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Abstract

Withaferin A (WA), a naturally occurring steroidal lactone, directly binds to Hsp90 and leads to
the degradation of Hsp90 client protein. The purpose of this study is to investigate the structure
activity relationship (SAR) of withanolides for their inhibition of Hsp90 and anti-proliferative
activities in pancreatic cancer cells. In pancreatic cancer Panc-1 cells, withaferin A (WA) and its
four analogues withanolide E (WE), 4-hydroxywithanolide E (HWE), 3-aziridinylwithaferin A
(AzWA) inhibited cell proliferation with 1Csq ranged from 1.0 to 2.8 pM. WA, WE, HWE, and
AzWA also induced caspase-3 activity by 21-, 6-, 11- and 15-fold, respectively, in Panc-1 cells,
while withaperuvin (WP) did not show any activity. Our data showed that WA, WE, HWE, and
AzWA, but not WP, all directly bound to Hsp90 and induced Hsp90 aggregation, hence inhibited
Hsp90 chaperone activity to induce degradation of Hsp90 client proteins Akt and Cdk4 through
proteasome-dependent pathway in pancreatic cancer cells. However, only WA, HWE and AzZWA
disrupted Hsp90-Cdc37 complexes but not WE and WP. SAR study suggested that the C-5(6)-
epoxy functional group contributes considerably for withanolide to bind to Hsp90, inhibit Hsp90
chaperone activity, and result in Hsp90 client protein depletion. Meanwhile, the hydroxyl group at
C-4 of ring A may enhance withanolide to inhibit Hsp90 activity and disrupt Hsp90-Cdc37
interaction. These SAR data provide possible mechanisms of anti-proliferative action of
withanolides.
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Introduction

The constituents from Withania somnifera (WS), including alkaloids and withanolides, have
been studied extensively for their biological activities [1,2]. Withaferin A (WA), one of the
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major active components of W. somnifera, was reported to have anti-angiogenesis, anti-
tumor, and radio-sensitizing activities in various cancer cell lines [3-6]. It has been reported
that WA covalently bound to annexin 11, altered cytoskeletal architecture [7], and inhibited
tumor necrosis factor-induced activation of IB kinase via a thioalkylation-sensitive redox
mechanism [8]. Previously, we have also shown that WA exhibited anti-proliferative activity
via Hsp90 inhibition in pancreatic cancer cells [9]. Unlike classical Hsp90 inhibitors (such
as geldanamycin) that block the Hsp90 ATP binding site, WA directly binds to Hsp90 C-
terminus and induces Hsp90-dependent client protein degradation in pancreatic cancer cells.
In addition, WA also disrupted Hsp90-Cdc37 complex, which is different from classical
Hsp90 inhibitors.

The 90 kDa heat-shock protein (Hsp90) has emerged as a promising target for drug
discovery [10,11]. Previous studies have revealed that

Hsp90 chaperone activity is regulated by numerous co-chaperones, such as Hsp70, Hop,
Cdc37, and driven by a cycle of N-terminal ATP/ADP exchange through ATP hydrolysis at
N-terminal ATP binding site [12]. Several natural products including geldanamycin (GA)
and its derivatives 17-AAG, 17-DMAG inhibit Hsp90 ATPase activity through competitive
blockage of the N-terminal ATP binding pocket and cause proteasomal degradation of client
proteins [13-17]. Another type of Hsp90 inhibitor, novobiocin (and its derivatives) targets
the C-terminal ATP binding pocket, inducing similar cellular responses as N-terminal ATP
pocket inhibitors [18,19]. Since Hsp90 is known to interact with various co-chaperones to
assemble a superchaperone complex for its protein folding and maturation, disruption of
Hsp90 complex may provide additional mechanisms to inhibit Hsp90 for cancer therapy.

