
Biochemical and Biophysical Research Communications 437 (2013) 41–47
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Combined treatment with SAHA, bortezomib, and clarithromycin
for concomitant targeting of aggresome formation and intracellular
proteolytic pathways enhances ER stress-mediated cell death
in breast cancer cells
0006-291X/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.06.032

⇑ Corresponding author. Address: Department of Biochemistry, Tokyo Medical
University, 6-1-1, Shinjuku, Shinjuku-ku, Tokyo 160-8402, Japan. Fax: +81 3 3351
6466.

E-mail address: miyazawa@tokyo-med.ac.jp (K. Miyazawa).
Seiichiro Komatsu a, Shota Moriya b, Xiao-Fang Che b, Tomohisa Yokoyama c,d, Norio Kohno a,
Keisuke Miyazawa b,⇑
a Department of Breast Oncology, Tokyo Medical University, Tokyo 160-8402, Japan
b Department of Biochemistry, Tokyo Medical University, Tokyo 160-8402, Japan
c Department of Clinical Oncology, Tokyo Medical University, Tokyo 160-8402, Japan
d Department of Internal Medicine, Kohseichuo Hospital, Tokyo 153-8581, Japan

a r t i c l e i n f o
Article history:
Received 7 June 2013
Available online 18 June 2013

Keywords:
ER-stress
Aggresome
Autophagy
Proteasome
Breast cancer
HDAC6
a b s t r a c t

The ubiquitin–proteasome pathway and the autophagy–lysosome pathway are two major intracellular
protein degradation systems. We previously reported that clarithromycin (CAM) blocks autophagy flux,
and that combined treatment with CAM and proteasome inhibitor bortezomib (BZ) enhances ER-stress-
mediated apoptosis in breast cancer cells, whereas treatment with CAM alone results in almost no cyto-
toxicity. Since HDAC6 is involved in aggresome formation, which is recognized as a cytoprotective
response serving to sequester misfolded proteins and facilitate their clearance by autophagy, we further
investigated the combined effect of vorinostat (suberoylanilide hydroxamic acid (SAHA)), which has a
potent inhibitory effect for HDAC6, with CAM and BZ in breast cancer cell lines. SAHA exhibited some
cytotoxicity along with an increased acetylation level of a-tubulin, a substrate of HDAC6. Combined
treatment of SAHA, CAM, and BZ potently enhanced the apoptosis-inducing effect compared with treat-
ment using each reagent alone or a combination of two of the three. Expression levels of ER-stress-related
genes, including the pro-apoptotic transcription factor CHOP (GADD153), were maximally induced by the
simultaneous combination of three reagents. Like breast cancer cell lines, a wild-type murine embryonic
fibroblast (MEF) cell line exhibited enhanced cytotoxicity and maximally up-regulated Chop after com-
bined treatment with SAHA, CAM, and BZ; however, a Chop knockout MEF cell line almost completely
canceled this enhanced effect. The specific HDAC6 inhibitor tubacin also exhibited a pronounced cytoc-
idal effect with a combination of CAM plus BZ. These data suggest that simultaneous targeting of intra-
cellular proteolytic pathways and HDAC6 enhances ER-stress-mediated apoptosis in breast cancer cells.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Endoplasmic reticulum (ER) stress is caused by an imbalance
between the amount of unfolded or misfolded protein in the ER lu-
men and the capacity of the ER machinery to refold these proteins
[1]. This stress induces a coordinated cellular response known as
unfolded protein response (UPR). The main functions of UPR are
to reduce the amount of protein that enters the ER by suppressing
the translational rate and to increase the folding capacity of the ER
via translational activation of chaperon proteins. Additionally, if
proteins cannot be folded correctly in the ER, they are retrotranslo-
cated to the cytoplasm for degradation via the ubiquitin–protea-
some pathway, a process termed ER-associated degradation
(ERAD), for adaptation. However, if these adaptation strategies fail,
apoptosis is triggered with the induction of the pro-apoptotic tran-
scription factor CHOP/GADD153 and with the IRE1 involved in sig-
naling via caspase-12 [1,2]. Thus, therapeutic manipulation of this
pathway using a proteasome inhibitor such as bortezomib and
other reagents might interfere with the ability to deal with high
protein loads and cellular stress, and this appears to induce cancer
cell death.

