefore, targeting HSP90 without 
induction of HSR represents a new direction for HSP90 
inhibitors development. Several compounds have been 
reported inhibit HSP90 function in the absence of HSR 
[34-36]. The SMX inhibitors derived from sansalvamide A 
modulate the C-terminus via binding to the N and middle 
domain [37-39]. The compounds do not induce HSR, and 
decrease the protein level of HSF-1, and the mRNA and 
protein levels of HSPs [40, 41].

It is well-established that when GM binds to HSP90, 
the suppression of HSF-1 by HSP90 complex is disrupted 
[12]. Released from the HSP90 complex, the monomeric 
HSF-1 goes through trimerization, nuclear accumulation 
and post-modification, and then become fully activated 
[14, 15]. Our data showed that X66 had no effects on 
interfering the interaction between HSP90 and HSF-
1, causing accumulation of HSF-1 in nuclear fraction, 
increasing the stress-inducible phosphorylation at S326, 
or triggering its transcriptional activity. Thus, we presume 
that the unique binding mode between X66 and HSP90, 
which has little impact on the binding between HSP90 and 
HSF-1, may be responsible for its lack of HSR. Our results 
also show that X66 can reverse the HSR induced by HSF-
1 activators, of which the probable mechanism is that it 
inhibits HSF-1 transcriptional activity by repressing the 
phosphorylation at S326.

Several studies have proved that targeting HSR by 
inhibition of HSP72, HSP27 or HSF-1 can sensitize cancer 
cells to HSP90 and proteasome inhibitors [18, 42, 43]. 
Our data show that the combination treatments of X66 
with GM, celastrol or MG132 resulted in enhanced 
anti-proliferative effects in the tested cancer cell lines. 
Celastrol, which targets both HSP90 complex and 
proteasome and leads to the degradation of HSP90 client 
proteins and induction of HSR, acts synergistically with 
GM and 17-AAG in cell-growth inhibition [44, 45]. We 
observed that the up-regulation of HSP72 triggered by 
celastrol was counteracted by X66, whereas the protein 
level of HER2 changed little in the combinational group 
compared to the control group both in vitro and in vivo. 
These results indicate that the ability of X66 to blockade 
HSR may attribute to the enhanced anti-tumor efficacy of 
the combinational treatments.

In conclusion, X66, a novel HSP90 inhibitor, which 
binds to the N-terminal domain of HSP90, causes the 
degradation of client proteins and growth inhibition of 
tumor cells both in vitro and in vivo. In particular, X66 
does not induce HSR, instead, it reverses the HSF-1 
activator-trigged HSR, which provides the possibility for 
combination treatment of X66 and overcoming HSP90 
inhibitor-resistance in clinical trials. The discovery of X66 
is promising as it points to the exploration of a whole new 
series of HSP90 inhibitors, and provides a new strategy of 
combination treatment in cancer therapy.
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MATERIALS AND METHODS

Chemical information

Synthesis and characterization of X66 and 
Biotin-X66 are provided in the Supplementary Methods.

Reagents and antibodies

GM was obtained from Sangon Biotech (Shanghai, 
China). Celastrol was purchased from Selleck Chemicals 
(Houston, TX, USA). NVP-AUY922 was purchased from 
Meilun Biology Technology (Dalian, China). MG132 
and antibody to β-tubulin were from Sigma-Aldrich 
(St. Louis, MO, USA). FITC-GM, human HSP90α and 
antibodies specific for HSF-1 and HSP72 were from Enzo 
life sciences (Farmingdale, NY, USA). Antibodies to 
p-HSF-1 (S326), HSC70 and HSP90 were from Abcam 
(Cambridge, UK). Antibodies specific for His-tag, HER2, 
EGFR, AKT, CDK4 CDK6, PARP Procaspase-3, cleaved 
caspase3, Caspase-8 and Caspase-9 were purchased 
from Cell Signalling Technology (Beverly, MA, USA). 
Antibodies to RAF-1 and ERK were from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA).