Withaferin A (WA) binds to Hsp90 C-terminus and also blocks Hsp90-Cdc37 complex in
cancer cells. However, it remains unclear which structural features of WA contribute to the
inhibition of the Hsp90 chaperoning activity. Previous studies have shown that the 4 -
hydroxy-5, 6-epoxy-2-en-1-one moiety and unsaturated lactone are critical for WA's
biological function [20,21]. In this study, we investigated WA and its four structural
analogues for their mechanisms to inhibit Hsp90 and efficacy of anti-proliferative activity in
pancreatic cancer cells. The data suggested that the C-5(6) epoxy functional group of
withanolides is required to bind Hsp90, induce Hsp90 aggregation, and induce Hsp90 client
protein degradation, and eventually show anti-proliferative activity. The substitution of
C-2,3 position may hinder withanolides to inhibit Hsp90 activity while the C-4 hydroxyl
group in A ring of withanolides may enhance their activity to inhibit Hsp90 and disrupt
Hsp90-Cdc37 interaction.

Materials and methods

Drugs and antibodies

Withaferin A (S.1A) was purchased from Calbiochem Inc. (San Diego, CA). 3-
Aziridinylwithaferin A (AzZWA, NSC339665, S. 1B), withanolide E (WE, NSC179834, S.
1C), 4B-hydroxywithanolide E (HWE, NSC212509, S. 1D), and Withaperuvin (WP,
NSC334387, S. 1E) were kindly provided by The NCI/DTP Open Chemical Repository
(http://dtp.cancer.gov). The following antibodies were used for Western blot: Akt, PARP
(Cell Signaling, Beverly, MA), Hsp70 (StressGen, Victoria, BC, Canada), Cdk4, 3-Actin,
Cdc37 and Hsp90 (Santa Cruz, Santa Cruz, CA). Monoclonal Hsp90 antibody H9010 for
immunoprecipitation was purchased from Alexis Biochemicals (San Diego, CA). Pan-
caspase inhibitor (Z-VAD-FMK) was purchased from Promega (Madison, WI).
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Human pancreatic cancer cell line Panc-1 was cultured in 10% FBS RPMI-1640 at 37 °C
and 5% CO,. Panc-1 cells were seeded in 96-well microplates at a density of 4*10%cells-ml-1
and cultured for overnight. The cells were treated with different drugs at various
concentrationsfor 48h. The cell proliferation was assessed using MTS assay (Promega,
Madison, WI) according to the manufacturer's manual. The number of living cells is directly
proportional to the absorbance at 490 nm by a formazan product bioreduced from MTS in
living cells. The ICsq value for cytotoxicity was estimated by WinNonlin software
(Pharsight, Mountain View, CA).

Caspase-3 activity assay

Panc-1 cells were treated with 10uM WA, WE, HWE, AzWA, and WP, respectively for
48h. The Caspase-3 activity assay was performed according to the manufacturer's instruction
of Caspase-3/CPP32 Fluorometric Assay Kit (Biovision Research Products, Mountain View,
CA). Cellular protein was extracted with the supplied lysis buffer and protein concentration
was measured using BCA Protein Assay Reagents (Pierce, Rockford, IL). The cleavage of
DEVD-AFC, a substrate of caspase-3, was quantified using a fluorescence micraotiter plate
reader with a 400 nm excitation filter and a 505 nm emission filter.

Biotinyl-withaferin A (WA-biotin) protein pull down assay

Biotinyl-Withaferin A (WA-biotin) was prepared and used in the pull down assay as
described previously [7]. Briefly, the whole cell extract of Panc-1 cells was prepared in
TNEK buffer (5 mM Tris, pH 7.4; NP-40 1%; EDTA 2 mM; KCI 200 mM) supplemented
with protease inhibitors. Aliquots of cell lysate containing equal amounts of total protein
were precleared with NeutrAvidin beads (Pierce) before incubation with equal concentration
of different drugs for 1h at 4 °C, respectively. Then equal amounts of immobilized WA-
biotin were added to each sample and incubated for 2 h at 4 °C with constant agitation. The
beads were then washed with TNEK buffer for three times, and were boiled in loading
buffer for 4 min to dissociate the bound proteins. Western blot was carried out to determine
the levels of Hsp90 proteins.

