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Abstract
Purpose The histone deacetylase inhibitor (HDACi)
suberoylanilide hydroxamic acid (SAHA) enhances taxol-
induced antitumor eVects against some human cancer cells.
The aim of this study is to investigate whether SAHA can
enhance taxol-induced cell death against human breast
cancer cells and to illustrate the mechanism in detail.
Methods A panel of eight human breast cancer cell lines
and an immortalized human breast epithelial cell line were
used to determine the inhibitory eVects of SAHA, taxol, or
their combination by MTT assay. The eVects of SAHA with
or without taxol on cell cycle distributions, apoptosis, and
protein expressions were also examined. The inhibitory
eVects on tumor growth were characterized in vivo in
BALB/c nude mice bearing a breast cancer xenograft
model.

Results Taxol-resistant and multi-resistant breast cancer
cells were as sensitive to SAHA as taxol-sensitive breast
cancer cells. A dose-dependent synergistic growth inhibi-
tion was found in all the tested breast cancer cell lines
treated with the SAHA/taxol combinations. The synergetic
eVect was also observed in the in vivo xenograft tumor
model. The cell cycle analysis and apoptosis assay showed
that the synergistic eVects resulted from enhanced G2/M
arrest and apoptosis.
Conclusions SAHA increased the anti-tumor eVects of
taxol in breast cancer in vitro and in vivo. The combination
of SAHA and taxol may have therapeutic potential in the
treatment of breast cancer.
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Abbreviations
CI Combination index
DRI Dose reduction index

Introduction

Histone deacetylases (HDACs) and histone acetylases
(HATs) are enzymes responsible for deacetylating and
acetylating the amino-terminal lysine residues of histones.
HDACs remove acetyl groups from core histones, thereby
compacting the chromatin structure and suppressing gene
expression [1]. The activity of these enzymes is not
restricted to histones, and a growing number of non-histone
proteins have been identiWed as HDACs/HATs targets [2].
As they are involved in a broad range of cell functions,
HDACs are considered an important class of cancer targets,
and HDAC inhibitors (HDACi) are becoming a promising
new class of anticancer drugs. Several HDACis have
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already been in preclinical and clinical development [3],
among which suberoylanilide hydroxamic acid (SAHA,
generic name vorinostat) showed single-agent anti-prolifer-
ative activity against a variety of preclinical tumor models
[4–7] and is now applied in the clinical treatment of cutane-
ous T-cell lymphomas [8]. Many studies have shown that
SAHA induces cell cycle arrest, diVerentiation, and apopto-
sis both in vitro and in vivo [9].

Taxol is one of the most extensively used anticancer
agents, with clinical eVects against a wide range of cancers.
Taxol stabilizes microtubules, thus preventing cell prolifer-
ation at the metaphase/anaphase boundary [10]. However,
the success of taxol in clinical treatment was tempered by
drug resistance, which severely limited the eVects of che-
motherapy. Although the exact mechanism remains
unclear, the drug resistance is considered to be mediated by
altered drug uptake, variations in tubulin structure, and eva-
sion of apoptotic pathways [11].

As HDACi show promising results as anti-cancer
reagents without obvious toxicity against normal cells, their
combination with other reagents may improve the overall
eYciency and breadth of application. HDACi have already
been shown to function synergistically in vitro with struc-
turally and functionally diverse chemical compounds [3].
Recently, several studies have shown that SAHA enhances
the growth inhibitory eVect induced by taxol against lung
cancer cells, ovarian cancer cells, and endometrial cancer
cells [12–15]. However, whether similar eVects would
occur against breast cancer cells in vitro and in vivo has not
been investigated. In this study, SAHA was proven to
enhance taxol-induced cell death in human breast cancer
cells, and a potential mechanism for this synergetic eVect
was also proposed.