Cell culture

The cancer cell lines SK-BR-3, BT-474, A549, 
K562 and HCT-116 were purchased from the American 
Type Culture Collection (Manassas, VA, USA). Cells 
were cultured according to instructions provided by the 
American Type Culture Collection. All the cells have been 
tested and authenticated by Genesky Biotechnologies. Inc. 
(Shanghai, China) using fluorescent amplified restriction 
fragment polymorphism (FAFLP) method.

SPR assay

Measurements of SPR were performed as 
described previously [46]. Briefly, using a BIA-core 
3000 (GE healthcare, Cleveland, OH, USA) instrument, 
HSP90α (150 μg/ml in 10 mM sodium acetate pH 4.3) 
was immobilized on the CM5 sensor chip surface using 
standard amine-coupling protocols to obtain densities 
of 16 kRU. Unreactive groups were then quenched with 
1 M ethanolamine. Compounds were diluted in HBS-EP 
(20 mM HEPES, pH 7.4, 150 mM NaCl, 0.3 mM 
EDTA, 0.05% P20), and injected from lowest to highest 
concentrations at a flow rate of 30 μl/min for 1 min. 
And the dissociation of compound-protein complex was 
monitored for an additional 3 min.

FP assay

Competitive binding of inhibitors to HSP90α was 
monitored using FITC-GM in a FP assay [47]. Briefly, 
compound dilutions were incubated with HSP90α (90 nM 

final) and FITC-GM (2 nM final) in a 96-well microplate 
at 4°C for 16 h in the presence of assay buffer (20 mM 
HEPES, pH 7.4, 50 mM KCl, 5 mM MgCl2, 20 mM 
NaMoO4, 0.01% NP40, 2 mM DTT and 0.1 mg/ml BSA). 
Polarization was measured in Synergy H4 Hybrid reader 
(BioTek, Winooski, VT, USA) using Gen5.0 software 
(BioTek). [49]

Western blot

Cells pellets were prepared in lysis buffer (100 mM 
Tris–HCl, pH 6.8, 2% SDS, 20% glycerol, and 1 mM 
DTT). Equal amounts of whole cell lysates were separated 
by SDS-PAGE, and electroblotted onto Immobilon PVDF 
membranes (Millipore, Bedford, MA, USA). Proteins 
were detected by immunoblotting using the Western blot 
image System (Clinx Science Instruments, Shanghai, 
China) with the ChemiCapture software.

Pull-down assay and HSP90 binding assay

Purified full-length, N-terminal fragment, C-terminal 
fragment of HSP90α or cell lysates in lysis buffer (20 mM 
HEPES, pH 7.3, 1 mM EDTA, 5 mM MgCl2, 100 mM 
KCl) were incubated with Biotin-X66 for 3 h at 4 °C, and 
then incubated with Streptavidin Plus UltraLink Resin 
(Thermo scientific, Pittsburgh, PA, USA) overnight at 4 °C. 
The beads were washed three times in binding buffer and 
heated for 10 min at 95 °C in SDS-PAGE sample buffer. 
Samples were analyzed by Coomassie blue staining or 
Western blot using His-tag or HSP90 antibody.

Cytotoxicity assay

Cell growth inhibition was determined using a 
sulforhodamine B (SRB) assay or 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrasodium bromide (MTT ) assay 
as described previously [48, 49] . Curve-fitting software 
GraphPad Prism version 5 (GraphPad Software, San 
Diego, CA, USA) was used to calculate IC50 values.