Western blotting analysis

The procedure of Western blotting analysis was performed as previously described [22].
Briefly, after treated with different drugs for the 24-48 hr, Panc-1 cells were washed twice
with ice-cold PBS, collected in RIPA lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 1%
NP-40, 5mM EDTA, 1 mM Na3V04, pH 7.5) supplemented with a protease inhibitor
mixture (Sigma-Aldrich, St. Louis, MO), and incubated on ice for 20 min. Afterward cell
lysate was centrifuged at 14,000 x rpm for 10 min, and the pellet was diluted in SDS sample
buffer. Isolation of triton-soluble and triton-insoluble proteins was performed as described
by Chen et al.[23]. Protein concentration was determined using BCA Protein Reagents
(Pierce, Rockford, IL). The protein was separated by SDS-PAGE and electrotransfered onto
a PVDF membrane (BioRad, Richmond, CA). Bolts were then probed with appropriate
antibodies.

To analyze the disulfide-bonded protein, non-reducing SDS-PAGE was employed. Briefly,
drug-treated cells were washed twice with ice-cold and then incubated in ice-cold PBS with
40 mM iodoacetamide (IA) for 5 min to prevent thiol-disulfide exchange and inhibit
postlysis oxidation of free cysteines [24]. Afterwards, sample was diluted in SDS-sample
buffer without reducing agents before loading onto SDS-PAGE.
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Co-immunoprecipitation assay

Results

The general procedure for co-immunoprecipitation was described as follows. The drug-
treated Panc-1 cells were harvested and lysed in RIPA lysis buffer supplemented with a
protease inhibitor mixture. After centrifugation pellet was collected and protein was
quantified using BCA protein assay reagents. Each of protein samples (500 jug) was first
incubated with 5 I H9010 anti-Hsp90 antibody (Axxora, San Diego, CA) for 1 h at 4 °C,
rotating, and then added with 30 pul protein G agarose (Pierce, Rockford, IL) followed by
incubation of another 2 h at 4 °C. The beads were washed three times with PBS plus
protease inhibitors and boiled in loading buffer for 4 min to isolate the bound proteins. The
protein was separated by SDS-PAGE. Western blot was performed to determine the levels
of co-immunoprecipitated proteins.

WA and its analogues WE, HWE and AzWA inhibit cell proliferation and induce apoptosis
in Panc-1 cells

To investigate the cytotoxicity of WA, WE, HWE, AzZWA and WP, Panc-1 cells were
incubated with increasing concentrations of WA and its analogues for 48 h, respectively.
Cell viability was examined by MTS assay. As shown in Fig. 1A, WA, WE,HWE and
AzWA exhibited dose-dependent cytotoxicity against Panc-1 with 1Cgg of 1.0, 1.5, 1.2 and
2.8 pM, respectively;. In contrast, WP did not inhibit cell viability even at a concentration
up to 50 pM.

To study whether WA and its analogues induced apoptosis, caspase-3 activity was measured
in Panc-1 cells with WA, AzZWA, WE, HWE and WP treatment. As shown in Fig. 1B, 10
uM WA, AzWA, WE and HWE for 48 h treatment increased caspase-3 activity by 21.3, 5.8,
11.6, and 15.3-fold, respectively, in comparison with untreated cells. In contrast, 10 pM WP
did not induce apoptosis. Similarly, another apoptosis indicator PARP protein level also
showed that WA, AzWA, WE and HWE decreased PARP level and resulted in the
occurrence of cleaved PARP, whereas WP did not (S1).

WA analogues WE, HWE and AzWA decrease cellular levels of Hsp90 client proteins

Since WA's analogues WE, HWE and AzWA exhibited potent anti-proliferative activity and
induced apoptosis in Panc-1 cells similarly to WA, we also tested if WE, HWE and AzZWA
would also interact with Hsp90 and cause simultaneous down-regulation of multiple
oncogenic proteins. The levels of Hsp90 client protein Akt and Cdk4 were down-regulated
by 5, 2, 4, 4-fold, and 6, 2, 3, 2-fold, respectively, upon incubation with 10 pM WA, WE,
HWE or AzZWA for 24 h treatment. However, WP did not cause significant alterations of the
protein levels of Akt and Cdk4 (Fig. 2A).

Because the induction of Hsp70 is another molecular signature in response to Hsp90
inhibition [25], we also determined the Hsp70 protein level after WA, AzZWA, WE, HWE or
WP treatment. As a result, 10 pM WA, AzZWA, WE or HWE increased the protein level of
Hsp70 by 2 to 3-fold after 24 h treatment (Fig.2A) while they did not change the Hsp90
protein level (Fig.2B), whereas WP failed to increase Hsp70 protein level.

