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Abstract We identified CREB3 as a novel HDAC3-

interacting protein in a yeast two-hybrid screen for

HDAC3-interacting proteins. Among all class I HDACs,

CREB3 specifically interacts with HDAC3, in vitro and in

vivo. HDAC3 efficiently inhibited CREB3-enhanced

NF-jB activation, whereas the other class I HDACs did not

alter NF-jB-dependent promoter activities or the expres-

sion of NF-jB target genes. Importantly, both knock-down

of CREB3 and overexpression of HDAC3 suppressed the

transcriptional activation of the novel CREB3-regulated

gene, CXCR4. Furthermore, CREB3 was shown to bind to

the CRE element in the CXCR4 promoter and to activate

the transcription of the CXCR4 gene by causing dissocia-

tion of HDAC3 and subsequently increasing histone

acetylation. Importantly, both the depletion of HDAC3 and

the overexpression of CREB3 substantially increased the

migration of MDA-MB-231 metastatic breast cancer cells.

Taken together, these findings suggest that HDAC3 selec-

tively represses CREB3-mediated transcriptional activation

and chemotactic signalling in human metastatic breast

cancer cells.
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Introduction

Histone deacetylase 3 (HDAC3) belongs to the class I

HDAC family, which includes HDAC1, HDAC2,

HDAC3, and HDAC8 and, similar to HDAC1 and

HDAC2 [1], is ubiquitously expressed. Class I HDACs

commonly regulate gene expression by modulating the

acetylation of histone and nonhistone substrates [2, 3].

However, HDAC3 contains an unusual C terminus and,

unlike the predominantly nuclear HDAC1 and HDAC2,

localizes to the nucleus, cytoplasm, and plasma mem-

brane, indicating that HDAC3 is functionally distinct

from other members of its class [4]. Functional variation

of disparate HDACs and HDAC complexes has also been

suggested by overexpression/downregulation studies, as

well as through the developmental profiling of individual

HDACs in Drosophila [5]. Such studies have revealed

unique sets of target genes for individual HDACs. Sur-

prisingly, similar numbers of genes have been found to be

repressed and activated in each case, perhaps through

both direct and indirect effects, indicating that HDACs

are not functionally redundant [6].

Biochemical studies have emphasized that the small

interference RNA (si-RNA) knock-down of HDAC3

impairs transcriptional repression mediated by unliganded

thyroid hormone receptors [7] and antagonist-bound

androgen receptor [8, 9]. In contrast, the knock-down of

HDAC1 or HDAC2 has little effect. Together, these

studies demonstrate the critical role for HDAC3 in

repression by unliganded or antagonist-bound nuclear

hormone receptors, and point to the conclusion that

SMRT and N-CoR are class I HDAC-containing com-

plexes associated primarily with HDAC3. Several studies

have shown that HDAC3 also participates in the tran-

scriptional repression mediated by other transcription

factors, including c-myc [10], NFATc [11], ZBP-89 [12],

and STAT3 [13]. In addition to its crucial role in tran-

scriptional repression, HDAC3 also interacts with and

deacetylates a variety of nonhistone substrates [14]. For

example, HDAC3 regulates the duration of NF-jB sig-

nalling by deacetylating RelA and promoting its

interaction with inhibitory-B (IkBa) [15]. On the other

hand, HDAC1 is only involved in histone deacetylation

during the attenuation of inflammatory signalling [16].

HDAC3 has also been shown to deacetylate the histone

acetyltransferases, PCAF and p300/CBP [17]. Therefore,

HDAC3 is involved in the modulation of cellular sig-

nalling through the deacetylation of target proteins, as

well as the modulation of histone codes. It is anticipated

that the functions of many proteins are regulated through

deacetylation by HDAC3, and that the identification of

novel substrates will be necessary to unravel the diverse

roles of HDAC3 in cell signalling.

CREB3/LZIP is the primary member of the CREB3

family. Until now, there were four known family members

in addition to CREB3, including CREBH/CREB3-like 1

(CREB3L1), BBF2H7/CREB3L2, OASIS/CREB3L3, and

CREB4/AIbZIP/Atce1/Tisp40/CREB3L4 [18, 19]. Besides

the well-conserved bZIP region, they all share one unique

structural motif: a hydrophobic endoplasmic reticulum-

transmembrane domain C-terminal to the bZIP region

[20]. Under endoplasmic reticulum stress, these CREB3

proteins are thought to be cleaved by the same regulated

intramembrane proteolysis mechanism as ATF6, then

translocate into the nucleus and activate downstream tar-

get genes [21]. CREB3 proteins bind to various enhancer

elements commonly found in the promoter regions of

UPR-related genes. All CREB3 proteins can activate

transcription from CRE and UPRE. CREB3 was originally

shown to associate with herpes simplex virus-related host

cell factor 1, which is involved in cell proliferation [22]. It

has also been reported that CREB3 functions as a positive

regulator in leucocyte cell migration induced by chemo-

kines [23]. A previous study has demonstrated that CREB-

associated HDAC activity is sensitive to the HDAC

inhibitor butyrate, suggesting that CREB interacts with

class I or class II HDACs, but not class III HDACs, which

are resistant to such inhibitors [24]. Further analysis of

class-I HDAC proteins (HDAC1–3) indicated that both

HDAC1 and HDAC2 bind to CREB, while HDAC3 does

not [25]. Although evidence supporting the diverse func-

tions of class I HDACs in CREB family-mediated cell

signalling has accumulated, the functional relevance of

HDAC3 to the CREB family is not yet known.

We report here for the first time that CREB3 is a specific

HDAC3-associated protein. Based on biochemical analy-

sis, CREB3 selectively interacts with HDAC3, but not

other class I HDACs, and specifically represses the

expression of the CREB3 target gene, CXCR4. Impor-

tantly, we also show that HDAC3 antagonizes the

migration of MDA-MB-231 cells through the downregu-

lation of CREB3-mediated CXCR4 expression. This study

unravelled the unique role of HDAC3 in CREB3-mediated

chemotaxis in metastatic breast cancer cells.

Materials and methods

Cell culture, reagents and plasmids

All cell lines were obtained from the American Type

Culture Collection (ATCC). HEK 293, MCF-7, and MDA-

MB-231 cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) (Gibco BRL) supplemented

with 10% (v/v) fetal bovine serum, 100 U/ml penicillin,

and 0.1 mg/ml streptomycin at 37�C in an atmosphere
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containing 5% CO2. Transient transfections were per-

formed using Polyexpress (Excel gene).

The wild-type, full-length CREB3 and HDAC3,

CREB3-1, CREB3-2, CREB3-3, CREB3-4, HDAC3-N,

and HDAC3-C constructs were generated by PCR and

cloned into plasmid vectors, pSG5-KF2M1-FLAG (Sigma)

and pGEX4T-1 (Amersham Biosciences). The plasmids for

reporter gene assays (NF-jB-Luc/firefly and pSV40/renil-

la) were purchased from Stratagene and Promega,

respectively. All of the plasmid constructs were verified by

DNA sequencing.

Yeast two-hybrid screen

Bait plasmids for HDAC3 (pGBKT7-HD3DO1 and

pGBKT7-HD3DO2) were transformed into yeast strain

AH109. Transformants containing each bait plasmid were

mated with the pretransformed human HeLa and Testis

MATCHMAKER cDNA library (Clontech). Plasmids were

harvested and identified by DNA sequencing from positive

clones capable of growth in minimal medium lacking

tryptophan, leucine, adenosine and histidine, and display-

ing b-galactosidase expression.

Reporter assays

To measure NF-jB transcriptional activity, HEK 293 cells

were transiently cotransfected with reporter construct

NF-jB-Luc, pSV40, and various expression plasmids. The

Renilla luciferase reporter plasmid was included as an

internal control. Cells were harvested and whole-cell

extracts were prepared and dual luciferase activity was

measured, according to the manufacturer’s instruction

(Promega). All reporter activities were normalized relative

to Renilla luciferase activities and are presented as the

means (±SD) of three independent experiments.

Si-RNA, quantitative RT-PCR, and ChIP analysis

RNA extraction, qRT-PCR, and ChIP assays were per-

formed as described previously [26]. The si-RNAs and

primer sequences for HDAC1, HDAC2, HDAC3, HDAC8,

CREB3, XIAP, NR4A2, and CXCR4 are presented in

Supplementary Table 1. The antibodies against HDAC1,

HDAC2, HDAC3, and HDAC8 were purchased from Santa

Cruz Biotechnology.

Wound healing assays

MDA-MB-231 cells were transfected with either

expression plasmids or si-RNAs against HDAC3 and

CREB3 using the Polyexpress transfection reagent. When

cell confluence had reached about 90% 48 h after

transfection, wounds were created in confluent cells using

a 200-ll pipette tip. The cells were then rinsed with

medium to remove any free-floating cells and debris.

Medium was then added, and the culture plates were

incubated at 37�C. Wound healing was observed within

the scrape line at different time points, and representative

scrape lines for each cell line were photographed.

Duplicate wells for each condition were examined for

each experiment, and each experiment was repeated three

times.

Adhesion assay

A 96-well plate was coated with human fibronectin at

37�C for 1 h, washed with phosphate-buffered saline

(PBS), blocked with blocking buffer at 37�C in a CO2

incubator for 45–60 min, washed with PBS, and chilled

on ice. Each well was plated with 4 9 105 cells/ml and

incubated in a CO2 incubator at 37�C for 30 min. The

plate was shaken at 2,000 rpm for 10 s, washed with PBS

two or three times, fixed with 4% paraformaldehyde, and

incubated at room temperature for 10–15 min. The plate

was washed with PBS, stained with 0.1% crystal violet

for 10 min, and washed with water. The plate was turned

upside down, then 2% SDS was added, the plate was

incubated at room temperature 30 min, and the absor-

bance was read with a microplate reader at 550 nm. The

results are presented as average values with error bars

representing the standard deviation (±SD) of three inde-

pendent experiments.

Matrigel invasion assay

In vitro cell invasiveness was reflected by the ability of

cells to transmigrate through a layer of extracellular

matrix in Biocoat Matrigel invasion chambers (SPL

Lifesciences). At 48 h after transfection, cells were tryp-

sinized and seeded at a density of 5.0 9 104 per insert.

After 24 h, noninvading cells were removed with cotton

swabs. Invading cells were fixed with 100% methanol and

stained with 1% toluidine blue (Sigma) before being

counted under an inverted microscope. The results pre-

sented are the average values with error bars representing

the standard deviation (±SD) of three independent

experiments.

Statistical analysis

Statistical analyses were done using Student’s t test with

the SPSS program. P values \0.05 were considered

significant.
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Results

HDAC3 specifically interacts with CREB3

In the yeast two-hybrid screen for HDAC3-interacting

proteins, we identified CREB3 as a novel HDAC3-inter-

acting protein. As shown in Fig. 1a, the MAT S.c Y187

(pACT:CREB3) strain was mated with the MATa S.c

AH109 bait strain transformed with recombinant pGBKT7

encoding HDAC3 and, as a control, with the unrelated bait,

p53, or empty vector, pGBKT7. While each bait strain

mated successfully with the prey strain, strains harbouring

the empty bait vector failed to show any interaction with

CREB3. Conversely, strains encoding CREB3 showed a

strong interaction with HDAC3, as assessed by b-galacto-

sidase assays. As a positive control, we confirmed a strong

interaction between pGBKT7-p53 and pGADT7-T

(Fig. 1a).

To validate the results of the yeast two-hybrid assay, we

performed GST pull-down assays to confirm the interaction

between HDAC3 and CREB3. In vitro translated 35S-

CREB3 bound to GST-HDAC3, but not to the GST control

(Fig. 1b). To further confirm the specific interaction

between HDAC3 and CREB3, we next performed immu-

noprecipitation assays in HEK293 cells transfected with

Flag-tagged CREB3. As shown in Fig. 1c, Flag-tagged

CREB3 specifically interacted with endogenous HDAC3.

Strikingly, CREB3 failed to interact with other class I

HDACs, including HDAC1, HDAC2, and HDAC8, indi-

cating a selective association of CREB3 with HDAC3

(Fig. 1d, left panel). In accordance with a previous report

[25], Flag-tagged CREB1 strongly interacted with both

Fig. 1 HDAC3 specifically interacts with CREB3 among all class I

HDACs. a AH109 yeast strains harbouring various plasmids,

including pGBKT7-HDAC3, pGBKT7 vector alone, and pGBKT7-

p53 were mated to Y187 yeast strains harbouring pGADT2-CREB3,

pGADT7 vector alone, and pGADT7-SV40 T antigen. Diploid

colonies containing pGBKT7-HDAC3 and pGADT7-CREB3 were

viable and turned blue on the high-stringency selection plate. The

specificity of the interaction was confirmed by the absence of protein

interaction in the negative control. b CREB3 directly binds to

HDAC3. In vitro-translated, [35S]-labelled CREB3 and HDAC3 were

incubated with glutathione S-transferase (GST) HDAC3 and anti-

Flag-conjugated M2 bead (Sigma) and subjected to SDS-PAGE

followed by autoradiography. c For the immunoprecipitation analysis,

HEK 293 cells were transfected with FLAG-tagged CREB3 plasmid.

Cell lysates were immunoprecipitated and subsequently immunoblot-

ted with the respective antibodies, as indicated. Input 10% HEK293

cell lysates were used for immunoprecipitation. d CREB3 specifically

interacts with HDAC3 but not other class I HDACs. Endogenous

CREB3 was immunoprecipitated using CREB3-specific antibodies

and the presence of various HDAC proteins was determined by

Western blotting using antibodies as indicated (left panel). HEK 293

cells were transfected with either FLAG-tagged CREB1 (right panel)
plasmid. Two days after transfection, the cell lysates were immuno-

precipitated and subjected to Western blotting with the respective

antibodies, as indicated. Input 10% HEK293 cell lysates were used

for immunoprecipitation
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HDAC1 and HDAC2 but not with HDAC3 (Fig. 1d, right

panel). These findings collectively demonstrate that

HDAC3 specifically interacts with CREB3 among the class

I HDACs.

We next sought to elucidate the structure and function of

HDAC3 and CREB3 with respect to their interaction

domains. For this experiment, the CREB3 protein was

divided into four fragments, as shown in Fig. 2a, and the

ability of each fragment to interact with HDAC3 was

assessed by GST pull-down assays. The bZIP domain of

CREB3 directly interacted with GST-HDAC3. In a reci-

procal set of experiments, HDAC3 was divided into two

fragments (one containing the HDAC domain and the other

the catalytic domain) and their ability to bind the bZIP

domain of CREB3 was tested in GST pull-down assays. As

shown in Fig. 2b, in vitro translated bZIP specifically

bound to both GST-HDAC3 and GST-HDAC3-N, but not

to GST-HDAC3-C. