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utilized to examine the effects of Hsp90 inhibition on cell 
cycle profiles.
Results  Here, we demonstrate for the first time that inhi-
bition of Hsp90 utilizing 17-AAG destabilizes Cks1 in 
cancer cells by promoting its ubiquitination and protea-
somal degradation. 17-AAG-induced Cks1 depletion was 
accompanied by concomitant decreases in Skp2 and Cdk1. 
17-AAG treatment also induced G2/M accumulation in 
MCF-7 breast carcinoma cells, and G1 accumulation in the 
colon carcinoma lines HCT116 and SW620.
Conclusions  We conclude that perturbing the Hsp90 path-
way could provide a useful therapeutic strategy in tumors 
driven by Cks1 overexpression.

Keywords  Cks1 · 17-AAG · Skp2 · p27Kip1 · Hsp90 · 
Geldanamycin · Proteasome

Introduction

Cks1 is an evolutionarily conserved 9  kDa protein first 
identified as a component of yeast cyclin–Cdk complexes, 
which has been implicated in cell cycle progression, tran-
scriptional regulation, and growth-signaling pathways [1]. 
Importantly, in the past few years, several studies, includ-
ing ours, have demonstrated that Cks1 is highly upregu-
lated in tumors [2–6]. Of note, in breast cancer, it has been 
shown using Cox multivariate analysis that high Cks1 lev-
els were strongly and independently associated with poor 
disease-free survival and poor overall survival [3]. In addi-
tion, Cks1 is also overexpressed in a number of other can-
cer subtypes, including colorectal carcinoma, lymphoma, 
lung cancer, prostate carcinoma, and multiple myeloma [2–
8]. Cks1 performs multiple functions in cancer cell physi-
ology, many of which are likely key to its roles in tumor 
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progression. For instance, Cks1 is a crucial component of 
the SCF-Skp2 ubiquitin ligase complex, which is respon-
sible for the degradation of the Cdk inhibitors p27Kip1, 
p21Cip1, and p130/Rb2 [9–11]. Studies from our laboratory 
have also shown that Cks1 regulates the expression of Cdk1 
and thereby controls G2/M progress and mitotic entry [9]. 
Cks1 overexpression also directly contributes to tumor 
development by circumventing DNA damage response bar-
riers and providing a proliferative advantage to premalig-
nant cells [12].

Given its pleiotropic roles in the expression of tumori-
genic phenotypes, inhibition of Cks1 has been suggested as 
a potential anticancer strategy [1]. Importantly, the thera-
peutic promise of such an approach has been validated in 
a myc-induced transgenic lymphoma model [13]. In this 
model, wherein high levels of Cks1 protein are present, 
tumor progression was severely abrogated by knockout 
of Cks1 [13]. Similarly, tumorigenesis is also abrogated 
by knockout of Cks1 in a cyclin E-induced mammary 
carcinoma model [12]. RNAi strategies of Cks1 inhibi-
tion using either siRNA duplexes or shRNA vectors have 
also been successful in vitro and have demonstrated inhi-
bition of cancer cell proliferation and cell cycle blockade 
in several instances [9, 14, 15]. However, depletion of 
Cks1 gene expression by such means has not been demon-
strated to be a feasible therapeutic strategy, either in ani-
mal models or in the clinic. Thus, from a practical stand-
point, it is not entirely clear how Cks1 can be targeted in 
cancers. Recently, it was demonstrated that Cks1 is ubiq-
uitinated and targeted to proteasomes for degradation [16–
18]. Therefore, an alternative strategy would be to induce 
the depletion of Cks1 protein by inducing its proteolytic 
removal by proteasomes.

A potential avenue for inducing turnover of oncoproteins 
is to target Hsp90, a molecular chaperone that is responsi-
ble for the stability, folding, and maturation of several cli-
ent proteins [19, 20]. Tumor cells are more dependent on 
Hsp90 than normal counterparts, and its pharmacological 
manipulation in order to interfere with the folding and con-
formational stability of client proteins has been shown to 
elicit their selective proteolytic degradation [21–24]. Cks 
proteins exist in twofolded states, a monomer or a domain-
swapped dimer, and are thought to interchange between 
these by way of folding intermediates [25]. Cks1 has been 
shown to exhibit conformational heterogeneity from spon-
taneous unzipping of hydrogen bonds between its β4 and 
the β2 strands, resulting in potential intermediates in the 
unfolding pathway that lead to domain swapping [26]. The 
cellular chaperone machinery assists in the folding reactions 
of proteins, by helping avoid unfavorable interactions and 
guiding them to achieve their correct oligomeric state within 
the crowded environment of the cell. Chaperones are also 
thought to sample folding intermediates and upon certain 