Macroautophagy (hereafter, autophagy) is a highly conserved
cellular process in eukaryotes. Intracellular proteins and organ-
elles, including ER, are engulfed in a double-membrane vesicle
known as an autophagosome, and are delivered to lysosomes for

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bbrc.2013.06.032&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.06.032
mailto:miyazawa@tokyo-med.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2013.06.032
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


42 S. Komatsu et al. / Biochemical and Biophysical Research Communications 437 (2013) 41–47
degradation by lysosomal hydrolases [3,4]. Autophagy has been re-
garded as a bulk non-selective degradation system for long-lived
proteins and organelles, in contrast to the specific degradation of
polyubiquitinated short-lived proteins by proteasome. However,
evidence indicates a selective degradation pathway of ubiquitinat-
ed protein through autophagy via docking proteins such as p62 and
the related protein NBR1, having both a microtubule-associated
protein 1 light chain 3 (LC3)-interacting region and a ubiquitin-
associated domain [5]. LC3 is essential for autophagy and is
associated with autophagosome membranes after processing
[5,6]. Binding the ubiquitinated proteins via their C-terminal ubiq-
uitin-associated domains, p62-mediated degradation of ubiquiti-
nated cargo occurs by selective autophagy. Thus, the two major
intracellular protein degradation systems are directly linked
[6,7]. In addition to the proteolytic pathways, misfolded/unfolded
protein aggregates are transported and removed from the cyto-
plasm by dynein motors via the microtubule network to the aggre-
some [8]. HDAC6, a microtubule-associated deacetylase, is a
component of the aggresome and has the capacity to bind both
polyubiquitinated misfolded proteins and dynein motors. There-
fore, HDAC6 recruits misfolded protein cargo to dynein motors
for transport to aggresomes [8]. Cells deficient in HDAC6 fail to
clear unfolded protein aggregates from the cytoplasm, cannot
properly form aggresomes, and are hypersensitive to the accumu-
lation of unfolded proteins [8,9]. Thus, HDAC6 is a crucial player in
the cellular management of unfolded protein-induced stress.
Aggresome formation is now recognized as a cytoprotective re-
sponse serving to sequester unfolded proteins and facilitate their
clearance by autophagy [9,10].

Evidence suggests the existence of an elaborate intracellular
network system for processing unfolded proteins. Indeed, we have
reported that the macrolide antibiotic clarithromycin (CAM) blocks
autophagy flux and that combined treatment with CAM and pro-
teasome inhibitor bortezomib (BZ) enhanced ER-stress-mediated
apoptosis by blocking two major intracellular protein degradation
systems in breast cancer and myeloma cells; however, treatment
with CAM alone resulted in almost no cytotoxicity [11,12]. There-
fore, simultaneously targeting aggresome formation and intracel-
lular proteolytic pathways appears to load ER-stress further. In
Fig. 1. Cell-growth inhibition along with acetylation of a-tubulin after treatment with SA
treated with SAHA at various concentrations for 72 h. The number of viable cells was as
with 2.5 lM of SAHA (in MDA-MB-231 and MDA-MB-468 cells for 48 h, in BT474 cells fo
anti-acetylated a-tubulin mAb as well as anti-a-tubulin. Lower panel: MDA-MB-231 cell
11.25% SDS–PAGE, and immunoblotted with anti-acetylated a-tubulin mAb as well as an
whole a-tubulin, as assessed by densitometry.
the present study, we attempted to use vorinostat (suberoylanilide
hydroxamic acid (SAHA)), which is an orally bioavailable HDAC
inhibitor approved by the Food and Drug Administration for treat-
ment of cutaneous T-cell lymphoma, to block aggresome formation
[13]. SAHA has a potent inhibitory effect against HDAC6 with IC50

of 37 nM [14]. A phase I-II study on metastatic breast cancer re-
ported that SAHA was safely combined with paclitaxel and bev-
acizumab using an intermittent schedule along with the
induction of hyperacetylation of histone and non-histone proteins
(e.g., a-tubulin and Hsp90) in vivo [15]. We demonstrate here that
combined treatment with SAHA, CAM, and BZ exhibited pro-
nounced ER-stress-mediated breast cancer cell death, providing a
novel strategy of ER-stress loading therapy for refractory-meta-
static breast cancer patients.
2. Materials and methods

