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Histone deacetylase 4 mediates SMAD family member 4
deacetylation and induces 5-fluorouracil resistance
in breast cancer cells
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Abstract. Histone deacetylases (HDACSs) have been shown
to play important roles in the regulation of chromatin remod-
eling by histone deacetylation, and their expression is induced
in several types of cancer. In addition, they are known to be
associated with resistance to anticancer drugs. However, the
relevance of HDAC4 in chemoresistance remains unclear.
Therefore, we investigated the interaction between HDAC4
expression and chemoresistance in breast cancer cells. We
found that increased HDAC4 expression in MDA-MB-231
cells was associated with resistance to the anticancer drug
5-fluorouracil (5-FU). To verify these results, a cell line stably
overexpressing HDAC4 was generated using MCF-7 cells
(HDACA4OE). This cell line displayed increased 5-FU resis-
tance, and HDAC4 knockdown in HDAC4OE cells restored
5-FU sensitivity. Consequently, we concluded that HDAC4 is
a critical gene associated with 5-FU chemoresistance. Further
investigation using a microarray approach revealed that
355 genes were differentially expressed following HDAC4
overexpression. Based on functional annotation of the array
results, HDAC4 overexpression was found to downregulate
genes related to the transforming growth factor (TGF)
signaling pathway, including SMAD4, SMADG, bone morpho-
genetic protein 6, inhibitor of DNA binding 1 and TGFp2. We
also found that HDAC4 expression regulates SMAD4 expres-
sion by inducing deacetylation of histone H3 in the SMAD4
promoter region. In addition, SMAD4 knockdown in MCF-7
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cells increased 5-FU resistance. In summary, our data suggest
that HDAC4-mediated deacetylation of the SMAD4 promoter
may lead to 5-FU resistance in breast cancer cells.

Introduction

Numerous types of cancer develop as a result of dysregulated
gene expression derived from epigenetic modifications such
as methylation or acetylation (1,2). In particular, DNA-bound
core histones regulate gene activation and inactivation via the
opposing activities of histone acetyltransferase (HAT) and
histone deacetylase (HDAC) enzymes.

HDAC S play crucial roles in epigenetic modulation by
deacetylating histone and non-histone substrates that are
involved in processes critical for both normal development and
cancer (3). HDACs have been classified into four classes based
on structural homologies between humans and yeast. Class I
HDAC: are ubiquitously expressed in the nuclei of all cells (4),
whereas HDACs 4, 5, 7 and 9, which are members of class II,
are shuttled between the nucleus and the cytoplasm and are
specifically expressed in heart tissue, bone, the nervous system
and skeletal muscle (5). In several types of cancer, aberrant
expression of HDAC family members has been proposed as a
hallmark of multiple tumorigenic processes, including prolif-
eration, apoptosis, angiogenesis and metastasis (6). Moreover,
a number of researchers have suggested that HDACs are
associated with chemotherapy resistance in several types
of cancer (7-11). Chemoresistance to effective treatments
for many tumor types presents a major obstacle, leading
researchers to study the use of molecularly targeted therapies
as a new class of chemotherapeutic agents. HDAC inhibitors,
which target HDAC proteins, have a wide range of effects,
including cell cycle arrest, apoptosis, anti-angiogenic effects,
and autophagy, and are utilized clinically as chemotherapeutic
agents in several types of cancer (5).

We previously reported that HDAC expression in meta-
static and non-metastatic breast cancer cells differs and that
high HDAC expression levels, with the exception of HDAC4,
are associated with invasiveness, which is of concern due to
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the role in invasion of cancer metastasis (12). Furthermore,
Stronach et al (13) recently demonstrated that HDAC4 may be
a therapeutic target for platinum resistance in ovarian cancer.

SMAD family member 4 (SMAD4) has also been reported
to be a gene that promotes 5-fluorouracil (5-FU) resistance in
colon cancer (14). SMAD4 is known to be a mediator of the
transforming growth factor (TGF) P signaling pathway and
has been shown to act as a suppressor of tumor progression
and to decrease tumor growth by inducing apoptosis. SMAD4
inactivation by genetic abnormalities, including deletion
or mutation, has been identified in several types of cancer,
including colorectal, pancreatic, breast, ovarian, lung and gastric
cancer (15-19). Furthermore, reduction of SMAD4 expression
by methylation of the SMAD4 promoter has been correlated
with advanced prostate cancer (20). However, the correlation
between HDAC4 and SMAD4 has not been elucidated.