RT-PCR and qPCR

Total RNA was harvested from cells using Trizol 
reagent (TAKARA, Dalian, China) and then reverse 
transcribed to cDNA using the PrimeScriptTM Reverse 
Transcription reagent kit (TAKARA) according to the 
manufacturer’s instructions. PCR was performed using 
premix Taq (TAKARA) on a T100 Thermal Cycler 
PCR System (Bio-Rad Laboratories, Hercules, CA, 
USA). qPCR was performed using a SYBR Premix Ex 
Taq (TAKARA) on the StepOnePlus Real-Time PCR 
System (Applied Biosystems, FosterCity, CA, USA). 
The PCRs were performed using primers as follows: 
HSP72, 5’-AGAGCCGAGCCGACAGAG-3’ (forward) 
and 5’-CACCTTGCCGTGTTGGAA-3’ (reverse); HSP27, 
5’-GGACGAGCATGGCTACATCT-3’ (forward) and 
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5’-GACTGGGATGGTGATCTCGT-3’ (reverse); HER2, 
5’-CTGCACCCACTCCTGTGTGGACCTG-3’(forward) 
and 5’-CTGCCGTCGCTTGATGAGGATC-3’ (reverse); 
EGFR, 5’-GCCAAGGCACGAGTAACAAGC-3’ (forward) 
and 5’-AGGGCAATGAGGACATAACC-3’ (reverse); 
GAPDH, 5’-GGGGAAGGTGAAGGTCGGAGTC-3’ 
(forward) and 5’-CAAGCTTCCCGTTCTCAGCCTT-3’ 
(reverse). In qPCR, GAPDH was used as a normalized 
control.

Transfection and luciferase assay

The Cignal Heat Shock Response Reporter (luc) 
Kit was purchased from QIAGEN (Hilden, German). 
Transfection was performed with cells exponential growth 
using Lipofectamine 2000 (Life technologies, Carlsbad, 
CA, USA). 48 h after transfection, the cells were treated 
with different concentrations of inhibitors for 8 h. The 
cells were lysed and luciferase activity was measured 
using Synergy H4 Hybrid reader (BioTek) as described 
previously [50].

Subcellular protein fractionation

This procedure is a modification of the one 
described previously [51] . Briefly, cells were pelleted, 
and lysed in NP40 low salt buffer (10 mM HEPES, 
pH 7.9, 1 mM EDTA, 1% NP40, 10 mM KCl, 0.1 mM 
DTT and 1% cocktail protease inhibitor) on ice. The 
lysate was vortexed and sedimented at 14000 × g for 
1 min. The supernatant was collected as cytoplasmic 
fraction. Nuclei were re-suspended in high salt buffer 
(20 mM HEPES, pH 7.9, 1 mM EDTA, 25% glycerol, 
400 mM NaCl, 0.1 mM DTT and 1% cocktail protease 
inhibitor), vortexed for 30 min at 4 °C, and sedimented 
at 14000 × g for 5 min. The supernatant was the nuclear 
fraction.

Co-immunoprecipitation

After treated with dithiobs (succinimidyl propionate) 
as described previously [12], cell lysates were incubated 
with antibody for 3 h at 4°C. Incubation was continued 
overnight after addition of 30 μl protein-G Sepharose 
beads (50% slurry) (Thermo scientific) at 4°C. The beads 
were washed three times in binding buffer and heated for 
10 min at 95 °C in SDS-PAGE sample buffer. Samples 
were analyzed by Western blot.

In vivo study

Female nude mice (Balb/cA-nude, 5-6 week old) 
were purchased from Shanghai SLAC Laboratory Animal 
Co., Ltd (Shanghai, China). Human tumor xenografts 
of BT-474 cells were implanted subcutaneously in the 
right flank of animal. When tumor volumes reached 
100-200 mm3, the mice were randomized to receive 

vehicle control (10 mice/group) or tested compounds 
(6 mice/group). X66 was administrated i.p. daily at the 
dose of 25, 50 or 100 mg/kg for 21 days, celastrol was 
administrated i.p. every other day for 10 times at the dose 
of 2 mg/kg and the co-treatment group was administrated 
with celastrol (2 mg/kg) every other day and X66 
(50 mg/kg) daily. Tumor volume was calculated as 
(length × width2)/2. The therapeutic effect of a given 
compound was expressed in terms of T/C %, which was 
calculated as: T/C (%) = ( Vt′− Vt)/( Vc′− Vc) ×100%, 
where Vt′ and Vt are the volumes of treated group on each 
day of measurement and on the day of initial treatment, 
respectively. And Vc′ and Vc are the volumes of vehicle 
group on each day of measurement and on the day of 
initial treatment, respectively.

