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Abstract Heat shock protein 90 (HSP90) is a molecular
chaperone that supports stability of client proteins. We found
that HSP90was cleaved to 55 kDa protein after treatment with
histone deacetylase (HDAC) inhibitors including
suberoylanilide hydroxamic acid (SAHA) in several leukemia
cell lines. We further analyzed molecular changes induced by
SAHA in K562 cells. The SAHA-induced cleavage of HSP90
was blocked by a pan-caspase inhibitor, z-VAD-fmk, imply-
ing that the process is dependent on caspase activity.
However, the experiments using antagonistic and agonistic
Fas antibodies revealed that the cleavage of HSP90 was not

dependent on Fas signaling. SAHA induced generation of
reactive oxygen species (ROS), and the cleavage of HSP90
was blocked by a ROS scavenger N-acetylcystein (NAC). We
also confirmed that hydrogen peroxide (H2O2) induced cleav-
age of HSP90 in a similar manner. Caspase 2, 3, 4, 6, 8, and 10
were activated by treatment with SAHA, and the activities
were reduced by the pretreatment of NAC. Treatment of the
cells with caspase 10 inhihitor, but not other inhibitors of
caspases activated by SAHA, prevented cleavage of HSP90
by SAHA. SAHA-induced ROS generation and HSP90 cleav-
age were dependent on newly synthesized unknown proteins.
Taken together, our results suggest that the cleavage of HSP90
by SAHA is mediated by ROS generation and caspase 10
activation. HSP90 cleavage may provide an additional mech-
anism involved in anti-cancer effects of HDAC inhibitors.
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Introduction

Histone deacetylase (HDAC) inhibitors consist of several
structural classes, including the following: short-chain fatty
acids, hydroxamic acids, cyclic tetrapeptides containing a 2-
amino-8-oxo-9,10-epoxy-decanoyl (AOE)moiety, cyclic pep-
tides not containing the AOE moiety, and benzoamides
(Marks et al. 2000). Acetylation/deacetylation of histones is
an important process in the regulation of gene expression
(Kornberg 1999). HDAC inhibitors induce histone acetylation
and thereby induce expression of several genes including
those involved in cell cycle arrest and apoptosis (Ruefli et al.
2001; Richon et al. 2000). Notably, HDAC inhibitors showed
synergistic or additive effects in blocking proliferation or
inducing apoptosis when used in combination with different
anti-cancer agents, including radiation therapy, chemotherapy,
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differentiation agents, epigenetic therapy, and new targeted
agents (Dokmanovic et al. 2007). Therefore, HDAC inhibitors
gained attention as an anti-cancer agent (Bolden et al. 2006),
and at least 12 different HDAC inhibitors are undergoing
clinical trials as monotherapy or in combination with reti-
noids, taxol, gemcitabine, radiation, etc (Dokmanovic et al.
2007; Kelly et al. 2005; O’Connor et al. 2006).

Reactive oxygen species (ROS), an apoptosis inducer, is
generated in cells by several pathways. Sources of ROS
generation are the mitochondrial electron transport chain,
NADPH oxidase family, and metabolic pathways (Hole
et al. 2011). Generation of ROS in mitochondria induces
apoptosis, which is mediated by regulation of cytochrome c
release (Cai and Jones 1998).When cells are exposed to a high
dose of ROS, they are triggered to apoptosis. On the other
hand, ROS promotes cell growth, survival, and regulation of
cellular signaling depending on the concentration (Dypbukt
et al. 1994; Kamata and Hirata 1999; Trachootham et al.
2008).

Heat shock proteins are found in most living organisms,
and their expression increases when cells are exposed to stress
(Welch 1993). Heat shock protein 90 (HSP90), a member of
the heat shock protein family, is a molecular chaperone that
supports stability of client proteins, such as mutated p53, Bcr-
Abl, Raf-1, Akt, HER2/Neu (ErbB2), HIF-1α, etc (Neckers
and Workman 2012).