Additionally, Panc-1 cells were pre-treated with proteasome inhibitor(MG132) for 1h before
the treatment of WA, WE, HWE and AzZWA for 24 h, respectively. The Akt and Cdk4
proteins were disappeared from the triton-soluble fraction, but accumulated in the triton-
insoluble fraction(S3A). Whereas, pre-incubation with pan-caspase inhibitor (Z-VAD-FMK)
for 1 h and then treated with WA, WE, HWE and AzWA for 24 h did not show
accumulation of Akt or Cdk4 (S3B).These results indicated thatWA, AzWA, WE and HWE
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induced Hsp90 client proteins via proteasome-dependent pathway and caspase was not
involved in the protein degradation of Akt and Cdk4.

AzWA, WE or HWE directly binds to Hsp90 and cause Hsp90 aggregation

Previous studies have shown that WA may directly bind to Hsp90 and cause disulfide-linked
high molecular weight conformers of Hsp90 [9]. Therefore, we tested whether WA's
analogues bind to Hsp90 using competition with biotinyl-withaferin A pull down assay. As
shown in Fig. 3A, WA-biotin successfully pulled down Hsp90 from cell lysate.
Preincubation with 100 pM of unlabeled WE, HWE or AzWA were able to compete against
the WA-biotin binding to Hsp90 in cell lyaste, while WP did not compete with biotin-WA
for its binding to Hsp90. Furthermore, we used nonreducing gel electrophoresis to determine
the Hsp90 aggregates in WA and AzZWA, WE, HWE or WP-treated cells. When Panc-1 cells
were incubated with 10 pM WA, AzZWA, WE or HWE for 24 h, respectively, the formation
of Hsp90 aggregates was detected (Fig. 3B). However, WP did not induce Hsp90
aggregation.

WA, HWE, AzZWA, but not WE or WP interrupt Hsp90-Cdc37 association in pancreatic

cancer cells

In our previous study, we have shown that 5 M WA treatment could completely block
Hsp90-Cdc37 interaction [9]. To further characterize whether WA's analogues could block
the Hsp90-Cdc37 interaction, co-immunoprecipitation (Co-I1P) assay was employed. The
result showed that 20 uM WA, HWE and AzZWA can decrease Cdc37 interaction to Hsp90
after 24h incubation, but not WE and WP (Fig. 4A). Meanwhile, WA, AzZWA, and HWE did
not change the total cellular Cdc37 protein level(Fig. 4B), which indicate that the absent of
Cdc37 band after drug treatment in co-1P result was not due to the expression level alteration
of Cdc37 protein.

Discussion

To date, several studies have identified the potential pharmacophores of Withaferin A for its
activities. It's reported fthat the 4-hydroxy-5,6-epoxy-2-en-1-one moiety and unsaturated
lactone side chain are critical for biological activity [26]. The 5,6-epoxide group within B
ring was reported to react with 2-mercaptoethanol, which is a biochemical thiol-oxidizer
[27] to be involved in thioalkylation reactions [28-30]. An earlier studyalso demonstrated
that the epoxide functionality at C-5,6 acts as a nucleophile acceptor is essential forWA
anticancer activities in P-388 lymphocytic leukemia [31]. In addition, the ketone containing
unsaturated A ring is readily alkylated by thiol-nucleophiles and undergoes Michael addition
[11]. Although it was reported that the C-27 hydroxyl group in unsaturated lactone was
considered to be dispensable [32], it may have some contributions to WA's activity [33].

WA, WE, HWE and AzWA ,which all share the 5,6-epoxide group, resulted in similar
antiproliferative activity and apoptosis induction against Panc-1cells. In contrast, up to 50
M withaperuvin (WP) which does not have 5, 6-epoxide group, was unable to significantly
decrease the cell viability and induce apoptosis. These results suggest that the 5, 6-epoxide
group within B ring plays an important role in the anti-proliferative activity of WA against
Panc-1 cells. Indeed, these finding was confirmed by the previous studies, which reported
that the loss or replacement of epoxy functional group at C-(5,6) of WA abrogated its
biological function [27,28].