Pharmacokinetic/pharmacodynamic studies were 
carried out as described previously [49]. Mice bearing 
BT-474 tumors received a single i.p. of 100 mg/kg X66 
or vehicle, and then tumor tissue and blood were collected 
at different times post-dosing. Concentrations of X66 in 
plasma and tissue were determined by HPLC/tandem mass 
spectrometry. Tumor samples were subjected to Western 
blot analysis.

Animal experiments were carried out in accordance 
with the Institutional Animal Care and Use Committee 
guidelines at the Shanghai Institute of Materia Medica, 
Chinese Academy of Sciences.

Data analysis

Data were presented as the means ± SEM and were 
plotted using GraphPad Prism Version 5. A paired two-
tailed Student’s t-test was used to test for significance 
where indicated. Differences were considered significant 
at p < 0.05.

ACKNOWLEDGMENTS

We thank Professor Chrisostomos Prodromou and 
Eileen Hickey for the generous gifts of the pRSETA-
yHSP90 and pUC-HSP90α plasmids, respectively.

CONFLICTS OF INTEREST

We declare that we have no conflicts of interest in 
this research.

FUNDING

This work was supported by research funding 
from the National Natural Science Foundation of China 
(№ 81273546), the Shanghai Science and Technology 
Committee (No. 14DZ2294100), and the National Science 
& Technology Major Project “Key New Drug Creation and 
Manufacturing Program”, China (№ 2013ZX09102008 
and № 2013ZX094021 02-001).



Oncotarget29661www.impactjournals.com/oncotarget

REFERENCES

1. Li J, Soroka J and Buchner J. The Hsp90 chaperone 
machinery: conformational dynamics and regulation by 
co-chaperones. Biochimica et biophysica acta. 2012; 
1823:624-635.

2. Wandinger SK, Richter K and Buchner J. The Hsp90 
chaperone machinery. The Journal of biological chemistry. 
2008; 283:18473-18477.

3. Alarcon SV, Mollapour M, Lee MJ, Tsutsumi S, Lee S, Kim 
YS, Prince T, Apolo AB, Giaccone G, Xu W, Neckers LM 
and Trepel JB. Tumor-intrinsic and tumor-extrinsic factors 
impacting hsp90- targeted therapy. Current molecular 
medicine. 2012; 12:1125-1141.

4. Prodromou C, Roe SM, O’Brien R, Ladbury JE, Piper PW 
and Pearl LH. Identification and structural characterization 
of the ATP/ADP-binding site in the Hsp90 molecular 
chaperone. Cell. 1997; 90:65-75.

5. Whitesell L, Mimnaugh EG, De Costa B, Myers CE 
and Neckers LM. Inhibition of heat shock protein 
HSP90-pp60v-src heteroprotein complex formation by 
benzoquinone ansamycins: essential role for stress proteins 
in oncogenic transformation. Proceedings of the National 
Academy of Sciences of the United States of America. 
1994; 91:8324-8328.

6. Stebbins CE, Russo AA, Schneider C, Rosen N, Hartl 
FU and Pavletich NP. Crystal structure of an Hsp90-
geldanamycin complex: targeting of a protein chaperone by 
an antitumor agent. Cell. 1997; 89:239-250.

7. Sepp-Lorenzino L, Ma Z, Lebwohl DE, Vinitsky A and 
Rosen N. Herbimycin A induces the 20 S proteasome- 
and ubiquitin-dependent degradation of receptor tyrosine 
kinases. The Journal of biological chemistry. 1995; 
270:16580-16587.

8. Mimnaugh EG, Chavany C and Neckers L. 
Polyubiquitination and proteasomal degradation of the 
p185c-erbB-2 receptor protein-tyrosine kinase induced by 
geldanamycin. The Journal of biological chemistry. 1996; 
271:22796-22801.

9. Hostein I, Robertson D, DiStefano F, Workman P and 
Clarke PA. Inhibition of signal transduction by the Hsp90 
inhibitor 17-allylamino-17- demethoxygeldanamycin 
results in cytostasis and apoptosis. Cancer research. 2001; 
61:4003-4009.