Materials and methods

Cell lines and cell culture

All human breast cancer cell lines used in this study were
purchased from the Shanghai Cell Bank, the Institute of
Cell Biology, China Academy of Sciences (Shanghai,
China). All cell lines were maintained in a humidiWed
atmosphere containing 5% CO2 at 37°C in diVerent media
supplemented with 10% FBS, 100 U/ml penicillin, and
100 �g/ml streptomycin. MDA-MB-231, MCF-7, MCF-7/
ADR, and SKBR3 were cultured in RPMI-1640 medium.
BT474 and MDA-MB-453 cells were cultured in DMEM.
T-47D cells were cultured in DMEM/F12. MDA-MB-435s
cells were cultured in L-15 medium. An immortalized
human mammary epithelial cell line MCF10A was pur-
chased from the American Type Culture Collection and
cultured in DMEM supplemented with 5% horse serum,

20 ng/ml of epidermal growth factor, 0.5 �g/ml of hydro-
cortisone, 100 ng/ml of cholera toxin, 10 �g/ml of insulin,
and penicillin/streptomycin.

Inhibition of cell growth in vitro

The cells were seeded into 96-well plates and incubated
overnight. The cells were then treated for 72 h with varying
concentrations of SAHA (Sigma, USA), taxol (Bristol-
Myers Squibb, USA), and a combination of SAHA and
taxol at a molar ratio of 1:2. 20 �l of 3-(4,5 dimethylthia-
zol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT, Sigma,
USA) solution (5 mg/ml in PBS) were added to each well
and incubated for 4 h at 37°C. After the removal of the
medium, MTT formazan was dissolved in 150 �l dimethyl
sulfoxide (DMSO) and monitored using a microplate reader
at a wavelength of 570 nM.

Drug synergetic eVect studies

The combination eVects of SAHA and taxol were subjected
to median eVect analysis as previously described by Chou
and Talalay [16]. By combining SAHA and taxol at a Wxed
molar ratio of doses [at the ratio of their half-maximal
inhibitory concentrations (IC50s)], numerous combined
eVects of growth inhibition were obtained and analyzed
using Calcusyn software (Biosoft, Cambridge, UK). For
each combined eVect of growth inhibition or fraction
aVected (Fa), a combination index (CI) was generated.
CI < 1, CI = 1, and CI > 1 indicate synergism, additive
eVect, and antagonism, respectively [17]. The dose reduc-
tion index (DRI) represents the measure of how much the
dose of each drug in a synergistic combination may be
reduced at a given eVect level compared with the doses of
each drug alone.

Cell cycle analysis by Xow cytometry

The cells were trypsinized, Wxed in ice-cold 70% ethanol,
and then stored at ¡20°C. Prior to analysis, the samples
were washed twice in phosphate-buVered saline (PBS) and
resuspended in a solution of propidium iodide (50 mg/ml)
and RNase A (0.5 mg/ml) in PBS for 30 min in the dark.
Data collected from each 10,000-cell sample was analyzed
by Xow cytometry (Becton–Dickinson Co., USA).

Annexin V/Propidium iodide assay

Annexin V/Propidium iodide (PI) binding assay was
employed to determine the viable, early apoptotic cells.
Following the recommended protocols of the Annexin
V-FITC kit (BD Pharmingen, USA), the cells were seeded
at 4 £ 105 cells/ml per well in 6-well plates. After treatment
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with SAHA, taxol alone, or both, the MDA-MB-231 cells
were harvested and washed twice with ice-cold PBS and
resuspended in 100 �l of binding buVer. A total of 5 �l of
Annexin V-FITC and 10 �l of PI were added, and the mix-
ture was incubated for 30 min in the dark. Finally, 400 �l of
binding buVer was added to the cells, and the mixture was
analyzed with a Xow cytometer (Becton–Dickinson Co.,
USA).

Terminal deoxynucleotidyl transferase dNTP nick end 
labeling (TUNEL) staining

Apoptotic cells were detected in representative sections of
tumor tissue through staining with terminal deoxynucleoti-
dyl transferase dNTP nick end labeling (TUNEL) following
the manufacturer’s instructions (FragEL™ DNA Fragmen-
tation Detection Kit, Fluoresent-TdT enzyme, Calbiochem,
Germany).