HSP90 forms a flexible dimer, and this structure is impor-
tant to maintain the ATPase cycle of HSP90 for the chaperone
function (Rohl et al. 2013). HSP90 monomer consists of three
domains, N-domain, M-domain, and C-domain, and the N-
domain has an ATP-binding pocket (Prodromou et al. 1997).
ATP binding to the N-domain promotes dimerization of the N-
domain, and the hydrolysis of ATP to ADP promotes N-
domain dissociation (Richter and Buchner 2001; Prodromou
et al. 2000). Co-chaperones, such as Hop, p23, cdc37, PP5,
and Xap2, contribute to interaction of the chaperone machin-
ery with HSP90. Co-chaperones interact with HSP90 and
control ATPase for HSP90 activation and recruit client pro-
teins to HSP90 (Zuehlke and Johnson 2010; Rohl et al. 2013).
As many HSP90 client proteins are necessary for cancer cell
survival and proliferation, most cancer cells express higher
levels of HSP90 compared with normal cells (Ferrarini et al.
1992; Neckers et al. 1999; Miyata et al. 2013). Furthermore,
HSP90 is reported to contribute to malignant transition
(Boltze et al. 2003). Therefore, many researchers have recent-
ly been studying HSP90 as a target of anti-cancer drugs
(Neckers et al. 1999; Modi et al. 2011; Dickson et al. 2013;
Miyata et al. 2013).

While the cleavage of HSP90 by stresses such as ultraviolet
B irradiation (Chen et al. 2009), ascorbate/menadione-
mediated oxidative stress (Beck et al. 2009), and
andrographolide-mediated ROS (Liu et al. 2014) was previ-
ously reported, effects of HDAC inhibitor on the HSP90

cleavage were never investigated before. In this study, we
found for the first time that HSP90 was cleaved after treatment
with HDAC inhibitors including suberoylanilide hydroxamic
acid (SAHA) in several leukemia cell lines. We also revealed
that cleavage of HSP90 by SAHAwas mediated by ROS and
caspase 10 in K562 cells.

Materials and methods

Cell culture

K562 (chronic myelogenous leukemia) cells were maintained
in Iscove’s Modified Dulbecco’s Medium (IMDM, Hyclone,
Logan, UT, USA) with 10 % fetal bovine serum (FBS,
Hyclone), 100 U/ml penicillin, and 100 μg/ml streptomycin
at 37 °C under a humidified atmosphere of 5 % CO2. THP-1
(human acute monocytic leukemia) cells were maintained in
Roswell Park Memorial Institute medium (RPMI-1640,
Hyclone) with 10 % FBS, 100 U/ml penicillin, 100 μg/ml
streptomycin, and 50 μM β-mercaptoethanol. KG1a (human
acute myelogenous leukemia) cells were maintained in
IMDM with 20 % FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin. CT-26 (mouse colorectal carcinoma) cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM,
Hyclone) with 10 % FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin. U-937 (human histiocytic lymphoma), RPMI-
8226 (human myeloma), HT-29 (human colorectal adenocar-
cinoma), Huh-7, and SNU-739 (human hepatocellular carci-
noma) cells were maintained in RPMI-1640 with 10 % FBS,
100 U/ml penicillin, and 100 μg/ml streptomycin. The cells
were treated with HDAC inhibitors at the indicated concen-
tration for 24 h or for the indicated time period. The cells were
irradiated with 6 mJ of UVC when necessary. Inhibitors were
pretreated 1 h prior to HDAC treatment, if necessary.

Chemicals and antibodies

N-acetylcystein (NAC), dimethyl sulfoxide (DMSO), SAHA,
sodium butyrate (NaB), valproic acid (VPA), trichostatin A
(TSA), hydrogen peroxide (H2O2), and z-VAD-fmk were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Caspase-family inhibitor set III and z-AEVD-fmk were from
BioVision (Milpitas, CA, USA). The monoclonal antibodies
anti-HSP90α/β (sc-13119), anti-Bcl-2 (sc-7382), and anti-
GAPDH (sc-32233) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The polyclonal anti-
body anti-Akt (#9272) and anti-HSP90β (#7411) were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
The Fas antagonistic antibody (ZB4) and agonistic antibody
(CH11) for Fas were obtained from Millipore (Billerica, MA,
USA).
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Western blot analysis

Harvested cells were lysed in lysis buffer (pH 8.0, 20 mM
Tris-HCl, 137mMNaCl, 10% glycerol, 10mMEDTA, 0.5%
sodium deoxycholate, 0.1 % sodium dodecyl sulfate (SDS),
1 % NP-40, protease inhibitor cocktail, and phosphatase in-
hibitor). Samples were resolved by SDS-polyacrylamide gel
electrophoresis, and electro-transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore). The membranes
were blocked with 5 % dry milk in phosphate buffered
saline-Tween-20 (PBS-T; 140 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 2 mM KH2PO4, and 0.05 % Tween-20)
and probed with an appropriate primary antibody.
Immunoreactive proteins were detected by horseradish
peroxidase-conjugated anti-rabbit and anti-mouse (Jackson
Immunoreseach,West Grove, PA, USA) secondary antibodies
and an ECL solution (iNtRon, Seongnam, Korea).