10. Garon EB MT, Barlesi F, Gandhi L, Sequist LV, Kim SW, et 
al. Phase II study of the HSP90 inhibitor AUY922 in patients 
with previously treated, advanced non-small cell lung cancer 
(NSCLC). Journal of Clinical Oncology. 2012; 30.

11. Socinski MA KM, Goldman J, Paschold E, Horn L, Lufkin 
J, et al. (2011). An Open-Label Phase Ii Study of the Hsp90 
Inhibitor Ganetespib (Sta-9090) in Patients with Advanced 
Non-Small Cell Lung Cancer (Nsclc). J Thorac Oncol, pp. 
S467-S468.

12. Zou J, Guo Y, Guettouche T, Smith DF and Voellmy 
R. Repression of heat shock transcription factor HSF1 
activation by HSP90 (HSP90 complex) that forms a stress-
sensitive complex with HSF1. Cell. 1998; 94:471-480.

13. Ali A, Bharadwaj S, O’Carroll R and Ovsenek N. HSP90 
interacts with and regulates the activity of heat shock factor 
1 in Xenopus oocytes. Molecular and cellular biology. 
1998; 18:4949-4960.

14. Sarge KD, Murphy SP and Morimoto RI. Activation of heat 
shock gene transcription by heat shock factor 1 involves 
oligomerization, acquisition of DNA-binding activity, and 
nuclear localization and can occur in the absence of stress. 
Molecular and cellular biology. 1993; 13:1392-1407.

15. Baler R, Dahl G and Voellmy R. Activation of human 
heat shock genes is accompanied by oligomerization, 
modification, and rapid translocation of heat shock 
transcription factor HSF1. Molecular and cellular biology. 
1993; 13:2486-2496.

16. Powers MV, Clarke PA and Workman P. Death by 
chaperone: HSP90, HSP70 or both? Cell cycle. 2009; 
8:518-526.

17. Garrido C, Brunet M, Didelot C, Zermati Y, Schmitt E and 
Kroemer G. Heat shock proteins 27 and 70: anti-apoptotic 
proteins with tumorigenic properties. Cell cycle. 2006; 
5:2592-2601.

18. Powers MV, Clarke PA and Workman P. Dual targeting of 
HSC70 and HSP72 inhibits HSP90 function and induces 
tumor-specific apoptosis. Cancer cell. 2008; 14:250-262.

19. McCollum AK, Teneyck CJ, Sauer BM, Toft DO and 
Erlichman C. Up-regulation of heat shock protein 27 
induces resistance to 17-allylamino-demethoxygeldana 
mycin through a glutathione-mediated mechanism. Cancer 
research. 2006; 66:10967-10975.

20. Massey AJ, Williamson DS, Browne H, Murray JB, 
Dokurno P, Shaw T, Macias AT, Daniels Z, Geoffroy S, 
Dopson M, Lavan P, Matassova N, Francis GL, Graham CJ, 
Parsons R, Wang Y, et al. A novel, small molecule inhibitor 
of Hsc70/Hsp70 potentiates Hsp90 inhibitor induced 
apoptosis in HCT116 colon carcinoma cells. Cancer 
chemotherapy and pharmacology. 2010; 66:535-545.

21. Mendillo ML, Santagata S, Koeva M, Bell GW, Hu 
R, Tamimi RM, Fraenkel E, Ince TA, Whitesell L and 
Lindquist S. HSF1 drives a transcriptional program distinct 
from heat shock to support highly malignant human 
cancers. Cell. 2012; 150:549-562.

22. Chen Y, Chen J, Loo A, Jaeger S, Bagdasarian L, Yu J, 
Chung F, Korn J, Ruddy D, Guo R, McLaughlin ME, 
Feng F, Zhu P, Stegmeier F, Pagliarini R, Porter D, et al. 
Targeting HSF1 sensitizes cancer cells to HSP90 inhibition. 
Oncotarget. 2013; 4:816-829. doi: 10.18632/oncotarget.991.

23. Peterson LB and Blagg BS. To fold or not to fold: 
modulation and consequences of Hsp90 inhibition. Future 
medicinal chemistry. 2009; 1:267-283.