Western blot analysis

The cells were trypsinized, washed with PBS, and then
lysed with buVer containing 50 mM Tris–HCl (pH 7.5),
150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM dithio-
threitol, 1% Nonidet P-40, 0.1% SDS, protease inhibitors
(1 mM PMSF, 5 mg/ml aprotinin, 5 mg/ml leupeptin and
5 mg/ml pepstatin), and phosphatase inhibitors (20 mM
�-glycerophosphate, 50 mM NaF, and 1 mM Na3VO4). The
lysates were incubated at 4°C for 20 min and centrifuged at
12,000£g for 15 min. Equal amounts of lysate (40 �g)
were resolved by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS–PAGE) and transferred to polyvi-
nylidene diXuoride membrane (Millipore, USA). The mem-
branes were blocked in 5% non-fat skim milk/TBST
[20 mM Tris–HCl (pH 7.4), 150 mM NaCl, and 0.1%
Tween-20] at room temperature for 2 h and detected with
primary antibodies at room temperature for 2 h. The mem-
branes were then blotted for 1 h at room temperature with
an appropriate horseradish peroxidase-linked secondary
antibody, followed by enhanced chemiluminescence West-
ern blot detection reagents (Amersham Pharmacia Biotech,
USA). The primary antibody cyclin D1, cyclin B1, p21,
caspase 3, Bax, acetylated �-tubulin, actin, and the second-
ary antibody were purchased from Santa Cruz Biotechnol-
ogy (USA); anti-acetyl-Histone H3 was purchased from
Millipore (USA).

Inhibition of tumor growth in vivo

The research protocol was in accordance with the institu-
tional guidelines of the Animal Care and Use Committee
of Shandong University. The animals were housed under
pathogen-free conditions. Female BALB/c (nu/nu) mice

(20 § 2 g, 4–6 weeks old) were purchased from the Animal
Center of the China Academy of Medical Sciences
(Beijing, China). The breast cancer MDA-MB-231 cells,
5.0 £ 106, suspended in 100 �l PBS, were subcutaneously
inoculated into the lower right Xank of the nude mice.
When the tumors were 100–150 mm3, the mice were
divided randomly into four groups (n = 6 in each group).
The control group received the solvent (DMSO) only. The
treatment groups received SAHA (50 mg/kg), taxol
(7.5 mg/kg), or a combination of SAHA (50 mg/kg) and
taxol (7.5 mg/kg). The mice receiving DMSO or SAHA
treatment were injected intraperitoneally with 100 �l of
DMSO or SAHA (diluted in 100 �l DMSO) on days two,
three, four, six, and seven of each week. The mice receiving
taxol treatment were injected intraperitoneally with 200 �l
of taxol on days one and Wve of each week. The mice were
treated for 3 weeks. The diameter of the tumor was mea-
sured twice a week with a caliper. Tumor volume was cal-
culated with the following formula: v = ab2/2, where a and
b are the long diameter and the perpendicular short diame-
ter of the tumor, respectively. At the end of the experiment,
the tumors were harvested, and the tumor weights were
determined.

Statistical analysis

All quantitative data were subject to ANOVA to determine
if there were signiWcant diVerences between groups. For
data groups satisfying the ANOVA criteria (P < 0.05),
individual comparisons were conducted using the Student’s
t-test; P · 0.05 was considered signiWcant.

Results

SAHA enhanced taxol-induced cell death 
in breast cancer cells

Some studies have shown that the growth inhibition of
breast cancer cells by SAHA is not dependent on p53,
estrogen receptor (ER), human epidermal growth factor
receptor 2 (HER2), and retinoblastoma (RB) expression. To
determine whether SAHA could enhance the growth inhibi-
tion of taxol in breast cancer cells, an MTT assay was per-
formed using diVerent breast cancer cell lines and an
immortalized human breast epithelial cell line MCF10A
with various protein expression levels of p53, ER, HER2,
and RB. As seen in Fig. 1a and Table 1, all breast cancer
cells were sensitive to SAHA, with IC50 between 1.90 and
5.10 �M, whereas MCF10A showed an IC50 value of
10.75 § 2.21 �M. Multi-resistant MCF-7/ADR cells also
showed higher resistance to SAHA than the other cancer
cell lines, with an IC50 of 5.10 § 0.21 �M. These results
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prove that the growth inhibition of breast cancer cells by
SAHA has a broad spectrum and is not dependent on p53,
ER, HER2, and RB expression. Furthermore, the cancer
cells were more sensitive to SAHA than the immortalized
MCF10A cells. For taxol, both MCF-7/ADR and SKBR3
cells showed resistance to taxol, whereas all other cells
were similarly sensitive (Fig. 1b).