2.1. Reagents

SAHA was purchased from Cayman Chemical Company (Ann Ar-
bor, MI), and tubacin [16] was purchased from Sigma–Aldrich (St.
Louis, MO). These reagents were dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 10 mM as a stock solution. BZ was
purchased from Toronto Research Chemical, Inc. (North York, On-
tario, Canada) and dissolved in DMSO at a concentration of 1 mM
as a stock solution. CAM, purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), was dissolved in 95% ethanol at a
concentration of 5 mg/ml as a stock solution.
2.2. Cell lines and culture conditions

For this study, breast cancer cell lines (e.g., MDA-MB-231 and
BT474 cells) were kind gifts from Dr. Keiichi Iwaya (Department
of Basic Pathology, National Defense Medical College, Saitama),
and MDA-MB-468 cells were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA). A CHOP�/�MEF cell line
(CHOP-KO-DR) established from a 13.5-day-old CHOP�/� mouse
embryo by SV-40 immortalization and a CHOP+/+MEF cell line
HA in breast cancer cell lines. (A) MDA-MB-231, BT474, and MDA-MB-468 cells were
sessed by CellTiter Blue as described in Section 2. (B) Upper panel: after treatment
r 72 h), cells were lysed, separated by 11.25% SDS–PAGE, and immunoblotted with
s were treated with 2.5 lM of SAHA for 6–48 h. Cells were then lysed, separated by
ti-a-tubulin. Each number indicates the expression ratio of acetylated a-tubulin to



Fig. 2. Enhanced cell-growth inhibition and apoptosis induction by combined treatment with SAHA or a specific inhibitor of HDAC6, tubacin, to CAM plus BZ in breast cancer
cell lines. (A) MDA-MB-231 and MDA-MB-468 cells were treated with SAHA at various concentrations in the presence of BZ (15 nM) and CAM (50 lg/ml) for 48 h. Since BT474
cells were less sensitive to BZ, the culture conditions were 25 nM of BZ and 50 lg/ml of CAM for 96 h. Numbers of viable cell were assessed by CellTiter Blue. ⁄p < 0.05 SAHA
alone vs. SAHA + CAM or SAHA + BZ. #p < 0.05 SAHA + CAM + BZ vs. SAHA + CAM/SAHA + BZ. (B) MDA-MB-231 cells were treated with SAHA (2.5 lM) and/or CAM (50 lg/ml)
and/or BZ (15 nM) for 24 h. Cellular proteins were lysed, separated by 15% SDS–PAGE, and immunoblotted with anti-cleaved caspase-3 Ab. Immunoblotting with anti-GAPDH
mAb was performed as an internal control. S: SAHA, C: CAM, B: BZ. (C) MDA-MB-231 cells were cultured with tubacin (TB) at various concentrations for 48 h in the presence
or absence of 50 lg/ml of CAM with/without 15 nM of BZ. The number of viable cells was assessed as described in Section 2. ⁄p < 0.05 TB alone vs. TB + CAM. #p < 0.05
TB + CAM + BZ vs. TB + CAM/TB + BZ.
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(DR-wild-type) established by SV-40 immortalization as a control
cell line for CHOP-KO-DR were obtained from ATCC. Precise culture
conditions were previously described elsewhere [12].

2.3. Assessment of the number of viable cells among cultured cells

The number of viable cells was assessed by CellTiter Blue, a cell
viability assay kit (Promega Co., Madison, WI), with fluorescence
measurements of 570 nm for excitation and 590 nm for fluores-
cence emission.

2.4. Immunoblotting

Immunoblotting was performed as previously described [11].
The transferred membranes were probed with first antibodies
(Abs). Regarding first Abs, anti-HDAC6 Ab, anti-a-tubulin monoclo-
nal (m) Ab, anti-acetylated a-tubulin mAb, anti-p62 mAb, and anti-
GAPDH mAb were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-CHOP mAb and anti-cleaved caspase-3 Ab
(Asp175) were obtained from Cell Signaling Technology (Danvers,
MA), and anti-LC3B Ab was obtained from Novus Biologicals, Inc.
(Littleton, CO). Immunoreactive proteins were detected with
horseradish peroxidase-conjugated second Abs and an enhanced
chemiluminescence reagent (ECL) (Millipore, Bedford, MA). Densi-
tometry was performed using a Molecular Imager, ChemiDoc XRS
System (Bio-Rad, Richmond, CA).
2.5. Gene expression analysis

Real-time PCR was performed to assess gene expression, as we
previously described in detail [12].
2.6. Transfection of CHOP siRNA