Measurement of intracellular ROS

For measurement of intracellular ROS levels, an oxidation-
sensitive fluorescent probe, 2,7-dichlorofluorescein diacetate
(DCF-DA) (Molecular Probes, Eugene, OR, USA), was used
as described previously (Kim et al. 2009) with minor modifi-
cation. K562 cells were untreated or treated with 20 mM of
NAC for 1 h, followed by treatment with 5 μMof SAHA for 6
or 24 h. After treatment, the cells were incubated with 10 μM
of DCF-DA for 20 min at 37 °C. The fluorescence images
were obtained under fluorescence microscopy (Nikon, Tokyo,
Japan).

Measurement of caspase activity

The cell-permeable Caspase Colorimetric Substrate Set II Plus
(BioVision) was used for measurement of caspase activities in
intact cells according to the manufactory’s protocol. K562
cells were untreated or treated with 20 mM of NAC for 1 h,
followed by incubation with 5 μM of SAHA for 24 h. The
cells were then incubated with 200 μM of indicated caspase
family inhibitors for 90 min at 37 °C. The absorbance values
were obtained from a microplate reader at a wavelength of
400 nm. Absorbance levels were normalized using back-
ground values obtained from the cells untreated with the
caspase family inhibitors.

Flow cytometry

K562 cells were untreated or treated with 5 or 10 μM of
SAHA for 24 h. After blocking with 0.1 % BSA in PBS for
20 min, K562 cells were incubated with anti-Fas antibody
(ZB4) for 1 h on ice, followed by incubation with FITC-
conjugated anti-mouse secondary antibody (BD, San Jose,
CA, USA) for 1 h on ice. The cells were analyzed by flow

cytometry using a FACSCalibur (BD). Data analysis was done
with the program FCS Express (De Novo Software, Los
Angeles, CA, USA).

Results

HDAC inhibitors induce HSP90 cleavage in leukemia cell
lines

To determine the effect of HDAC inhibitors on HSP90,
we treated human leukemia cell line (K562) with indi-
cated doses of HDAC inhibitors (TSA, SAHA, NaB,
and VPA). After exposure of cells to HDAC inhibitors
for 24 h, we performed Western blot analysis with an
anti-HSP90 antibody. K562 cells showed a cleaved form
of HSP90 with a molecular weight of approximately
55 kDa after treatment with SAHA, NaB, VPA but not
with TSA (Fig. 1a). As the antibody used here recog-
nizes the C-terminal of HSP90, it is likely that the
cleavage occurred in the middle domain of HSP90.
Cleavage of HSP90 induced by SAHA was increased
in a dose- and time-dependent manner (Fig. 1b). NaB
and VPA also induced dose- and time-dependent cleav-
age of HSP90 (data not shown). As SAHA was most
effective at a low concentration, we mainly used SAHA
for the remaining experiments. Using HSP90β specific
antibody, we confirmed that HSP90β was clearly
fragmented by the treatment with SAHA (Fig. 1c).
Because HSP90 is a molecular chaperone, we examined
whether treatment with SAHA affects the stability of
HSP90 client proteins such as Bcl-2 and Akt. As shown
in Fig 1d, protein levels of Bcl-2 and Akt were de-
creased in SAHA-treated K562 cells. These data show
that cleavage of HSP90 induced by HDAC inhibitor
correlates with the reduced activity of HSP90 as a
molecular chaperone, which is in agreement with previ-
ous reports (Liu et al. 2014).