In the present study, we investigated the correlation
between high HDAC4 expression and chemoresistance as
well as the molecular targets that are associated with HDAC4
overexpression-induced chemoresistance in breast cancer.
Based on these results, we suggest that SMAD4 in the TGFp
signaling pathway is regulated by HDAC4 and is associated
with 5-FU resistance in breast cancer cells.

Materials and methods

Cell culture and transfection. MDA-MB-231 (HTB-26) and
MCEF-7 (HTB-22) breast cancer cells that had been obtained from
the American Type Culture Collection (ATCC) were cultured
in Dulbecco's Modified Eagle's Medium (DMEM; Lonza)
supplemented with 10% fetal bovine serum (FBS; Gibco) and
1% penicillin/streptomycin (Lonza). The cells were maintained
at 37°C in a humidified atmosphere containing 5% CO,.

To obtain stable expression of the HDAC4 protein, MCF-7
cells were transfected with Lipofectamine® 2000 (Invitrogen)
using a human HDAC4 full-length cDNA vector constructed
in a pcDNA3-EGFP Plasmid (Addgene) carrying the neomycin
resistance gene. Transfected clones were cultured in selective
media supplemented with 600 pg/ml of G418 (Sigma).

Transient transfection was performed using Lipofectamine®
2000 in order to overexpress hHDAC4 and the Lipofectamine®
RNAiIMAX Reagent (Invitrogen) was used to knockdown
hHDAC4 and hSMAD4 expression according to the manufac-
turer's recommended protocol.

Quantitative real-time PCR (qRT-PCR). Total RNA was
extracted using a Nucleospin RNAII kit (Macherey-Nagel,
Germany) and cDNAs were synthesized using M-MLV
Reverse Transcriptase (Promega). qRT-PCR reactions were
carried out in triplicate using iQ™ SYBR-Green Supermix
and a CFX96 qPCR machine (BioRad). The primers used
to detect HDAC4, SMAD4 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were: HDAC4 forward, 5'-agcgt-
gagcaagatcctc-3' and reverse, 5'-gccaagtactcagcgtctece-3';
SMAD4 forward, 5'-cccaggatcagtaggtggaa-3' and reverse,
5'-cccagcctttcacaaaactc-3'; and GAPDH forward, 5'-acagt-
cagccgcatcttctt-3' and reverse, 5'-acgaccaaatccgttgactc-3'. The
amplification conditions were: a predenaturation step at 95°C
for 3 min, followed by 40 cycles of denaturation at 95°C for
15 sec, annealing at 60°C for 15 sec and extension at 72°C for
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15 sec. The comparative threshold cycle (Ct) method, 244,
was used to calculate fold amplification.

Western blot analysis. The cells were lysed with RIPA buffer
containing 50 mM Tris-HCI at pH 7.4, 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM
Na;Vo,, 1| mM NaF and proteinase inhibitors. Proteins
were separated using 8% SDS-PAGE gels and transferred
to polyvinylidene difluoride membranes (PVDF; Millipore,
Germany). Blots were then incubated in 5% skim milk
(Difco) for 1 h and probed with anti-HDAC4 (Abcam) and
anti-GAPDH (Santa Cruz Biotechnology, Inc.) primary anti-
bodies overnight, followed by incubation with a horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary antibody.
Immunoreactive proteins were detected using an enhanced
chemiluminescence kit (Thermo).

In vitro cytotoxicity assay. To identify differences in the
cytotoxicity of anticancer drugs, including cisplatin (Sigma),
paclitaxel (Bristol-Myers Squibb SRL, Italy), gemcitabine
(Lilly, Korea) and 5-FU (Sigma), cells were plated in 96-well
plates at a density of 5x10° cells/well. Twenty-four hours later,
the cells were treated with anticancer drugs and incubated
for 24, 48 and 72 h. The surviving cells were treated with
500 pg/ml of MTT solution for 2 h, after which point the
absorbance was measured at 540 nm. The survival rate was
calculated as the ratio of the absorbance of the treated wells to
that of the control wells.