In addition, the substituent group at C-2,3 in the unsaturated A ring also impacts the
biological function of WA. In our study, AzZWA demonstrated relatively weaker
antiproliferative activity and apoptosis induction in Panc-1 cells than withaferin A. Similar
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results have been revealed that the activity of WA was decreased when it was converted to
3-methoxy-2,3-dihydrowithaferin A [32]. Furthermore, the anti-proliferative activity and
apoptosis induction of HWE, which contained a hydroxyl substituent at C-4, slightly
increased compared to WE, which lacked the 4-hydroxy group. Previous data also
confirmed that hydroxyl group at C-4 within ketone unsaturated A ring contributed to the
inhibition of cell viability of withanolides [20]. WA also inhibit Hsp90 by direct binging to
Hsp90 without affecting its ATP binding site. We further explored the structure-activity
relationship of WA and its analogues to inhibit Hsp90 chaperone machinery.

Drug-mediated inhibition of Hsp90 leads to simultaneous misfolding and aggregation of
various client protein, which results in degradation via ubiquitin-proteasome pathway
[34,35]. In addition, Hsp90 was considered to be over expressed in cancerous tissue and
existed as altered superchaperone complex, which inherently results in greater drug
selectivity to cancer cells [36,37]. Therefore, Hsp90 has emerged as a promising therapeutic
target for cancer therapeutics.

In order to assess whether epoxy group at C-5(6) within B ring, the substituent groups C-3
and the hydroxyl group at C-4 of withanolide affect Hsp90 inhibition, we examined the
protein levels of Akt and Cdk4, two well identified Hsp90 client proteins, and Hsp70 a
molecular signature in response to Hsp90 inhibition in cancer cells in response to the
treatment of WA and its analogues [38]. Consistent with the results of cytotoxicity and
apoptosis, WE, HWE, AzWA, which all contain the 5,6-epoxide group induced the Akt and
Cdk4 degradation as well as HSP70 up-regulation, whereas WP showed little effects. In
addition, HWE, with an additional hydroxyl group at C-4 decreased protein levels of Akt
and Cdk4 more than that of WE. Furthermore, AzZWA, with an additional aziridinyl group at
C-3 induced much less of Hsp90 client protein degradation compared to WA. In the
presence of proteasome inhibitor MG132, both Akt and Cdk4 accumulated in Triton-
insoluble fraction of drug-treated cells, suggesting that WE, HWE or AzZWA triggered
proteasome-dependent degradation of misfolded/aggregated Hsp90 client protein. The
alteration of these important signaling molecules suggest that the epoxy group at C-5, 6
within B ring, the substituent group at C-3 and the hydroxyl group at C-4 within ketone
unsaturated A ring contributed considerably to the inhibition of Hsp90 activity.

In our previous study, we have shown that withaferin A directly binds to the C-terminus
Hsp90 but not N-terminus Hsp90, which might be though the interaction with the reactive
cysteine residues. Since only C-terminus Hsp90 contains reactive cysteine residues whereas
N-terminus Hsp90 not. In addition, withaferin A biotin failed to pull down full length yeast
Hsp90 which did not contain reactive cysteine residues [9]. In the present study, we
demonstrated that WE, HWE and AzWA were able to compete for biotin-WA binding to
Hsp90 in cell lysate, whereas WP failed. These results suggest that epoxide functional group
at C-5, 6 plays an important role in withanolide interacting with the C-terminus of Hsp90.

Previous studies revealed that Hsp90 chaperone proteins containing cysteine residues are
sensitive to cellular redox conditions and form intermolecular disulfide bonds in stress
conditions, hence cause the formation of high molecular weight aggregate of Hsp90 [39].
WA, WE, HWE and AzWA all induced Hsp90 aggregates, which suggests the importance
of epoxide functional group at C-5,6 to induce Hsp90 aggregation.