Based on the IC50 values of SAHA or taxol alone on the
diVerent cancer cells, the combined treatments of SAHA
with taxol were initiated simultaneously at equipotent doses
of the two drugs (at the ratio of their IC50s) to test whether

there were synergistic eVects against all breast cancer cells
and MCF10A cells. The combination eVects, such as
median eVect, dose eVect, and CI, were obtained using Cal-
cuSyn software. The CI-Fa curve in Fig. 2a–i indicates that
the SAHA and taxol combinations produced a synergistic
eVect against all the tested cells. However, these syner-
gisms depended on the concentrations of SAHA and taxol.
For MCF10A cells, synergistic growth inhibitory eVect was
observed in all the doses used in the MTT assay. For the
taxol-resistant breast cancer cells SKBR3 and MCF-7/
ADR, the synergistic eVects were observed when the con-
centration of taxol was higher than 4.0 nM and SAHA was
higher than 2.0 �M. For non-resistant cell lines, such as
MDA-MB-231, MCF-7, MDA-MB-453, MDA-MB-435s,
T-47D, and BT474, synergism was observed with low
SAHA and taxol concentrations (C[taxol] < 4.0 nM and
C[SAHA] < 2.0 �M). CI and dose reduction index (DRI)
values for all the breast cancer cells are summarized in
Table 1. Both SAHA and taxol had favorable DRIs. At IC50

eVect levels, the doses of SAHA and taxol decreased in
varying degrees, indicating that the combination treatment
of SAHA with taxol may lead to reduced toxicity in chemo-
therapy.

SAHA increased taxol-induced G2/M arrest in breast 
cancer MDA-MB-231 cells

As similar growth inhibitory eVects were obtained from
MDA-MB-231, MCF-7, MDA-MB-453, MDA-MB-435s,
T-47D, and BT474 cells after treatment with SAHA, taxol
or a combination of the two (Fig. 2), MDA-MB-231 cells
were selected for the subsequent studies focused on indenti-
fying the mechanism underlying how SAHA enhanced
taxol-induced growth inhibition in breast cancer cells.

Fig. 1 Growth inhibitory eVects of SAHA and taxol in breast cancer
cell lines. The cells were exposed to either SAHA (a) or taxol (b) for
72 h. The growth inhibitory eVects were determined by MTT assay.
The results were derived from three independent experiments per-
formed in triplicate

Table 1 Combinational eVects of SAHA and taxol in breast cancer cells

The cells were exposed to SAHA, taxol, and SAHA/taxol combination for 72 h. The growth inhibitory eVects were determined by MTT assay. CI
was calculated for IC50 by isobologram analysis performed using CalcuSyn software. The DRI represents the order of magnitude of the dose reduc-
tion obtained for the IC50 eVect in the combination compared with each drug alone. The results were derived from three independent experiments
performed in triplicate

Cell lines IC50 (drug alone) CI at IC50 DRI at IC50

taxol (nM) SAHA (�M) taxol (nM) SAHA (�M)