For the gene silence of CHOP in MDA-MB-231 cells, CHOP siRNA
and control siRNA, purchased from Invitrogen (Paisley, UK) and
whose sequences are described below, were diluted to a final con-
centration of 33 nM in Opti-Mem I (Invitrogen). Transfection was
performed with the cells at 50% confluency, using Lipofectamine
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RNAiMAX transfection reagent (Invitrogen) according to the man-
ufacturer0s instructions:

CHOP sense: UUUCCUGCUUGAGCCGUUCAUUCUC.
CHOP antisense: GAGAAUGAACGGCUCAAGCAGGAAA.

3. Results and discussion

3.1. Combination of SAHA, CAM, and BZ enhances cytotoxicity and
apoptosis induction in breast cancer cell lines

SAHA induced cell growth inhibition in a dose-dependent man-
ner in all three breast cancer cell lines tested. However, cytotoxic
sensitivity to SAHA varied among the cell lines tested: IC50 (50%
inhibitory concentrations) was 1.91 lM for MDA-MB-231,
4.55 lM for BT474, and 12.6 lM for MDA-MB-468 (Fig. 1A). As
our previous report indicated, proteasome inhibitor BZ induced cell
growth inhibition in a dose-dependent manner in MDA-MB-231
cells (IC50 39.3 nM) and MDA-MB-468 cells (IC50 21.2 nM). BT474
cells exhibited less sensitivity to BZ (Supplementary Fig. S1) [11].
Although MDA-MB-468 cells exhibited the most potent cell growth
inhibition in response to BZ, they were the least sensitive to SAHA.
This result suggests diversity in cell-line sensitivity to SAHA and
BZ. Treatment with CAM resulted in almost no cytotoxicity in all
these cell lines at a concentration of less than 50 lg/ml (Supple-
mentary Fig. S2).

It has been reported that SAHA potently inhibits HDAC6 (IC50

37 nM) as well as HDAC1 (IC50 30 nM) and HDAC2 (IC50 49 nM),
Fig. 3. Expression profiles of ER-stress-related genes and CHOP-regulated genes after tr
cancer cell lines. After treatment with/without SAHA (2.5 lM) ± CAM (50 lg/ml) ± BZ (15
and 72 h in BT474 cells, the expression levels of ER-stress-related genes (A) such as CHOP
which are all transcriptionally regulated by CHOP, were all analyzed by real-time PCR. The
internal control. The expression levels were compared with those in untreated cells.
but not HDAC4 (IC50 > 10,000 nM) [14,15]. HDAC6 can bind to
polyubiquitinated misfolded proteins by its zinc finger domain as
well as deacetylates a-tubulin. These functions recruit misfolded
protein cargo to dynein motors and transport it to the microtubule
organizing center (MTOC) for aggresome formation [8].

As indicated in Fig. 1B, treatment with SAHA increased the
acetylated status of a-tubulin within 6 h treatment, and this ef-
fect persisted for at least 48 h. Although BT474 cells are less
sensitive to SAHA in cell growth inhibition, an increased acetyla-
tion level of a-tubulin was detected after 2.5 lM of SAHA
treatment.

We and others have reported that proteasome inhibitor BZ in-
duces autophagy [17,18]. CAM and azithromycin inhibit the later
part of the autophagy process and as a result block autophagy flux
and accumulation of autophagosomes in cytoplasm [19,20]. In
addition, concomitant inhibition of the ubiquitin–proteasome sys-
tem by BZ and the autophagy–lysosome system by CAM resulted in
induction of ER-stress-mediated cell death and increased accumu-
lation of the intracellular ubiquitin-conjugated proteins in myelo-
ma cells [12]. Since aggresome formation sequesters unfolded
proteins and facilitates their clearance by autophagy in part
[9,10], we speculated that simultaneously inhibiting intracellular
protein degradation and aggresome formation further potentiates
ER-stress-mediated cell death. As we expected, the combination
of SAHA, CAM, and BZ resulted in prominent enhancement of
cell-growth inhibition in all breast cancer cell lines (Fig. 2A). It
was noteworthy that although MDA-MB-468 cells were less sensi-
tive to SAHA, the combination of SAHA with either BZ or BZ and
eatment with SAHA in the presence or absence of CAM with/without BZ in breast
nM in MDA-MB-231,25 nM in BT474) for 8 and 16 h in MDA-MB-231 cells and 48