To determine whether this phenomenon is general in sev-
eral cells, we performed the same experiments using SAHA
and various cell lines. THP-1, KG1a, U-937, and RPMI-8226
are leukemia cell lines. Huh-7 and SNU-739 are human he-
patocellular carcinoma cell lines. HT-29 and CT-29 are human
and mouse colorectal adenocarcinoma cell lines, respectively.
In SAHA-treated leukemia cell lines (THP-1, KG1a, U-937,
and RPMI-8226), we detected cleavage of HSP90 in a SAHA
dose-dependent manner (Fig. 2a). However, there was no
change of HSP90 in other cells (Huh-7, SNU-739, HT-29,
and CT-26) (Figs. 2b, c). These data suggest that cleavage of
HSP90 in response to the HDAC inhibitor may be different
depending on the cell types and that the HSP90 cleavage
might occur preferentially or sensitively in leukemia cells.
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SAHA-induced cleavage of HSP90 is caspase-dependent
and Fas-independent

Previously, it was reported that ultraviolet (UV) irradiation
creates a fragment of HSP90 with a molecular weight of
approximately 55 kDa through caspase-mediated cleavage
(Chen et al. 2009). We treated K562 cells with either UV or
SAHA and then compared the size of the HSP90 cleavage
product. As shown in Fig. 3a, both HDAC inhibitors and UV
generate a HSP90 fragment of similar size. Pretreatment of
K562 cells with the pan-caspase inhibitor z-VAD-fmk
inhibited cleavage of HSP90 in a dose-dependent manner,
revealing that the cleavage of HSP90 by SAHA is also
caspase-dependent (Fig. 3b).

Cleavage of HSP90 is also known to be mediated by Fas
signaling (Chen et al. 2009). We then investigated whether the

inhibition of Fas signaling using Fas antagonistic antibody
(ZB4) can reduce HSP90 cleavage induced by SAHA.
However, there was no prominent effect. Agonistic antibody
(CH11) for Fas also did not induce HSP90 cleavage (Fig. 3c).
Evaluation of Fas expression in the presence or absence of
HDAC treatment revealed no significant changes (Fig. 3d).
These results suggest that treatment with HDAC inhibitor
induces activation of caspase, leading to cleavage of HSP90
independently of Fas signaling.

ROS generation by SAHA promotes HSP90 cleavage

Activation of the caspase cascade is triggered bymany factors,
such as granzyme B, death receptors, apoptosome, or stresses.
Oxidative stress is a caspase activator. SAHAwas reported to
induce apoptosis through activation of ROS-mediated caspase

Fig. 1 HDAC inhibitors induce cleavage of HSP90. a K562 cells were
treated with HDAC inhibitors (250 nM TSA, 5 μM SAHA, 4 mM NaB,
4 mM VPA) for 24 h. b K562 cells were treated with the indicated doses
of SAHA for 24 h and with 5 μM SAHA during the indicated periods. c,
d K562 cells were treated with the indicated dose of SAHA for 24 h. The

cell lysates were subjected to Western blot analysis using anti-HSP90,
anti-HSP90β, anti-Bcl-2, anti-Akt, and anti-GAPDH antibodies.
Amounts of GAPDH protein are shown as a loading control. Cleaved
HSP90 fragment is indicated by an arrowhead

Fig. 2 Effect of SAHA on the
cleavage of HSP90 in several cell
lines. a Human leukemia cell
lines, b human hepatocellular
carcinoma cell lines, c human
(HT-29) and mouse (CT-26) co-
lon cancer cell lines. Cells were
treated with SAHA at the indicat-
ed concentrations for 24 h and
analyzed byWestern blot analysis
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(Ruefli et al. 2001; Kim and Chung 2007), and oxidative
stress was reported to induce HSP90 cleavage leading to
degradation of client proteins and cell apoptosis (Beck et al.
2009; Liu et al. 2014). Considering our finding that SAHA
induces caspase-dependent HSP90 cleavage (Fig. 3b), it is
possible that SAHA-induced ROS may contribute to HSP90
cleavage. Therefore, we first confirmed ROS generation after
treatment with SAHA. K562 cells were treated with 5 μM
SAHA for 6 and 24 h, and the intracellular ROS level was
estimated using a ROS fluorescent probe DCF-DA. As shown
in Fig. 4a, the ROS level was increased by treatment with
SAHA for 24 h, and ROS generation was blocked by pretreat-
ment with a ROS scavenger, NAC.