MCF 10A 11.70 § 1.93 10.75 § 2.21 0.24 § 0.07 6.46 § 0.73 11.86 § 3.22

MCF-7/ADR 168.39 § 11.25 5.10 § 0.21 0.61 § 0.13 28.61 § 5.33 1.73 § 0.89

SKBR3 418.01 § 22.38 2.86 § 0.10 0.65 § 0.10 114.24 § 22.54 1.56 § 0.43

MDA-231 5.56 § 0.63 2.25 § 0.09 0.50 § 0.05 4.52 § 0.64 3.66 § 0.94

MDA-453 3.66 § 0.26 1.90 § 0.33 0.22 § 0.06 8.82 § 1.03 9.16 § 1.43

MDA-435s 10.91 § 1.13 4.07 § 0.09 0.90 § 0.22 2.60 § 0.54 1.94 § 0.32

T-47D 9.03 § 0.93 3.26 § 0.12 0.59 § 0.08 4.05 § 0.83 2.93 § 0.48

MCF-7 6.58 § 0.32 2.38 § 0.07 1.01 § 0.15 2.29 § 0.43 1.66 § 0.36

BT474 7.71 § 0.38 2.47 § 0.08 0.63 § 0.13 4.06 § 0.77 2.60 § 0.64
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Cell cycle analysis was used to identify the cell cycle
distributions of the MDA-MB-231 cells after exposure
to either SAHA, taxol, or the SAHA/taxol combination
for 24 h. The results (Fig. 3a) revealed that taxol induced
G2/M cell cycle arrest in a dose-dependent manner. SAHA
induced G1/G0 arrest at low concentrations and G2/M
arrest at high concentrations. The cells treated with a com-
bination of SAHA (0.5 or 2.0 �M) and taxol (1.0 or
4.0 nM) arrested more in the G2/M phase than those treated
with either drug alone at the same concentration. Compared
with the 8.0 �M SAHA treatment, the treatment with
8.0 �M SAHA combined with diVerent concentrations of
taxol had no signiWcant changes in cell cycle distribution.

Similar results were also observed with 16 nM taxol com-
bined with various concentrations of SAHA, which induced
the same cell cycle distribution pattern as 16 nM taxol
alone (Fig. 3a).

SAHA potentiated taxol-induced apoptosis

Annexin V-FITC/PI analysis was used to examine the per-
centage of apoptosis in the MDA-MB-231 cells following
treatment with SAHA, taxol, or their combination for 24 h.
SAHA or taxol alone induced apoptosis in a dose-depen-
dent manner (data not shown). As shown in Fig. 3b, the
combination of SAHA with taxol resulted in signiWcant

Fig. 2 Synergistic growth inhibitory eVects of SAHA and taxol on
breast cancer cell lines. CI/fractional eVect curves show the CI versus
the fraction of cells aVected/killed by the combination of SAHA and
taxol for the diVerent breast cancer cell lines (a–i). Dose–eVect plots
(j) and median-eVect plots (k) show the interaction between SAHA
and taxol on cell growth in MDA-MB-231 breast cancer cells. The
cells were simultaneously exposed to SAHA and taxol alone or com-
bined at a Wxed ratio following a gradient of concentrations. An MTT

assay was performed after treatment for 72 h. Combination analysis
was done using the method described by Chou and Talalay (see Mate-
rials and methods). For these curves, CI < 1.0 indicates a synergistic
interaction and CI > 1 signiWes antagonistic drug eVects. A straight
line at the CI = 1 represents the additive eVect from both drugs. Rep-
resentative experiments were carried out at least three times for each
cell line
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increases in the percentage of apoptotic cells, suggesting
that SAHA enhanced taxol-induced apoptosis.

SAHA/taxol treatments changed the expression 
of cell cycle and apoptosis-associated proteins 
in MDA-MB-231 cells

To explore the mechanism of the growth inhibition eVects
of SAHA with or without taxol in breast cancer cells, the
expression of proteins associated with the cell cycle and
apoptosis were further examined. After being exposed to
SAHA at diVerent concentrations for 24 h, the Western blot
of MDA-MB-231 cells showed that acetylated histones H3
increased after treatment with 0.5, 2.0, and 8.0 �M SAHA.
SAHA reduced the expression of cyclins D1 and B1 and
upregulated p21 expression. Both caspase 3 and Bax, which
are pro-apoptosis-related proteins, were also elevated with
the treatment of SAHA (Fig. 4a). When the MDA-MB-231
cells were treated with SAHA (2.0 �M) combined with
taxol (4.0 nM), the expression of the acetylated histones H3
increased similar to the cells treated with SAHA alone;
however, taxol alone did not aVect the level of the acety-
lated histones H3 in the cells (Fig. 4a, b). In contrast, the
combined treatment signiWcantly increased the expression
of p21, caspase 3, and Bax higher than either SAHA or
taxol treatment alone (Fig. 4a, b). 2.0 �M SAHA alone had
little eVect on the expression of cyclin D1 and reversed the
reduction of cyclin D1 by taxol. The decreased cyclin B1
expression may be related to the G2/M arrest induced by
SAHA or the combined SAHA/taxol treatment. Taxol inter-
feres with microtubule depolymerization and results in the
accumulation of acetylated �-tubulin and stabilized micro-