cues transition from ‘folding facilitation mode’ to a ‘deg-
radation mediation mode’ [23, 27]. Recent proteomic stud-
ies utilizing Ramos lymphoma cells have demonstrated that 
Cks1 exists in complexes with Hsp90 and its co-chaperone 
Cdc37 [28]. Whether these interactions stabilize Cks1 by 
facilitating its folding pathways within cells is not known at 
present. To test whether abrogating the chaperone function 
of Hsp90 would destabilize Cks1, we examined the effects 
of treating different cancer cell lines with the benzoquinone 
ansamycin 17-allylamino geldanamycin (17-AAG), a com-
pound that selectively binds Hsp90 in its conserved ATP-/
ADP-binding pocket and potently inhibits its ATP-dependent 
chaperone activity. We demonstrate that 17-AAG induces 
both ubiquitination and rapid proteasomal degradation of 
Cks1 in cancer cell lines. Loss of Cks1 was accompanied by 
a substantial concomitant decrease in Skp2, and also Cdk1. 
17-AAG treatment also induced G2/M accumulation in 
MCF-7 breast carcinoma cells, and G1 accumulation in the 
colon carcinoma lines HCT116 and SW620. Our results sug-
gest that Hsp90 inhibition could provide a useful therapeutic 
strategy in tumors driven by Cks1 overexpression.

Materials and methods

Cell lines and chemicals

MCF-7, SW620, and HCT116 cell lines were obtained 
from American Type Culture Collection (Manassas, VA) 
and maintained in RPMI media (Thermo Fisher Scientific, 
Waltham, MA) containing 10  % FBS and 100  units/mL 
penicillin–streptomycin antibiotic solution (Life Technolo-
gies, Grand Island, NY). All cells were maintained at 5 % 
CO2 and 37  °C. Epoximicin and 17-AAG were obtained 
from Apex Bio (Houston, TX).

Immunoblotting

Cells harvested following each experiment were lysed with 
1× lysis buffer (Cell Signaling, Danvers, MA) to obtain 
lysates. 25–40  μg of protein was run on Mini-PROTE-
ANTM or CriterionTM gels (Bio-Rad, Hercules, CA) and 
transferred on to nitrocellulose membranes by overnight 
wet transfer. The membranes were blocked for 1  h with 
5 % milk in 0.05 % TBST and probed with designated anti-
bodies at the indicated dilutions—Cks1 (Life Technologies, 
Grand Island, NY, 1:500–1:2,000), p27Kip1 (BD Transduc-
tion Labs, San Jose CA, 1:2,000–1:3,000), p21Cip1 (BD 
Transduction Labs, San Jose, CA, 1:1,000–1:2,000), Skp2 
(Life Technologies, Grand Island, NY, 1:500), Cdk1 (Cell 
Signaling, Danvers, MA, 1:3,000), ERα (SantaCruz Bio-
tech, Dallas, TX, 1:1,000), and GAPDH Clone 14C10 (Cell 
Signaling, Danvers, MA, 1:20,000–1:50,000).
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Ubiquitination assays

An HA-ubiquitin plasmid (obtained from Dr Harish Ram-
anathan, NIH, Bethesda, Maryland) was transfected into 
MCF-7 by lipofection. Cells were then treated with protea-
somal inhibitors for the indicated times and harvested. 100–
200 μg of lysate from the harvested cells was subjected to 
immunoprecipitation (IP) with 1–2  μg of Cks1 antibody 
using the Exacta CruzTM F kit (Santa Cruz Biotech, Dallas, 
TX) according to the manufacturer’s instructions. Normal 
rabbit IgG serum (Santa Cruz Biotech, Dallas, TX) was 
used as an isotype control for nonspecific binding during 
IP experiments. The IPs were then transferred to nitrocel-
lulose by overnight wet transfer and subjected to immunob-
lotting to assess changes in ubiquitinated Cks1.