To further determine whether ROS, generated by SAHA,
induces cleavage of HSP90, we treated K562 cells with 5 μM
SAHA after pretreatment with NAC and checked cleavage of
HSP90. As shown in Fig. 4b, HSP90 cleavage was reduced in
the presence of NAC in a dose-dependent manner.
Furthermore, when the cells were treated with a typical ROS
generating agent hydrogen peroxide (H2O2), cleavage of
HSP90 resulting in the same molecular weight fragment was
detected in a concentration-dependent manner (Fig. 4c). The
cleavage was reduced in the presence of z-VAD-fmk (Fig. 4d),
confirming that the process is caspase-dependent. These data
suggest that SAHA-induced generation of ROS activates cas-
pase leading to the cleavage of HSP90.

HSP90 cleavage is occurred by caspase 10 activation
by SAHA

As we confirmed that HSP90 cleavage is mediated by
caspases (Fig. 3b), we next aimed to determine which

members of caspase are involved in the cleavage of
HSP90. First, we measured the activities of each caspase
family members in SAHA-treated K562 cells using cell-
permeable substrates (Fig. 5a). The activities of caspase 2,
3, 4, 6, 8, and 10 were increased by SAHA, and the
activities were reduced by the pretreatment of NAC. Next,
we checked HSP90 cleavage by SAHA in the presence of
caspase family-specific inhibitors. As shown in Fig. 5b,
pretreatment with caspase 10 inhibitor completely
abolished SAHA-mediated HSP90 cleavage. As caspase
8 is known to be an upstream regulator of caspase 10,
we expected that caspase 8 inhibitor also prevents HSP90
cleavage. However, our data clearly showed that the pre-
treatment with caspase 8 inhibitor did not inhibit SAHA-
mediated HSP90 cleavage. As shown in Fig. 5c, caspase
10 activity increased by SAHA was only partially reduced
by caspase 8 inhibitor. It suggests that caspase 10 is
activated by SAHA in both caspase 8 dependent and
independent manners as reported previously (Wang et al.
2001). Taken together, these data suggest that SAHA-
induced HSP90 cleavage is occurred by caspase 10.

SAHA-induced ROS generation of cleavage of HSP90 needs
newly synthesized proteins

Because HDAC inhibitors regulate gene expression through
increment of histone acetylation levels (Kornberg 1999), we
postulated that new gene expression and protein synthesis can
mediate ROS generation and the cleavage of HSP90. K562
cells were pretreated with or without a translation inhibitor
cycloheximide (CHX) for 1 h and then treated with SAHA for
24 h. SAHA-induced ROS generation was reduced by the

Fig. 3 Cleavage of HSP90 by SAHA is mediated by caspase but not by
the Fas/Fas ligand pathway. aK562 cells were treatedwith SAHA (5μM)
for 24 h or irradiated with UV (6 mJ), followed by incubation for 6 h. b
K562 cells were untreated or treated with indicated doses of z-VAD-fmk
for 1 h, followed by treatment with SAHA (10 μM) for 24 h. cK562 cells
were treated with SAHA (5 μM) for 24 h in the presence or absence of

prior treatment with the indicated doses of Fas neutralizing antibody
(ZB4) for 2 h (left) or in the presence of the indicated dose of Fas
activating antibody (CH11) for 24 h (right). The cell lysates were sub-
jected toWestern blot analysis. dK562 cells were treated with 5 or 10μM
of SAHA for 24 h, and Fas protein expression was analyzed by immu-
nostaining with anti-Fas antibody (ZB4) and flow cytometry
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pretreatment with CHX (Fig. 6a). Furthermore, cleavage of
HSP90 was also reduced in a dose-dependent manner without

a prominent effect on the amount of full-length HSP90
(Fig. 6b). These results suggest that newly synthesized

Fig. 4 ROS generated by SAHA induces caspase-mediated cleavage of
HSP90. a K562 cells were untreated or treated with 20 mM of NAC for
1 h, followed by treatment with SAHA (5 μM) for 6 and 24 h. The cells
were incubated with 10 μM fluorescent probe DCF-DA for 20 min and
visualized using fluorescence microscopy. Scale bar: 40 μM. b K562
cells were untreated or treated with indicated doses of NAC for 1 h,

followed by treatment with SAHA (5 μM) for 24 h. c K562 cells were
treated with the indicated dose of H2O2 for 24 h. d K562 cells were
untreated or treated with indicated doses of z-VAD-fmk for 1 h, followed
by treatment with H2O2 (5 mM) for 24 h. The cell lysates were subjected
to Western blot analysis