Cdc37, a cochaperone of Hsp90 is crucial in loading protein kinase to Hsp90
superchaperone complex [40,41]. Cdc37 associated with a large subset of Hsp90 client
proteins, which are essential in signal transduction, cell proliferation and survival [41].. As
same as WA, 20pM HWE, and AzHA were demonstrated to be able to inhibit Hsp90-Cdc37
interaction,whereas 20uM WE) and WP did not. Further examination of the compounds'
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structures releaved that WA, HWE and AzWA all share the same C-5, C-6 epoxide group
and C-4 hydroxyl group, whereas WE only contains C-5, C-6 epoxide group but not C-4
hydroxyl group, and WP onlycontains C-4 hydroxyl group but not C-5, C-6 epoxide group,
indicated that both C-5(6) epoxide group and C-4 hydroxyl group might be crucial for
disruption of Hsp90-Cdc37 interaction.

In summary, various withaferin A analogues were investigated for their anticancer activity
and mechanisms to inhibit Hsp90. The data suggested that the epoxy functional group at
C-5(6) of withanolides is required to bind Hsp90, induce Hsp90 aggregation, and induce
Hsp90 client protein degradation, and eventually show anti-proliferative activity. The
substitution of C-2 and 3 positions may hinder withanolides to inhibit Hsp90 activity while
the hydroxyl group at C-4 in A ring of withanolide may enhance its activity to inhibit Hsp90
and induce Hsp90 client protein degradation, and disrupt Hsp90-Cdc37 interaction. These
structure-activity relationships of withanolides provide detailed mechanism for this class of
compounds to inhibit Hsp90 for their anticancer activity.
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Fig.1.

A. Dose-response curve of WA and its analogues on cell cytotoxixity in Panc-1 cells. Cells
were grown in log phase and treated with increasing concentrations of WA, WE, HWE,
AzWA or WP for 48 h, respectively. The cytotoxicity of those compounds was measured by
MTS assay. B. Caspase-3 activity in Panc-1 cells after WA, WE, HWE, AzZWA or WP
treatment. Cell lysates were prepared for caspase-3 activity assay. Results are expressed as
arbitrary fluorescent units (AFU) normalized to milligram of cytosolic protein. Caspase 3
activities of drug treatment groups were normalized to that of Control cells. Data are
presented as mean + SD (n = 3). * indicates p< 0.05.
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A. HSP90 client protein degradation in Panc-1 cells induced by WA, WE, HWE, AzWA and
WP. Panc-1 cells were treated with 10uM WA or its analogues for 24h, respectively. Equal
amounts of protein (50 pg/lane) were subjected to SDS-PAGE and analyzed by Western blot
with specific antibodies to Akt, Cdk4, Hsp70, Hsp90 and Actin. Actin was served as internal
standard. Results are representative of three independent experiments.
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WA and its analogues direct bind to Hsp90 and induce Hsp90 aggregation. A. WA, WE,
HWE, AzWA and WP compete with WA-biotin binding to Hsp90. One mg cell lysate was
preincubated with 100M WA or its analogues for 1 h, respectively before subject to WA-
biotin pull down assay. The WA-biotin pull down protein were subjected to Western blot
analysis with specific antibodies to Hsp90. B. WA, WE, HWE or AzZWA induces Hsp90
aggregation. Panc-1 cells were treated with 10 uM WA or its analogues for 24 h,
respectively. Equal amounts of protein (50ug/lane) were subjected to non-reducing gel
electrophoresis and then analyzed by Western blot with specific antibodies to Hsp90 and
Actin, Actin was served as internal standard. Results are representative of three independent
experiments.
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Fig.4.

Disruption of Hsp90-Cdc37 in Panc-1 cells by withaferin A (WA) and its analogues. A.
Immunoprecipitation of Hsp90 and Cdc37 complex. Cell lysates (500 g total protein) were
immunoprecipitated with Hsp90 antibody. Western blot was performed to detect Cdc37 and
Hsp90 using specific antibodies. Panc-1 cells were treated with 20uM WA, WE, HWE,
AzWA or WP for 24 h, respectively. Lysis, total cell lysate; 1gG, without antibody. B. Total
expression levels of Cdc37 in Panc-1 cells. Panc-1 cells were treated with WA, WE, HWE,
AzWA or WP for 24 h, respectively. Equal amounts of protein (50p.g/lane) were subjected
to SDS-PAGE and analyzed by Western blot with specific antibodies to Cdc37 and Actin.
Actin was served as internal standard. Results are representative of three independent
experiments.
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