RNA interference

Cells plated in 60 mm dishes were transfected using Dhar-
maFECT (GE Dharmacon, Lafayette, CO) in serum-free 
medium. Cells were transfected with either a Cks1-specific 
siRNA (Cks1 siRNA# 4, UCUGAUGUCUGAAUCU-
GAAUU, GE Dharmacon, Lafayette, CO) or a scrambled 
siRNA control duplex with no known homology to mam-
malian genes (nontargeting siRNA# 2, UAAGGCUAU-
GAAGAGAUAC). After 24  h of siRNA incubation, cul-
tures were either harvested or re-fed with the medium and 
conditions indicated for each experiment and then har-
vested at various time points. Harvested cells were lysed 
for immunoblotting analysis.

Cell cycle analysis

For cell cycle studies, cells were exposed to propidium 
iodide. Samples were then treated with 5 ng/mL of RNase 
(EMD Millipore, Billerica, MA) and then analyzed on a 
fluorescence-activated cell sorting (FACS) scanner using 
laser excitation at 488  nm (Becton Dickinson, Franklin 
Lakes, NJ). Cell cycle analysis was done using ModFit 
(Verity Software House, Topsham, ME).

Results and discussion

17‑AAG treatment depletes Cks1 while concomitantly 
decreasing Skp2 and Cdk1 in MCF‑7 breast carcinoma 
cells

Cks1 is a conformationally heterogenous 9 kDa ‘oncopro-
tein’ that is overexpressed in multiple cancers [26]. Cks1 
has been shown to interact in complexes with Hsp90 and 
its co-chaperone Cdc37 [27]. We initially compared the 
effects of 17-AAG treatment on MCF-7 breast carcinoma 

cells with cells transfected with Cks1-specific siRNA. Cks1 
knockdown resulted in concomitant loss of Skp2, with 
modest increases in p27Kip1 and p21Cip1 (Fig. 1a). In com-
parison, 17-AAG treatment led to a dose-dependent decline 
in Cks1 protein level, resulting in a near complete loss of 
the protein within 48–72 h (Fig. 1b, c). In agreement with 
the siRNA experiments, we observed that 17-AAG-medi-
ated treatment also resulted in decreased Skp2 in MCF-7 
cells (Fig. 1b, c). This is consistent with the fact that Skp2 
is autoubiquitinated in the absence of Cks1 [29]. Further-
more, treatment with 17-AAG (0.1–5  μM) for 48–72  h 
also resulted in stabilization of p21Cip1, a known sub-
strate of the SCF-Skp2Cks1 ubiquitin ligase [30] (Fig.  1b, 
c). 17-AAG treatment also resulted in a complete loss of 
estrogen receptor α (ERα) and Cdk1, two recognized cli-
ents of Hsp90 (Fig. 1b, c) [31, 32]. Interestingly, we have 
previously reported that siRNA-mediated depletion of Cks1 
does not substantially alter ERα in MCF-7 cells, suggesting 
that the 17-AAG effect on this protein is independent of its 
effect on Cks1 [9]. On the other hand, we have also previ-
ously reported that Cks1 positively regulates Cdk1 expres-
sion in MCF-7 and other cancer cells [9]. Since results 
herein reveal that 17-AAG induces a potent downregulation 
of Cdk1, we posit that Hsp90 inhibition could affect Cdk1 
by both directly affecting its stability, and also indirectly 
by causing Cks1 downregulation. These results collectively 
suggest that potent depletion of Cks1 can be achieved by 
means of Hsp90 inhibition that can lead to downstream 
perturbation of other key cell cycle regulatory proteins in 
cancers.

17‑AAG induces Cks1 polyubiquitination 
and proteasome‑mediated degradation in MCF‑7 cells