Oncotarget29662www.impactjournals.com/oncotarget

24. Neckers L and Workman P. Hsp90 molecular chaperone 
inhibitors: are we there yet? Clinical cancer research. 2012; 
18:64-76.

25. Eccles SA, Massey A, Raynaud FI, Sharp SY, Box G, 
Valenti M, Patterson L, de Haven Brandon A, Gowan 
S, Boxall F, Aherne W, Rowlands M, Hayes A, et al. 
NVP-AUY922: a novel heat shock protein 90 inhibitor 
active against xenograft tumor growth, angiogenesis, and 
metastasis. Cancer research. 2008; 68:2850-2860.

26. Akerfelt M, Morimoto RI and Sistonen L. Heat shock 
factors: integrators of cell stress, development and lifespan. 
Nature reviews Molecular cell biology. 2010; 11:545-555.

27. Guettouche T, Boellmann F, Lane WS and Voellmy R. 
Analysis of phosphorylation of human heat shock factor 1 
in cells experiencing a stress. BMC biochemistry. 2005; 6:4.

28. Westerheide SD and Morimoto RI. Heat shock response 
modulators as therapeutic tools for diseases of protein 
conformation. The Journal of biological chemistry. 2005; 
280:33097-33100.

29. Suda A, Kawasaki K, Komiyama S, Isshiki Y, Yoon DO, 
Kim SJ, Na YJ, Hasegawa K, Fukami TA, Sato S, Miura T, 
Ono N, Yamazaki T, et al. Design and synthesis of 2-amino-
6-(1H, 3H-benzo[de]isochromen -6-yl)-1,3,5-triazines as 
novel Hsp90 inhibitors. Bioorganic & medicinal chemistry. 
2014; 22:892-905.

30. Nowakowski GS, McCollum AK, Ames MM, 
Mandrekar SJ, Reid JM, Adjei AA, Toft DO, Safgren 
SL and Erlichman C. A phase I trial of twice-weekly 
17-allylamino-demethoxy-geldanamycin in patients with 
advanced cancer. Clinical cancer research. 2006; 12: 
6087-6093.

31. P. W. Piper SHM. Mechanisms of Resistance to 
Hsp90 Inhibitor Drugs: A Complex Mosaic Emerges. 
Pharmaceuticals. 2011; 4:1400-1422.

32. Home T, Jensen RA and Rao R. Heat shock factor 1 in 
protein homeostasis and oncogenic signal integration. 
Cancer research. 2015; 75:907-912.

33. Ganguly S, Home T, Yacoub A, Kambhampati S, Shi H, 
Dandawate P, Padhye S, Saluja AK, McGuirk J and Rao 
R. Targeting HSF1 disrupts HSP90 chaperone function 
in chronic lymphocytic leukemia. Oncotarget. 2015; 
6:31767-79. doi: 10.18632/oncotarget.5167.

34. Wang Y and McAlpine SR. C-terminal heat shock protein 
90 modulators produce desirable oncogenic properties. 
Organic & biomolecular chemistry. 2015; 13:4627-4631.

35. Lee SC, Min HY, Choi H, Bae SY, Park KH, Hyun SY, 
Lee HJ, Moon J, Park SH, Kim JY, An H, Park SJ, Seo JH, 
et al. Deguelin Analogue SH-1242 Inhibits Hsp90 Activity 
and Exerts Potent Anticancer Efficacy with Limited 
Neurotoxicity. Cancer research. 2016; 76:686-699.

36. Eskew JD, Sadikot T, Morales P, Duren A, Dunwiddie I, 
Swink M, Zhang X, Hembruff S, Donnelly A, Rajewski 
RA, Blagg BS, Manjarrez JR, Matts RL, Holzbeierlein JM 
and Vielhauer GA. Development and characterization of a 

novel C-terminal inhibitor of Hsp90 in androgen dependent 
and independent prostate cancer cells. BMC cancer. 2011; 
11:468.