tubule structures, which disrupts the alignment of chromo-
somes during mitosis and eventually leads to apoptosis.
Interestingly, �-tubulin is a non-histone substrate for
HDAC enzymes [17]. At least one member of the HDAC
family, HDAC-6, is able to remove the acetyl group from
tubulin [18]. As tubulin deacetylation is associated with
microtubule depolymerization, the accumulation of acety-
lated tubulin following treatment with SAHA may promote
microtubule stabilization. To determine whether SAHA and
taxol co-regulate microtubule stability could account for
the increased growth inhibition, acetylated tubulin expres-
sion was also evaluated. When the MDA-MB-231 cells
were exposed to SAHA or taxol, a modest increase in acet-
ylated tubulin was observed. In contrast, a signiWcant
increase in the expression of acetylated tubulin was
observed when SAHA and taxol were given simultaneously
(Fig. 4a, b).

SAHA inhibited breast tumor growth 
and enhanced the in vivo anti-tumor eVect of taxol

To determine further the antitumor eVects of SAHA and
the SAHA/taxol combination, athymic mice were treated
with vehicle, SAHA, taxol, or SAHA/taxol combination
after the taxol-sensitive MDA-MB-231 xenograft tumor
was visible. The growth of the tumors was monitored
twice a week, and the volume was calculated by the
formula described in the Materials and Methods. The
tumors from mice treated by SAHA/taxol combination
treatment clearly had smaller sizes and weights than those
either from the SAHA or taxol treatment groups (Fig. 5a, b).
Compared with the treatment in the control group, SAHA

Fig. 3 EVects of SAHA and 
taxol on cell cycle distributions 
(a) and apoptosis (b) in MDA-
MB-231 breast cancer cells. The 
cells were treated with SAHA, 
taxol, or a combination of 
SAHA and taxol for 24 h and 
then analyzed for cell cycle 
distributions and apoptosis. 
Representative experiments 
were carried out at least three 
times. *P < 0.05, combined 
treatment of SAHA with taxol 
versus control, SAHA, or taxol 
alone
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(50 mg/kg), taxol (7.5 mg/kg), and the combined treat-
ment reduced the tumor volume of the MDA-MB-231
xenografts by 31.9, 19.5 and 46.0%, respectively (Fig. 5c).
TUNEL assay was used to assess apoptosis in paraYn-
embedded tumor sections. Tumors from mice that received
the combined treatment showed a larger proportion of
cells with TUNEL-positive nuclei than tumors from mice
that received the vehicle, taxol, or SAHA treatment alone
(Fig. 5d).

The body weight and survival ratio of the treated mice
from each treatment group were also monitored to evaluate
the long-term toxicity of SAHA and the combination treat-
ment. There were no signiWcant body weight losses for all
treated mice. These data suggest that, compared with the
SAHA and taxol single treatments, the combination of
SAHA with taxol signiWcantly enhanced the anti-tumor
eVects without increasing the toxicity.

Discussion

At a steady fed-state, oral administration of 400 mg/m2

SAHA in patients resulted in a mean area under the con-
centration–time curve (AUC) of 6.0 § 2.0 �M hour and
maximum concentration (Cmax) of 1.2 § 0.53 �M [19].
Correspondingly, at 135 mg taxol administered by 3 h infu-
sion resulted in an AUC of 9.4–13.1 �M hour and Cmax of
2.5–3.9 �M [20–24]. In this report, the concentrations of
SAHA and taxol used in the in vitro study was equal to or
lower than the plasma levels in patients treated with SAHA
or taxol.