Microarray analysis. Biotinylated cRNA was produced
according to the manufacturer's protocol. Briefly, total RNA
was reverse-transcribed to cDNA using T7 oligo(dT) primers
and second-strand cDNAs were synthesized through in vitro
transcription and labeled with biotin-NTP. The amounts
of the labeled cDNAs were quantified using an ND-1000
Spectrophotometer (NanoDrop).

Labeled cRNA samples were hybridized to each human
HT-12 v4 Expression Bead Array (Illumina, Inc.) for
16-18 h at 58°C. Amersham fluorolink streptavidin-Cy3 (GE
Healthcare Bio-Sciences, UK) and an Illumina Bead Array
Reader confocal scanner were used to detect the array signal
according to the manufacturer's instructions. The microarray
experiments on independent samples were performed in four
times replicate.

For data analysis, raw data were extracted from the soft-
ware provided by the manufacturer (GenomeStudio v2011.1;
Illumina, Inc.). The raw data were then filtered using a detec-
tion P-value of <0.05 in = 50% of the samples. Selected gene
signal values were transformed and normalized using the
logarithmic and quantile methods, respectively. Significant
statistical values for the expression data were determined
using fold-change and the local pooled error (LPE) test. The
false discovery rate (FDR) was controlled by adjusting the
P-values using the Benjamini-Hochberg algorithm.

Functional annotation analysis of the significant probe
list was performed using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) (http://david.
abcce.nciferf.gov/home.jsp).

The data discussed in this publication have been deposited
in the NCBI gene expression omnibus (GEO) and are accessible
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Figure 1. Histone deacetylase (HDAC) 4 expression affects S-fluorouracil (5-FU) resistance in breast cancer cells. (A) Quantitative real-time PCR analysis
of HDAC4 expression in MDA-MB-231 and MCF-7 cells. (B) Viability of MDA-MB-231 and MCF-7 cells after 5-FU treatment at different dosages for 72 h.
(C) Western blot analysis of HDAC4 knockdown in MDA-MB-231 cells. (D) HDAC4 knockdown significantly decreased 5-FU cytotoxicity in MDA-MB-231
cells. The bars and each point on the graphs represent the means + SD of three independent experiments. “P<0.01 and "P<0.05 as compared to the control,

analyzed using the Student's t test.

through the GEO series accession number GSE42242 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42242).

Chromatin immunoprecipitation (ChIP) assay. ChIP assays
were performed using a ChIP Assay kit (Millipore) according
to the manufacturer's protocol. Briefly, cells were cross-linked
with 1% formaldehyde and sonicated on ice in order to frag-
ment the chromatin. The lysates were diluted with
chromatin-dilution buffer and the soluble fractions were
immunoprecipitated using anti-acetyl-histone H3 (Millipore)
at 4°C overnight. Protein-A Sepharose beads were complexed
with anti-acetyl-histone H3 and washed to remove nonspecific
binding. The antibody-bound chromatin was eluted using
elution buffer (1% SDS and 0.1 M NaHCO,). The eluted chro-
matin samples were treated with proteinase K at 45°C for 1 h
and the DNA was extracted using the phenol chloroform
method. Finally, PCR was performed on the eluted DNA using
four primer sets that were targeted to the SMAD4 promoter
region. The sequences of the primers targeting the SMAD4
promoter were: P1 forward, 5'-gtggaaggaggagcagtgtc-3' and
reverse, 5'-tgtcacctttgccatacattg-3'; P2 forward, 5'-tgtgt-
gtttcctteeectte-3' and reverse, 5'-tccttgcaggcetacaggact-3'; P3
forward, 5'-tcctttgttccagcctcact-3' and reverse, 5'-aaa
ctgaaggaagatctgtcage-3'; P4 forward, 5'-tgaaattacccggatgt
ggt-3' and reverse, 5'-ctaggggagagcaggaagg-3"; and P5 forward,
5'-gctegtgggagaatcaagtt-3' and reverse, 5'-caaaacagaaattgg
ctgga-3'. The PCR products were analyzed on 2% standard

Tris/Acetate/EDTA (TAE) agarose gels that had been stained
with GelRed™ Nucleic Acid Gel Staining solution (Biotium).