, GRP78, and GADD34, and pro-apoptotic genes (B) such as BAX, BIM, DR5, and TRB3,
data of the real-time PCR products for each gene were standardized to GAPDH as an
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CAM resulted in pronounced cell-growth inhibition. To investigate
whether enhanced cytotoxicity is mediated through apoptosis, we
next performed flow cytometry. Combined treatment using BZ plus
SAHA enhanced both the annexin V-positive and the propidium io-
dide (PI)–positive MDA-MB-231 cell population, compared with
SAHA or BZ alone (Supplementary Fig. S3). Although treatment
with CAM alone had almost no effect, the addition of CAM to BZ
and SAHA containing culture medium resulted in pronounced
induction of annexin V-positive/PI-positive cells. Immunoblotting
with anti-cleaved caspase-3 indicated enhanced activation of cas-
pase-3 by combined treatment with three reagents in MDA-MB-
231 cells (Fig. 2B). Not shown is that morphological features of
MDA-MB-231 cells exhibited fragmented DNA and apoptotic
bodies characteristic of cells undergoing apoptosis under these
conditions. All these data indicate enhanced apoptosis induction
by combined treatment with three reagents. In addition, the com-
bination of a specific inhibitor of HDAC6, tubacin [21] plus CAM
and BZ, resulted in enhanced cytotoxicity in MDA-MB-231 cells
(Fig. 2C). This result confirmed that inhibition of HDAC6 was in-
volved in pronounced apoptosis induction in the presence of
CAM and BZ.
3.2. Combined treatment with SAHA, CAM, and BZ results in further
loading of ER-stress in breast cancer cells

We next examined the induction of ER-stress-related genes
such as CHOP, GRP78, and GADD34 in MDA-MB-231 and BT474
Fig. 4. Involvement of CHOP induction in pronounced cytotoxicity by combined treatmen
SAHA, CAM (25 lg/ml), and BZ (5 nM) for 48 h in a wild-type MEF cell line and a CHOP�/

treatment with SAHA (2.5 lM) ± CAM (25 lg/ml) ± BZ (5 nM) for 24 h in a wild MEF cell l
the data of the real-time PCR products were standardized to Gapdh as an internal contro
panel: cellular proteins were separated by 11.25% SDS–PAGE and immunoblotted with an
control. (C) Effect of CHOP knockdown by siRNA in MDA-MB-231 cell-growth inhibition a
CHOP siRNA, cells were subsequently treated with SAHA (2.5 lM) + CAM (50 lg/ml) + B
PCR. The data of the real-time PCR products were standardized to GAPDH as an internal
subsequently treated with various concentrations of SAHA in the presence of CAM (50 l
Blue as described in Section 2. ⁄p < 0.05 CHOP siRNA vs. cont siRNA, S: SAHA, C: CAM, B
cells. Real-time PCR indicated that SAHA plus BZ is a substantial
combination for up-regulation of all ER-stress-related genes. How-
ever, the addition of CAM to BZ and SAHA resulted in further induc-
tion of ER-stress genes, as well as enhanced apoptosis induction
(Fig. 3A). The kinetics of gene induction differed between MDA-
MB-231 and BT474 cell lines; expression profiles of MDA-MB-
231 cells changed within 16 h exposure, but required more than
48 h in BT474 cells. It was noteworthy that longer exposure time
to these reagents was required to exhibit cytotoxicity in BT474
cells than in MDA-MB-231 cells (Fig. 2A). BT474 cells grow much
more slowly than other cell lines; thus, cellular metabolism,
including protein synthesis, in these cells may be slower than in
MDA-MB-231 cells. Indeed, in myeloma cells, it was reported that
Myc expression directly correlated with protein synthesis rates,
percentage of aggresome-positive cells, sensitivity to BZ, and
SAHA-induced cell death [22]. Therefore, these data support the
linkage between cytotoxicity and ER-stress loading, as indicated
in our previous reports [11,12]. Expression profiles of ER-stress-re-
lated genes such as CHOP, GRP78, and GADD34 demonstrated that
treatment with SAHA plus CAM plus BZ was the most potent com-
bination for ER-stress loading, compared with each reagent alone
or a combination of two of these three reagents (Fig. 3A). Treat-
ment with CAM alone had little effect on ER-stress-related gene
induction, whereas the addition of either BZ or SAHA had a sub-
stantial effect on GRP 78 inductions. Furthermore, the simulta-
neous combination of these three reagents resulted in further
enhancement of ER-stress-related gene induction (Fig. 3A). CHOP
t with SAHA, CAM, and BZ. (A) Cell growth inhibition after combined treatment with
� MEF cell line. ⁄p < 0.05 SAHA + CAM + BZ vs. SAHA + CAM. (B) Chop induction after
ine. Upper panel: the expression levels of Chop were analyzed by real-time PCR, and
l. The expression levels were compared with those in untreated control cells. Lower
ti-CHOP mAb. Immunoblotting with anti-GAPDH mAb was performed as an internal
fter combined treatment with SAHA, CAM, and BZ. Left panel: after knockdown with
Z (15 nM) for 48 h. The expression levels of CHOP were then analyzed by real-time
control. Right panel: after knockdown with CHOP siRNA, MDA-MB-231 cells were