Fig. 5 SAHA-induced cleavage of HSP90 is mediated by caspase 10. a
K562 cells were untreated or treated with 20 mM of NAC for 1 h,
followed by treatment with SAHA (5 μM) for 24 h. The cell lysates were
incubated with indicated colorimetric caspase substrates, and color de-
velopment wasmeasured at a wavelength of 400 nm. The caspase activity
values were normalized with respective background values. b K562 cells
were untreated or treated 1 μM of caspase family inhibitors for 1 h,
followed by treatment with SAHA (5 μM) for 24 h. The cell lysates were

subjected to Western blot analysis. c K562 cells were untreated or treated
with 1 μM of caspase 8 inhibitor for 1 h and then treated with 5 μM of
SAHA for 24 h. The cell lysates were incubated with caspase 10 color-
imetric substrate to measure the activity of caspase 10. The caspase
activity values were normalized with control value. *P<0.05, **P<
0.01. Caspase 2 inhibitor, z-VDVAD-fmk; caspase 3 inhibitor, z-
DEVD-fmk; caspase 6 inhibitor, z-VEID-fmk; caspase 8 inhibitor, z-
IETD-fmk; caspase 10 inhibitor, z-AEVD-fmk
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unknown proteins are involved in the SAHA-induced ROS
generation and cleavage of HSP90.

Discussion

HSP90 is a molecular chaperone that supports proper folding and
stability of its client proteins.Most cancer cells express high levels
of HSP90 because many of the client proteins of HSP90 are
necessary for survival and proliferation of cancer cells (Ferrarini
et al. 1992; Neckers et al. 1999; Miyata et al. 2013). Therefore,
stimuli that induce cleavage of HSP90 may block the molecular
function of HSP90 and result in degradation of the client proteins
and increase of apoptosis in cancer cells. Here, we found that
HDAC inhibitors induce cleavage ofHSP90 in leukemic cells and
suggest that cleavage of HSP90 occurs through ROS and caspase
10 using a HDAC inhibitor, SAHA in K562 cells.

UV irradiation (Chen et al. 2009) and HDAC inhibitors (this
study) generate a degradation product of HSP90 with a molecular
weight of approximately 55 kDa through caspase-mediated cleav-
age of HSP90 inK562 cells (Fig. 3). HSP90 have two isoforms in
cytosol, HSP90α and HSP90β. Previously, it was shown that
HSP90β, but not HSP90α, was cleaved to approximately 55 kDa
by UVB (Chen et al. 2009). In this study, we confirmed that
HDAC inhibitor also induced cleavage of HSP90β. Whether
HSP90α is cleaved or not by HDAC inhibitors is to be defined.
Another type of HSP90 cleavage was reported to occur in re-
sponse to oxidative stress induced by ascorbate/menadione (Asc/
Men) in K562 cells. In this case, both HSP90 isoform-derived
fragments with amolecular weight of approximately 70 kDawere
generated by different mechanisms involving chemical degrada-
tion by ROS (Beck et al. 2009; Beck et al. 2012). Recently, it was
reported that a diterpenoid compound andrographolide induced
cleavage of HSP90α to produce a fragment of 50 kDa (Liu et al.
2014). Therefore, it is likely that oxidative stress induces HSP90
cleavagewith different isoform specificities and cleavage products
depending on the specific types of oxidative stress. Furthermore,

HDAC inhibitors induced cleavage of HSP90 in all of the tested
leukemia cell lines, but not in HCC (Huh-7 and SNU-739) and
colon cancer (CT-26 and HT-29) cell lines we tested (Fig. 2).
Althoughwe needmore information in other cell types, our results
supports that HSP90 cleavage may be dependent on specific cell
types.

Caspase activation occurs through various pathways, such as
mitochondria, death receptor, ER, and a granzyme B-mediated
pathway (Wang et al. 2005). HDAC inhibitors are known to
activate caspase bymitochondria or death receptor-mediated path-
ways (Cheong et al. 2003; Shao et al. 2004; Gillenwater et al.
2007; Kwon et al. 2002). It was also reported that UVB irradiation
induces activation of caspase 8 and 10 through the Fas/Fas ligand
axis, leading to cleavage of HSP90 and cell apoptosis (Chen et al.
2009). As the HDAC inhibitor apicidin was reported to induce
expression of the Fas/Fas ligand in leukemia cells (Kwon et al.
2002), we examined expression of Fas in SAHA-treated K562
cells. However, Fas expression was not affected by SAHA.
Furthermore, Fas activating or neutralizing antibodies did not
affect cleavage of HSP90 (Fig. 3). We therefore conclude that
the Fas/Fas ligand axis is not involved inHSP90 cleavage induced
by SAHA.