SAHA is a small molecule inhibitor of class I and II
HDAC enzymes [25]. While aVecting acetylation, SAHA
interferes with the cell cycle, apoptosis, and diVerentiation
of human cancer cells. In previous studies, SAHA inhibited
MCF-7, MDA-MB-231, MDA-MB-435, and SKBR3 breast
cancer cell lines by inducing G1 and G2/M arrest as well as
apoptosis [26]. In HER2-overexpressing breast cancer cell
lines, in addition to the dose-dependent facilitation of apop-
tosis, SAHA induced the acetylation of hsp90, leading to
the dissociation of HER2 from the chaperone molecule and
resulting in polyubiquitylation and degradation of HER2
[27]. SAHA treatment resulted not only in the re-expression
of ER but also in the inhibition of epidermal growth factor
receptor expression in ER-negative human breast cancer
MDA-MB-231 cells [28]. In this study, the inhibitory
eVects of SAHA, with or without taxol, was observed in an
immortalized human breast epithelial cell line MCF10A
and in a panel of eight breast cancer cell lines, including
multi-resistant MCF-7/ADR cells. The protein expressions
of p53, ER, HER2, and RB were varied in these breast can-
cer cell lines. Concurring with other researchers [26, 29],
our study showed that SAHA inhibited cell growth by
inducing apoptosis and altering cell cycle distributions. As
shown in Table 1, the sensitivity of breast cancer cells to
SAHA was not dependent on the expression of p53, ER,
HER2, and RB. HER2-overexpressing SKBR3 cells and
multi-resistant MCF-7/ADR cells were indeed resistant to
taxol; however, they were sensitive to SAHA, with IC50

values of 2.86 �M (95% CI: 1.80–4.53 �M) and 5.10 �M
(95% CI: 3.29–7.92 �M), respectively. These data suggest
that SAHA had potent growth inhibitory eVect in taxol-
resistant breast cancer cells and in multi-resistant breast
cancer cells. These results are consistent with the previous
Wndings in which SAHA was sensitive to taxol-resistant
ovarian cancer cells, and SAHA was shown to induce cell
death in P-glycoprotein–overexpressing T-cell leukemia
and colon carcinoma cells [30–32]. The result raises the
possibility that combined treatment with SAHA and
taxol may improve the antitumor eVects on taxol-resistant
breast cancer. However, only the antitumor eVect of
the combined treatment of SAHA and taxol in nude mice

Fig. 4 EVects of SAHA and taxol on the expression of apoptosis and
cell cycle regulation-related proteins in MDA-MB-231 breast cancer
cells. a A result of a Western blot; b Protein expressions induced by
combined treatment were quantitated by densitometry and normalized
against that of �-actin. Bars in the charts represent means § SD of
three independent experiments. The cells were treated with SAHA,
taxol, and the combination of these two drugs for 24 h and were then
harvested for Western blot analysis. Ac-H3 represents acetylated His-
tone H3; Ac-tubulin represents acetylated �-tubulin
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bearing a taxol-sensitive MDA-MB-231 xenograft was
explored in this study. Further investigation on the com-
bined treatment in nude mice bearing taxol-resistant breast
cancer xenografts is worthwhile.

Due to the potential antitumor eVect of SAHA, it was
evaluated alone and in combination with targeting thera-
peutic or chemotherapeutic agents in preclinical studies and
in clinical trials [33, 34]. In drug combination studies, there
are diVerent ways to combine the drugs. In this study, the
diagonal constant ratio combination design proposed by
Chou and Talalay [16] and Chou [35] was used. The diago-
nal constant ratio combination design can greatly reduce
the number of data points required and can still achieve the
maximal amount of useful information on the combina-
tions, thus increasing the cost-eVectiveness of experimenta-
tion. In an early-stage study, the constant combination ratio
experiment should be carried out at an equipotency ratio
[e.g., (IC50)1/(IC50)2 ratio] to equalize roughly the contribu-
tions of the eVects of each drug to the combination. In this
study, after each IC50 of SAHA and taxol was obtained, the
combined treatment was initiated at equipotent doses of the
two drugs following their IC50 ratios with serial dilutions
for several doses. Using the design, the addition of SAHA
to taxol resulted in a dramatic decrease in IC50 values for
taxol and also a signiWcantly greater growth inhibition than
with either SAHA or taxol alone in eight diVerent breast

cancer cell lines and MCF10A cells. Interestingly, the syn-
ergistic growth inhibition was dependent on the concentra-
tion of SAHA and taxol, as well as the type of cells being
treated. Synergism was also observed in immortalized
MCF10A cells independent of the SAHA or taxol concen-
trations. In MDA-MB-231, MCF-7, MDA-MB-453, MDA-
MB-435s, T-47D, and BT474 cells, synergism was found at
low SAHA and taxol concentrations. However, in taxol-
resistant SKBR3 and MCF-7/ADR cells, synergism was
found at high concentrations of SAHA and taxol (Fig. 2).
The reason for the dependence of the synergism on the con-
centrations of SAHA and taxol may be related to the mech-
anism of action of taxol. Torres and Horwitz [36] showed
that the mechanism by which taxol induces cell death is
dose-dependent. At low concentrations, taxol induces cell
death primarily through its microtubule stabilizing eVect,
leading to G2/M arrest and p21 and p53 protein induction.
In contrast, at higher concentrations, taxol induces cell
death through a Raf-1 dependent manner. However, further
investigations on the involved mechanisms are still needed.