g/ml) and BZ (15 nM) for 72 h. The number of viable cells was assessed by CellTiter
: BZ.
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is thought to be the critical mediator of ER-stress-induced apopto-
sis, and studies using Chop-null mice have established the role of
CHOP in ER-stress-induced apoptosis in a number of disease mod-
els [23–26]. CHOP is present in the cytosol under non-stressed con-
ditions, and ER stress leads to its induction and nuclear
accumulation [26]. Expression of CHOP is regulated mainly at the
transcriptional level [23]. However, CHOP protein undergoes phos-
phorylation by the p38 MAP kinase family, which enhances its
transcriptional ability for various pro-apoptotic genes, including
BIM, BAX, TRB3, and DR5 [1,26].

As indicated in Fig. 3B, all pro-apoptotic genes transcriptionally
regulated by CHOP appeared to be pronounced with combined
treatment. In particular, BIM gene coding BH3-only protein BIM
exhibited prominent up-regulation in MDA-MB-231 cells within
8 h; however, in BT474 cells, DR5 gene coding death receptor 5,
also known as tumor necrosis factor-related apoptosis-inducing li-
gand (TRAIL) receptor 2, demonstrated pronounced induction after
72 h exposure to SAHA plus CAM plus BZ. Although the gene
expression profiles of the downstream CHOP exhibited some vari-
ation, these data strongly suggest that combined treatment with
three reagents results in pronounced ER-stress loading followed
by induction and activation of pro-apoptotic transcription factor
CHOP and successive up-regulation of various pro-apoptotic pro-
teins, such as BIM and DR5.
3.3. CHOP is involved in enhanced cytotoxicity by combined treatment
with SAHA, CAM, and BZ

To prove that ER-stress-mediated CHOP induction is involved in
pronounced cytotoxicity, we used a Chop knockout murine embry-
onic fibroblast (MEF) cell line (Fig. 4A). Pronounced cytotoxicity
was observed with combined treatment with SAHA, CAM, and BZ
in a wild-type MEF cell line, as well as in breast cancer cell lines.
Both real-time PCR and immunoblotting with anti-CHOP mAb indi-
cated maximum up-regulation by combined treatment with three
reagents (Fig. 4B). Notably, this enhanced cytotoxicity was almost
completely canceled in the Chop knockout MEF cell line (Fig. 4A). In
addition, knockdown of CHOP by siRNA attenuated enhanced cyto-
toxicity in MDA-MB-231 cells (Fig. 4C). All these data support the
mediation of enhanced cytotoxicity through CHOP induction. How-
ever, some cytotoxicity was still observed in response to SAHA in
the Chop knockout MEF cell line (Fig. 4A). Since SAHA is a pan-
HDAC inhibitor, other epigenetic changes may be involved in cyto-
toxicity [27]. In addition to its central role in eliminating protein
aggregation, HDAC6 has been reported to be involved in mitochon-
drial transport and oxidative stress [28,29]. Therefore, the cyto-
toxic effect of SAHA may not be simply converged to CHOP
induction.

All data indicates that combined treatment with SAHA, CAM,
and BZ had a pronounced apoptosis-inducing effect on breast can-
cer cell lines. This enhanced effect was at least in part due to ER-
stress-mediated CHOP induction. This result provides novel insight
into ER-stress loading therapy by concomitant targeting of aggre-
some formation and intracellular proteolytic pathways for refrac-
tory-metastatic breast cancer patients.
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