There have been reports showing that a HDAC inhibitor
induces ROS generation and caspase activation (Ruefli et al.
2001; Kim and Chung 2007). Generation of ROS induced by a
HDAC inhibitor leads to activation of caspase and triggers
apoptosis in various types of cancer cells through an extrinsic
or intrinsic pathway (Ruefli et al. 2001; Kim and Chung 2007).
On the other hand, it was also reported that oxidative stress
induces HSP90 cleavage (Beck et al. 2009). Therefore, we
predicted that a HDAC inhibitor would affect HSP90 cleavage
and our results supported this. Cleavage of HSP90 was in-
duced by HDAC inhibitors except TSA (Fig. 1). Reportedly,
TSA does not induce ROS generation, although it is a potent
HDAC inhibitor (Kang et al. 2004). The absence of cleavage
of HSP90 by TSA therefore reinforces our conclusion. To
further confirm the axis of HDAC inhibitor/ROS/HSP90
cleavage, we investigated the effect of SAHA in K562 cells

Fig. 6 SAHA-induced cleavage of HSP90 needs newly synthesized
proteins. a–b K562 cells were untreated or treated with the indicated
doses of cycloheximide (CHX) for 1 h, followed by treatment with

SAHA (5 μM). a The cells were incubated with 10 μM fluorescent probe
DCF-DA for 20min and visualized using fluorescence microscopy. Scale
bar: 40 μM. b The cell lysates were subjected to Western blot analysis
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in detail and confirmed that HSP90 cleavage induced by
SAHA was ROS-dependent and caspase 10-dependent. The
results showing that SAHA did not induce generation of ROS
(data not shown) or cleavage of HSP90 (Fig. 2) in HCC and
colon cancer cell lines may support our notion.

SAHA-induced HSP90 cleavage needs newly synthesized
unknown protein(s) (Fig. 6). Vitamin D upregulated protein-1
(VDUP-1) is one of the candidates. SAHA is previously
reported to upregulate the expression of the VDUP-1 gene
(Butler et al. 2002), and VDUP-1 is a negative regulator of
thioredoxin (Trx), which acts as an antioxidant (Junn et al.
2000). Therefore, VDUP-1 may contribute to SAHA-induced
ROS generation, which is to be determined in the future.

Acetylation or deacetylation of K294(HSP90α)/
K287(HSP90β) in M-domain regulates HSP90 function
(Bali et al. 2005; Scroggins et al. 2007; Nishioka et al.
2008). K294α/K287β of HSP90 is deacetylated by histone
deacetylase 6 (HDAC6), and thereby, HSP90 can act as a
molecular chaperone. HDAC1 also contributes to
deacetylation and stabilization of HSP90 (Nishioka et al.
2008). HDAC inhibitors therefore can also contribute to apo-
ptosis through acetylation and inactivation of HSP90 function.
Acetylation of K294α/K287β in M-domain decreases the
affinity of HSP90 to interact with client proteins and co-
chaperones. Therefore, client proteins of HSP90 undergo
degradation, and cell apoptosis is triggered (Scroggins et al.
2007; Bali et al. 2005). In our data, SAHA induced cleavage
of HSP90 producing 55-kDa fragment which can be detected
with an antibody recognizing C-terminal epitope. This result
suggest that the cleavage site is in the middle of M-domain
which removes the N-terminal ATP-binding motif of HSP90
as previously reported in the cases of UV-induced or
andrographolide-induced HSP90 cleavage (Chen et al. 2009;
Liu et al. 2014). It is also true that the amount of cleaved
HSP90 is definitely small compared to that of intact HSP90.
Therefore, it is likely that the cleavage of HSP90 results in
defect of molecular chaperone activity, contributing to re-
duced protein levels of client proteins, at least in part
(Fig. 1d). In conclusion, we suggest that cleavage of HSP90
can be an additional mechanism involved in HDAC inhibitor-
induced apoptosis in leukemic cells.
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