The ability of SAHA to increase the growth inhibition of
taxol in breast cancer cells was consistent with prior results
obtained using lung cancer, ovarian cancer, and thyroid
cancer cells [12–14, 37]. A study in lung cancer cells also
found that SAHA potentiated taxol activity at lower con-
centrations but not at higher concentrations of taxol [12].

Fig. 5 Anti-tumor eVects of SAHA and taxol on the mice xenograft
model. The nude mice bearing breast cancer MDA-MB-231 cells were
treated as described. a Mean tumor weights for each group at the end
of the treatment; b Imaging of the tumors dissected from xenograft
mice at the end of the treatment; c Tumor size growth curves during the

treatment calculating the volume size of individual tumors; and
d TUNEL detection of apoptosis in tumors following drug treatment.
The original magniWcation was £400. *P < 0.05, combined treatment
of SAHA with taxol versus control, SAHA, or taxol alone
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The enhanced growth inhibition of SAHA with taxol
may be associated with cell cycle distributions induced by
both agents. Cell cycle analysis demonstrated that SAHA
induced G1/G0 arrest at low concentrations and G2/M
arrest at high concentrations, and that taxol induced G2/M
arrest in MDA-MB-231 cells. Low concentrations of
SAHA elevated the percentage of G2/M phase cells
induced by low concentrations of taxol. As either SAHA or
taxol alone at high concentrations sharply caused G2/M
arrest, high concentrations of SAHA with diVerent concen-
trations of taxol or high concentrations of taxol with diVer-
ent concentrations of SAHA did not show signiWcant
changes in cell cycle distributions compared with SAHA or
taxol at high concentrations. The increased G2/M phase
cells induced by SAHA with taxol at low concentrations
resulted from the upregulation of p21 and downregulation
of cyclin B1. As shown in Fig 4, SAHA augmented the
expression of acetylated histones H3 and p21, and
decreased the expression of cyclins D1 and B1. The induc-
tion of p21 is an important mechanism by which taxol
induces apoptosis [38]. Similarly, HDACis, such as SAHA,
are also known to induce p21, which interacts with Rho to
promote the accumulation of stabilized, detyrosinated
microtubules [39, 40]. Although p21 is commonly associ-
ated with the G1 check point, its association with G2/M cell
cycle arrest has also been demonstrated [41]. Cyclin B1
plays a critical role in regulating cell-cycle progression
from G2 through M phase (including exit from M phase).
In this study, enhanced G2/M cell cycle arrest could also be
associated with the decreased cyclin B1 expression induced
in MDA-MB-231 cells by the combined SAHA with taxol
treatment.

One of the most important mechanisms by which taxol
inhibit tumor growth is by microtubule stabilization,
which occurs through its action on tubulin acetylation.
Our data showed that when added to taxol, SAHA caused
a marked increase in the expression of acetylated tubulin.
The high expression of acetylated tubulin could result in
enhanced apoptosis. As shown by Annexin V-FITC/PI
analysis and TUNEL staining, more apoptotic cells were
found after combined treatment of SAHA with taxol in
vitro and in vivo. The enhanced apoptosis was also veri-
Wed by the increased expression of caspase 3 and Bax
after the cells were treated with the combination of SAHA
and taxol.

In conclusion, SAHA had potent growth inhibitory
eVects in breast cancer cells, even in taxol-resistant or
multi-resistant breast cancer cells. The synergistic anti-
tumor activity of SAHA with taxol was dependent on
concentrations of both drugs and resulted from enhanced
G2/M arrest and apoptosis. The combination of SAHA
and taxol may be useful in the treatment of breast
cancer.
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