Statistical analyses. All graphed data are presented as the
means + standard deviation (SD). The results were analyzed
using analysis of variance (ANOVA) and the Student's t-test.
P-values <0.05 or 0.01 were considered to indicate statistically
significant differences.

Results

HDACH4 expression affects 5-FU chemoresistance in breast
cancer cells. We previously reported that HDAC expres-
sion was associated with cancer progression in metastatic
MDA-MB-231 and non-metastatic MCF-7 cells. As a result,
the increased expression of HDACI, 6 and 8 in MDA-MB-231
cells as compared to MCF-7 cells was correlated with tumor
cell invasiveness. Although the expression of HDAC4 was
increased in MDA-MB-231 cells, HDAC4 did not increase
tumor cell invasion (12). To investigate whether increased
HDAC4 expression may be associated with chemoresistance
to anticancer drugs, we verified the cytotoxicity of various
anticancer drugs, including cisplatin, paclitaxel, gemcitabine
and 5-FU, in MCF-7 and MDA-MB-231 cells (data not shown).
Significant chemoresistance was demonstrated only for 5-FU.
As shown in Fig. 1B, more pronounced 5-FU chemoresis-
tance was observed in MDA-MB-231 cells than in MCF-7
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Figure 2. 5-Fluorouracil (5-FU) chemoresistance in MCF-7 cells is dependent on histone deacetylase (HDAC) 4 expression levels. (A) Quantitative real-time
PCR (qRT-PCR; upper panel) and western blot (lower panel) analyses of HDAC4 expression in mock-transfected and HDAC4OE cells. (B) The viability of
HDACA4OE cells increased after exposure to 100 uM 5-FU. (C) qRT-PCR (upper panel) and western blot (lower panel) analyses of HDAC4 knockdown in
mock-transfected and HDAC4OE cells. (D) HDAC4 knockdown in HDAC4OE cells rescued cell viability following treatment with 100 xM 5-FU. Data are
represented as the means + SD of three independent experiments. “"P<0.01 and “P<0.05 as compared to the control, analyzed using the Student's t-test.

cells, confirming that the decreased HDAC4 expression in
MDA-MB-231 cells transfected with siRNA against HDAC4
was associated with reduced 5-FU resistance (Fig. 1C and D).
Therefore, we proposed that HDAC4 expression may be associ-
ated with 5-FU chemoresistance. To test the direct relationship
between HDAC4 and 5-FU resistance, we established MCF-7
cells stably overexpressing HDAC4 (HDAC4OE). MCF-7
cells with elevated HDAC4 expression were shown to be more
resistant to 5-FU than control cells (Fig. 2A and B). Moreover,
we found that HDAC4 knockdown with siRNA in HDAC40OE
cells reversed 5-FU chemoresistance (Fig. 2C and D). These
observations suggested that HDAC4 participates in 5-FU
chemoresistance.

Identification of significant HDAC4 overexpression-mediated
alterations in the TGF[ signaling pathway in MCF-7 cells.
To identify differentially expressed genes in HDAC4OE cells,
we performed microarray analysis in mock-transfected and
HDACA4OE cells. Among the genes regulated by HDAC4
overexpression, 355 genes were shown to have significantly
different expression levels (the expression of 185 genes was
increased,and the expression of 170 genes was decreased) based
on the criteria of a 1.5-fold difference with a P-value <0.05.
Hierarchical clustering analysis was performed using differ-
entially expressed genes (Fig. 3A). To investigate alternative

pathways of differentially expressed genes, the functional
gene ontology of each gene was analyzed against the DAVID.
As a result, 285 genes were defined (Fig. 3B). We identified
84 genes, including SMAD4, SMADG6, bone morphogenetic
protein 6 (BMP6), inhibitor of DNA binding 1 (ID1), TGF32
and TGFf3, involved in the TGFp signaling pathway from the
most significant cluster (P<0.01) (Fig. 3C and D). Recently,
Papageorgis et al (14) reported that SMAD4 inactivation
induced 5-FU resistance in colon cancer. Therefore, we
selected SMAD4 as a candidate gene that may regulate 5-FU
chemoresistance in HDAC4OE cells.

HDAC4-mediated regulation ofthe SMAD4 gene impacts 5-FU
chemoresistance. To confirm the correlation between SMAD4
and HDACH4, the pattern of SMAD4 expression in HDAC40E
and MDA-MB-231 cells was characterized using qRT-PCR.
SMAD4 expression was downregulated in cells in which
HDAC4 was highly expressed (Fig. 4A), and SMAD4 expres-
sion was upregulated when HDAC4 siRNA was transduced
into HDAC4OE cells (Fig. 4B). Consequently, we hypothesized
that HDAC4 may regulate SMAD4 expression in breast cancer
cells. To investigate alterations in chemoresistance mediated
by SMAD4 expression due to HDAC4 overexpression in
MCEF-7 cells, we performed cytotoxicity assays comparing
SMAD4 knockdown and control MCF-7 cells. As a result, the
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Figure 3. Identification of significant histone deacetylase (HDAC) 4 overexpression-mediated alterations in the transforming growth factor (TGF)  sig-
naling pathway in MCF-7 cells using microarray. (A) Hierarchical clustering of significant differences in gene expression between mock-transfected and
HDACA4OE cells. (B) Gene ontology analysis (GOTERM_BP_ALL) was carried out using functional annotation clustering against the DAVID online tool.
(C) Significant alterations in the TGFf pathway were identified in HDAC4OE cells using pathway analysis (KEGG_PATHWAY) against the DAVID online
tool. (D) Summary of differentially expressed genes associated with the TGFf} pathway, as indicated by the results of the microarray analysis.

cytotoxicity of 5-FU in SMAD4 knockdown cells was elevated
(Fig. 4C and D). Therefore, SMADA4 can be reliably associated
with 5-FU resistance in breast cancer cells.

HDACH4 regulates SMAD4 gene expression via deacetylation
of the SMAD4 promoter. To determine whether SMAD4
transcriptional repression by HDAC4 is mediated through a
modification of histones in the SAMD4 promoter region, we
compared the SMAD4 promoter region to the UCSC genome
browser (http://genome.ucsc.edu/) and found that histone
acetylation was enriched. We also identified a putative binding
site for yin-yang 1 (YY1), which is known to transcription-
ally repress several genes by recruiting HDAC4 (21-24)
(Fig. 5A). The acetylation status of histones in defined regions
of SMAD4 was investigated using ChIP assays comparing
acetylation between control and HDAC4OE cells. The ChIP
results clearly confirmed that acetylation of histone H3 was
reduced at five regions within the SMAD4 promoter following
overexpression of HDAC4 (Fig. 5B). Furthermore, ChIP assays
using a HDAC4 antibody were unable to detect the SMAD4
band, which indicated that HDAC4 does not bind directly to
the SMAD4 promoter region (data not shown). Consequently,
we hypothesized that HDAC4 may form a complex with a
transcription factor bound to the SMAD4 promoter.

Discussion

Alterations in the global pattern of histone acetylation have
been observed in several types of cancer. For instance,
Fraga et al (25) reported that loss of acetylation at lysine 16
of histone 4 (H4K16) is a common characteristic of cancer
cells, and global hypomethylation of lysine 8 of histone 3
(H3KS8) has been suggested to be a prognostic indicator of
tumorigenesis in breast cancer (26). The relationship between
hypomodified and hypermodified histones has also been
reported to be associated with mortality in prostate and lung
cancer (27,28). In addition, we previously identified differences
in HDAC expression between metastatic and non-metastatic
breast cancer cells, with high HDAC expression in metastatic
breast cancer cells related to invasiveness. However, despite
the high expression of HDAC4, it was not shown to participate
in invasion (12). Overexpression of HDAC4 has been reported
to cause gene-induced resistance to platinum chemotherapy by
modulating the acetylation of signal transducer and activator
of transcription (STAT) 1 in ovarian cancer (13). In addition,
HDAC4 was shown to modulate resistance to docetaxel under
hypoxic conditions and the acetylation of HIFla in hepatoma
cells (9). Therefore, we hypothesized that HDAC4 expression
was related to chemoresistance in breast cancer and sought to
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Figure 5. Histone deacetylase (HDAC) 4 alters the acetylation status at the SMAD4 promoter region in MCF-7 cells. (A) Diagram of the 5'-flanking regions of
the SMAD4 gene. Primer sets P1-P5 indicate the promoter regions of the SMAD4 gene that were analyzed in chromatin immunoprecipitation (ChIP) assays.
(B) ChIP assays were performed in control and HDAC4-overexpressing cells. Immunoprecipitation was performed using an anti-AcH3 antibody.