37. Ardi VC, Alexander LD, Johnson VA and McAlpine SR. 
Macrocycles that inhibit the binding between heat shock 
protein 90 and TPR-containing proteins. ACS chemical 
biology. 2011; 6:1357-1366.

38. Kunicki JB, Petersen MN, Alexander LD, Ardi VC, 
McConnell JR and McAlpine SR. Synthesis and evaluation 
of biotinylated sansalvamide A analogs and their 
modulation of Hsp90. Bioorganic & medicinal chemistry 
letters. 2011; 21:4716-4719.

39. Wang Y and McAlpine SR. Heat-shock protein 90 
inhibitors: will they ever succeed as chemotherapeutics? 
Future medicinal chemistry. 2015; 7:87-90.

40. McConnell JR, Alexander LA and McAlpine SR. A heat 
shock protein 90 inhibitor that modulates the immunophilins 
and regulates hormone receptors without inducing the heat 
shock response. Bioorganic & medicinal chemistry letters. 
2014; 24:661-666.

41. Wang Y and McAlpine SR. N-terminal and C-terminal 
modulation of Hsp90 produce dissimilar phenotypes. 
Chemical communications. 2015; 51:1410-1413.

42. McCollum AK, Lukasiewicz KB, Teneyck CJ, Lingle 
WL, Toft DO and Erlichman C. Cisplatin abrogates the 
geldanamycin-induced heat shock response. Molecular 
cancer therapeutics. 2008; 7:3256-3264.

43. Bagatell R, Paine-Murrieta GD, Taylor CW, Pulcini EJ, 
Akinaga S, Benjamin IJ and Whitesell L. Induction of a 
heat shock factor 1-dependent stress response alters the 
cytotoxic activity of hsp90-binding agents. Clinical cancer 
research. 2000; 6:3312-3318.

44. Hieronymus H, Lamb J, Ross KN, Peng XP, Clement C, 
Rodina A, Nieto M, Du J, Stegmaier K, Raj SM, Maloney 
KN, Clardy J, Hahn WC, et al. Gene expression signature-
based chemical genomic prediction identifies a novel 
class of HSP90 pathway modulators. Cancer cell. 2006; 
10:321-330.

45. Yang H, Chen D, Cui QC, Yuan X and Dou QP. Celastrol, 
a triterpene extracted from the Chinese "Thunder of God 
Vine," is a potent proteasome inhibitor and suppresses 
human prostate cancer growth in nude mice. Cancer 
research. 2006; 66:4758-4765.

46. Vallee F, Carrez C, Pilorge F, Dupuy A, Parent A, Bertin 
L, Thompson F, Ferrari P, Fassy F, Lamberton A, Thomas 
A, Arrebola R, Guerif S, et al. Tricyclic series of heat shock 
protein 90 (Hsp90) inhibitors part I: discovery of tricyclic 
imidazo[4,5-c]pyridines as potent inhibitors of the Hsp90 
molecular chaperone. Journal of medicinal chemistry. 2011; 
54:7206-7219.

47. Kim J, Felts S, Llauger L, He H, Huezo H, Rosen N and 
Chiosis G. Development of a fluorescence polarization 
assay for the molecular chaperone Hsp90. Journal of 
biomolecular screening. 2004; 9:375-381.



Oncotarget29663www.impactjournals.com/oncotarget

48. Wang Q, Quan H, Zhao J, Xie C, Wang L and Lou L. RON 
confers lapatinib resistance in HER2-positive breast cancer 
cells. Cancer letters. 2013; 340:43-50.

49. Zhao J, Quan H, Xu Y, Kong X, Jin L and Lou L. 
Flumatinib, a selective inhibitor of BCR-ABL/PDGFR/
KIT, effectively overcomes drug resistance of certain KIT 
mutants. Cancer science. 2014; 105:117-125.

50. DWR JS. (2006). Molecular Cloning. (New york: Cold 
Spring Harbor Laboratory Press).

51. Mercier PA, Winegarden NA and Westwood JT. Human 
heat shock factor 1 is predominantly a nuclear protein 
before and after heat stress. Journal of cell science. 1999; 
112:2765-2774.