We next assessed whether Hsp90 inhibition induces Cks1 
depletion by the ubiquitin-proteasome pathway. To test 
whether 17-AAG can trigger Cks1 ubiquitination in MCF-
7, cells were transiently transfected with HA-ubiquitin. 
We found that immunoblots of Cks1-specific immunopre-
cipitates from MCF-7 cells manifest a smear of polyubiq-
uitinated Cks1 as compared to control immunoprecipitates 
(Fig. 2a). Treatment with 17-AAG alone caused a marked 
increase in the intensity of these smears indicating that 
either Hsp90 inhibition increases ubiquitination of Cks1 or 
decreases its basal deubiquitination rates (Fig.  2a). Epox-
imicin alone or cotreatment with 17-AAG caused a further 
increase in the smear intensity, indicating that proteasomal 
inhibition causes a reduced clearance of polyubiquitinated 
Cks1 protein (Fig.  2a). We next performed a time course 
analysis (Fig.  2b, upper panel). Whereas epoximicin did 
not substantially affect constitutive Cks1 levels, it com-
pletely blocked 17-AAG-induced depletion of the pro-
tein. To assess how this correlates with its ubiquitination, 
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Fig. 1   Comparison of the effects of Cks1 depletion induced by either 
the Hsp90 inhibitor 17-AAG or by RNAi in MCF-7 breast carcinoma 
cells. a MCF-7 cells were transfected for 24 h with either a nontar-
geting or a Cks1-specific siRNA duplexes using DharmaFECT. Cells 
were washed and incubated for another 24  h after which they were 
harvested and lysed. Lysates were examined for the levels of indi-
cated proteins by immunoblotting. b, c 17-AAG induces depletion of 

Cks1 and associated cell cycle proteins in a dose-dependent manner. 
MCF-7 cells were treated with indicated concentrations of 17-AAG 
for 48  h or 72  h. Cells were harvested and lysates from the har-
vested cells were analyzed by immunoblotting. The numbers below 
the immunoblots represents the changes in densitometric ratios with 
respect to GAPDH
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Fig. 2   17-AAG treatment induces polyubiquitination of Cks1 in 
MCF-7 cells. a MCF-7 cells were transfected with a plasmid express-
ing HA-tagged ubiquitin protein. Twenty-four-hour posttransfection, 
cells were treated with either vehicle (DMSO) or indicated com-
pounds for 8 h. Cks1 was immunoprecipitated using a specific anti-
body. Immunoprecipitates were analyzed by anti-HA immunoblot-

ting. Preimmune rabbit serum was used as a control. b Time course 
representing ubiquitination kinetics of Cks1 upon Hsp90 inhibition 
and proteasomal blockade in MCF-7 cells. Cells transfected with the 
HA-ubiquitin plasmid were treated with 17-AAG and epoximicin as 
indicated. Cells were harvested at indicated times, and ubiquitination 
of Cks1 was assessed



415Cancer Chemother Pharmacol (2015) 75:411–420	

1 3

we performed a time course analysis of Cks1-polyubiq-
uitinated species under these conditions (Fig.  2b, lower 
panel). The data revealed that the accumulation of poly-
ubiquitinated Cks1 upon 17-AAG treatment was a transient 
phenomenon with peak intensity at 4  h followed by sub-
stantial loss of the 9 kDa Cks1 band at 24 h (Fig. 2b). We 
postulate therefore that perturbing Hsp90 not only leads 
to proteasomal removal of the multiubiquitin-tagged Cks1 
but could potentially induce simultaneous feedback mech-
anisms such as its deubiquitination, leading to the tran-
sient nature of the appearance of polyubiquitinated Cks1. 
Interestingly, treatment with epoximicin alone also caused 
a transient accumulation of polyubiquitinated Cks1, sug-
gesting that regulation of steady-state Cks1 levels in unper-
turbed MCF-7 also presumably reflects a balance between 

proteasomal degradation and ongoing feedback deubiq-
uitination, etc. (Fig. 2b). The overall transient pattern was 
maintained upon cotreatment with 17-AAG and epoximicin 
although the smears were more intense due to the additive 
effects of Hsp90 inhibition and reduced proteasomal clear-
ance (Fig. 2b, lower panel).

We next examined a time course of 17-AAG’s effects 
on Cks1, Skp2, p27Kip1, and p21Cip1 in MCF-7 cells for 
periods up to 72  h. Epoximicin treatment was, however, 
restricted to 24  h since longer exposures with this agent 
causes cytotoxicity in MCF-7 cells. As depicted in Fig. 3a, 
b, we found that Cks1 depletion induced by a 24-h 17-AAG 
treatment (either 1 or 5 μM) in MCF-7 cells was substan-
tially reduced by simultaneous proteasomal blockade with 
epoximicin. However, epoximicin treatment for 24  h did 

A B17-AAG
(1 μM)

17-AAG (1 μM)
+ Epox (0.5 μM) 

Cks1

GAPDH

Skp2

1.00 0.82 0.70 0.32 0.94 1.21 1.18

1.00 0.34 0.30 0.20 0.76 0.61 0.15

p21Cip1

1.00 2.76 3.64 4.71 15. 31 36.20 52.22

p27Kip1

1.00 0.90 1.05 1.33 1.42 1.73 2.05

CT 4 8 24 4 8 24 hrs

17-AAG
(5 μM)

17-AAG (5 μM)
+ Epox (0.5 μM) 

Epox
(0.5 μM)

hrs

Cks1

Skp2

GAPDH

CT 4 8 12 24 4 8 12 24 4  8 12 24

1.00 0.47 0.39 0.17 0.03 0.60 1.09 1.62 1.71 1.78 1.80 2.32 2.15

p27Kip1

1.00 0.95 0.96 0.97 0.97 0.97 1.05 1.10 1.12 0.97 0.98 0.97 0.98

1.00 0.72 0.64 0.54 0.47 0.89 0.75 0.61 0.54 1.05 1.14 1.13 0.93

p21Cip1

1.00 1.11 0.97 0.97 1.80 4.92 8.59 8.70 8.62 6.63 8.00 9.07 9.98

Cks1

hrs24 48 72CT 24 48 72

Skp2

17-AAG
(5 μM)

17-AAG (5 μM)
+ Epox (0.5 μM, 24 hrs) 

GAPDH

1.00 0.36 0.13 0.02 0.85 0.32 0.16

1.00 0.46 0.38 0.39 0.48 0.15 0.10

C

Fig. 3   17-AAG treatment depletes Cks1 through the proteasomal 
degradation pathway in MCF-7 cells. a, b MCF-7 cells were either 
left untreated or pretreated with epoxomicin (0.5  μM) for 30  min. 
Cells were then treated with 17-AAG at a concentration of 1 μM (a) 
or 5  μM (b) in presence or absence of epoximicin. Protein lysates 
prepared at the indicated times were analyzed by immunoblotting. 
The numbers below the immunoblots represent densitometric ratios 

of the protein with respect to GAPDH. c MCF-7 cells were either 
left untreated or treated with 17-AAG at a concentration 5 μM for 
24–72 h. Epoxomicin (0.5 μM) was added 24 h prior to harvest. Pro-
tein lysates prepared at the indicated times were analyzed by immu-
noblotting. The numbers below the immunoblots represent densito-
metric ratios of the protein with respect to GAPDH



416	 Cancer Chemother Pharmacol (2015) 75:411–420

1 3

not efficiently block Cks1 depletion induced by longer 
17-AAG exposure (48–72 h) (Fig. 3a, lower panel). In con-
trast to Cks1, the decrease in Skp2 was blocked by epox-
imicin only at the 4 h and 8 h time points (Fig. 3a, b). This 
suggests that sustained inhibition of Hsp90 can overcome 
proteasomal blockade and can induce other mechanisms 
of downregulation of Cks1 and Skp2. Proteasomal block-
ade alone or in combination with a 24-h 17-AAG treatment 
led to a substantial and rapid stabilization in p21Cip1 lev-
els (Fig. 3a, b). Interestingly, in comparison with p21Cip1, 
epoximicin treatment either alone or in combination with 
17-AAG only induced a modest stabilization of p27Kip1 lev-
els, which is already present at high levels in MCF-7 cells 
(Fig. 3a, b).

17‑AAG‑treated HCT116 and SW620 colon carcinoma 
cells exhibit proteasomal degradation of Cks1 
and concomitant loss of Skp2 and Cdk1

Increased Cks1 expression is strongly correlated to tumor 
aggressiveness in different tumors of gastrointestinal sys-
tem such as esophagus [33], stomach [34, 35], colon [5, 
36, 37], and liver [14, 38]. However, whether the aberrantly 
high Cks1 protein found in gastrointestinal tumors can be 
reduced by inhibiting Hsp90 function has not been exam-
ined. Previously, Moser et  al. have shown that the Hsp90 
inhibitor 17-DMAG substantially inhibits phosphorylation 
of epidermal growth factor receptor, c-Met, and focal adhe-
sion kinase, resulting in a significant decrease in cancer 
cell invasiveness in HCT116 and SW620 cells [39]. Fur-
thermore, it was recently shown that frequent expression of 
hsp90alpha and hsp90N on the surface of colorectal cancer 
cells may enable hsp90 to promote metastasis [40]. In fact, 
inhibition of Hsp90 in colorectal cancer downregulates 
NF-κB, leading to inhibition of epithelial mesenchymal 
transition, motility, and invasiveness [40]. Interestingly, 
Cks1 supports hepatocarcinogenesis through regulation of 
NF-κB pathway [14]. Collectively, these studies suggest 
the notion that part of the decrease in tumorigenic proper-
ties of colorectal cancer cells following Hsp90 inhibition 
may occur through potential Cks1-dependent mechanism. 
These findings prompted us to investigate the consequences 
of Hsp90 inhibition on Cks1 protein stability in colorectal 
cancer cell lines.

To assess the role of 17-AAG-mediated Hsp90 inhibition 
on Cks1 protein stability in colorectal cancer, we analyzed 
two different colon cancer lines, HCT116 and SW620, cell 
lines that have been previously shown to exhibit a decrease 
in growth and invasiveness upon pharmacological inhibi-
tion of Hsp90 [39]. We initially compared RNAi-mediated 
depletion of Cks1 with the effects of 17-AAG on Cks1 in 
HCT116 cells (Fig.  4a, b). We found that 17-AAG treat-
ment for 72  h led to a dose-dependent decrease of Cks1 

and simultaneously reduced Skp2 and Cdk1 in a manner, 
which was largely similar to the effects elicited by Cks1 
siRNA duplexes (Fig. 4a, b). 17-AAG-induced loss of Cks1 
was accompanied by a substantial stabilization of p21Cip1 
and p27Kip1 in HCT116 cells (Fig. 4b). Like MCF-7 cells, 
17-AAG-mediated Cks1 depletion in HCT116 was blocked 
by epoximicin only at early time points (8–24 h) (Fig. 4c, 
d). On the other hand, longer exposures with 17-AAG 
(72  h) can overcome epoximicin and induce sustained 
depletion of both Cks1 and Skp2 presumably through non-
proteasomal means (Fig. 4d). 17-AAG treatment also stabi-
lized p21Cip1 and p27Kip1, which was further stabilized by 
simultaneous proteasomal blockade (Fig. 4d).

We also compared the effects of RNAi-mediated deple-
tion of Cks1 in SW620 versus the effects of 17-AAG-medi-
ated downregulation of Cks1 in this line (Fig.  5a, b). We 
found that SW620 cells exhibited a sharp decline in Cks1 
and Skp2 protein levels upon 17-AAG treatment (Fig. 5b). 
This was accompanied by accumulation of p27Kip1 as in 
the case of siRNA-mediated Cks1 depletion (Fig.  5a, b). 
Expectedly, epoximicin blocked 17-AAG-induced Cks1 
depletion in SW620 at early time points (12–24  h), but 
less efficiently at later times (48–72 h) (Fig. 5c, d). Unlike 
MCF-7 and HCT116, basal p21Cip1 is nearly undetectable 
SW620 cells (Fig. 5c, d). However, combined Hsp90 inhi-
bition by 17-AAG and proteasomal block by epoximicin 
led to a stabilization of p21Cip1 levels at least at the earlier 
times (Fig. 5c). On the other hand, substantial basal p27Kip1 
is present in SW620 cells, which is moderately stabilized 
by 17-AAG alone (24–72 h) (Fig. 5c, d). Also, p27Kip1 is 
markedly stabilized in these cells by epoximicin or cotreat-
ment with epoximicin and 17-AAG for up to 24 h (Fig. 5d).

17‑AAG induces blockade of cell cycle progression 
in breast and colon cancer cells

Since our results described above suggested that Hsp90 
inhibition-mediated depletion of Cks1 is accompanied by 
changes in other cell cycle regulatory proteins as well, we 
also examined the effects of 17-AAG on cell cycle distri-
bution in MCF-7, HCT116, and SW620 cancer cell lines. 
In MCF-7 cells, a 24-h 17-AAG (5 μM) treatment led to a 
significant accumulation of cells in the G2/M phase, with 
a corresponding reduction in G1- and S-phase populations 
(Fig.  6). Epoximicin treatment alone or in combination 
with 17-AAG for 24 h also caused G2/M accumulation in 
MCF-7 although less potent, and with lesser compensatory 
increases in the G1 and S populations than that induced by 
17-AAG alone (Fig.  6). On the other hand, HCT116 and 
SW620 cells responded to Hsp90 inhibition predominantly 
by accumulating in the G1 phase (Fig.  6). HCT116 and 
SW620 cells treated with epoximicin alone mainly exhib-
ited an S-phase increase. Epoximicin in combination with 
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17-AAG in HCT116 and SW620 cells reduced the mag-
nitude of the G1 accumulation caused by 17-AAG alone 
(Fig. 6).

In conclusion, we have identified here for the first time a 
potential mechanism for modulating Cks1 protein stability 

by perturbing Hsp90 function. The block in cell cycle 
progression in MCF-7 breast carcinoma cells induced by 
17-AAG is likely to be a result of both reduction in key cell 
cycle proteins such as Cks1 and Cdk1, as well as pertur-
bation of other estrogen-mediated responses through ERα. 
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Fig. 4   17-AAG treatment depletes Cks1 through the proteasomal 
degradation pathway and concomitantly decreases Skp2 and Cdk1 
in HCT116 colon carcinoma cells. Cells were harvested and pro-
tein lysates from the harvested cells were analyzed by immunoblot-
ting for indicated proteins following each experiment (described in 
a through d). a Nontargeting or Cks1-specific siRNA duplexes were 
applied to HCT116 cells using DharmaFECT transfection reagent for 
24 h. Cells were harvested and lysed 24 and 48 h after completion of 

transfection. b HCT116 cells were treated with indicated dose (nM) 
of 17-AAG for 72  h. c HCT 116 cells were treated with 17-AAG 
(5  μM) in presence or absence of epoximicin (0.5  μM) and har-
vested at indicated times. d HCT 116 cells were treated with 17-AAG 
(5 μM) for 24–72 h. Epoximicin (0.5 μM) was added 24 h prior to 
harvest. The numbers below the immunoblots represent densitometric 
ratios with respect to GAPDH
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In this regard, Whitesell and coinvestigators had previously 
demonstrated that Hsp90 inhibition in MCF-7, as well as 
another ERα+ breast cancer line T47D, causes destabili-
zation of ERα and marked decline in its levels [31]. Our 
findings herein are also consistent with those of Watanabe 
et  al who reported that Hsp90 inhibition induces a Cdk1-
mediated cell cycle blockade [32]. The differences in the 
cell cycle response of the colon cancer cells to 17-AAG 
vis-à-vis MCF-7 cells could be due to differences in the 
oncogenic drivers between cell lines and how they respond 

to Hsp90 inhibition. Herein, we demonstrate that 17-AAG 
triggers ubiquitination and subsequent proteasomal turno-
ver of Cks1, which is effectively blocked by epoximicin. 
Longer exposure with 17-AAG potently depletes Cks1 
even in the presence of epoximicin, suggesting alternative 
routes of degradation can come into play when unfolded 
proteins accumulate for long periods of time. Mimnaugh 
et  al. [41] have also shown that simultaneous inhibition 
of Hsp90 and the proteasome leads to the accumulation of 
detergent-insoluble aggregated proteins. In this regard, it is 
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Fig. 5   17-AAG treatment depletes Cks1 through the proteasomal 
degradation pathway and concomitantly decreases Skp2 and Cdk1 
in SW620 colon carcinoma cells. Cells were harvested and protein 
lysates from the harvested cells were analyzed by immunoblotting 
for indicated proteins following each experiment (described in a 
through d). a Nontargeting or Cks1-specific siRNA duplexes were 
applied to SW620 cells using DharmaFECT transfection reagent for 
24 h. Cells were harvested and lysed 24 and 48 h after completion of 

transfection. b SW620 cells were treated with indicated dose (nM) of 
17-AAG for 72 h. Cells were harvested and processed for immuno-
blotting. c SW620 cells were treated with 17-AAG (5 μM) in pres-
ence or absence of epoximicin (0.5 μM) and harvested at indicated 
times. d SW620 cells were treated with 17-AAG (5 μM) for 24–72 h. 
Epoximicin (0.5 μM) was added 24 h prior to harvest. The numbers 
below the immunoblots represents densitometric ratios with respect 
to GAPDH
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also important to note that Kaganovich et al have suggested 
that cells adopt distinct strategies for removal of proteins 
with soluble misfolded conformations versus terminally 
aggregated forms [42]. According to this model, cells par-
tition misfolded proteins into different compartments on 
the basis of their ubiquitination and solubility [42]. Further 
mechanistic studies deciphering Hsp90-mediated regula-
tion of Cks1 and its downstream effects will provide clues 
for effectively targeting Cks1 in cancers.
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