identify the relationship between HDAC4 expression and 5-FU
resistance in breast cancer (Fig. 1B and D). We confirmed
that HDAC4 overexpression in MCF-7 cells induced 5-FU
resistance, whereas HDAC4 knockdown in HDAC4OE cells
restored sensitivity to the drug (Fig. 2B and D), suggesting that
HDACH4 expression induces 5-FU resistance in breast cancer.
Both the 14-3-30 and JAK/STAT pathways have recently
been shown to be associated with 5-FU resistance in MCF-7
cells (29,30).

We profiled genes that were altered by HDAC4 overex-
pression as HDAC4 is known to regulate the transcription
and stability of other genes and pathways related to acquired
resistance through HDAC4 overexpression (Fig. 3A-C). The
results of our studies indicated that genes related to the TGFf3
signaling pathway, including SMAD4, SMAD6, BMP6, ID1,
TGFp2 and TGFf3, were most significantly affected by altered
HDACH4 expression (Fig. 3D). Among these genes, SMAD4 has
been most commonly reported as downregulated in numerous
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types of cancer. Papageorgis et al (14) previously suggested that
SMADA4 inactivation induces malignancy in colon cancer and
5-FU chemoresistance, and the results of a study conducted by
Shi et al (31) indicated that reductions in SMAD4 expression
promoted cell proliferation and invasion in colorectal carci-
nomas. In addition, advanced gastric cancer displays lower
SMAD4 expression than early gastric cancer (32). In breast
cancer, Stuelten er al (33) found decreased levels of SMAD4
expression in breast cancer tissue and demonstrated that low
SMAD4 expression was correlated with poor prognosis (34).
He et al (35) reported that SMAD4 mRNA and protein levels
were associated with poor outcome in glioma patients. Of
note, our study confirmed the HDAC4-mediated downregula-
tion of SMAD4 in HDACA4OE cells (Fig. 4A and B). Moreover,
we verified that SMAD4 mediated 5-FU resistance in MCF-7
cells (Fig. 4C and D). As SMAD4 has been shown to suppress
tumor growth by inducing apoptosis in MCF-7 cells (36),
HDAC4-mediated regulation of SMAD4 transcriptional
expression may be one of the mechanisms underlying 5-FU
resistance.

Most genes develop transcriptional regulation through
epigenetic modifications, such as methylation and acetyla-
tion, without alteration to their DNA sequences. For example,
HDAC4 was shown to regulate histone H3 acetylation in the
p21 proximal promoter in colon, ovarian cancer, and osteo-
sarcoma cells (37,38). In addition, Reddy et al (24) suggested
that HDAC4 forms a nucleosome remodeling and deacety-
lating (NuRD) complex in MCF-7 cells and that this complex
represses tumor-suppressing gene transcription. In our study,
the SMAD4 promoter appeared to have reduced histone H3
acetylation following HDAC4 overexpression (Fig. 5B), and
based on these findings, we suggest that increased deacety-
lation of the SMAD4 promoter due to HDAC4-mediated
negative regulation of SMAD4 gene expression may lead to
chemoresistance.

In conclusion, we provide evidence supporting the relevance
of HDAC4 expression for 5-FU resistance in breast cancer as
well as the molecular basis for HDAC4-mediated gene regula-
tion. We also suggest that HDAC4 regulates SMAD4 expression
and modifies histone H3 in the SMAD4 promoter region.
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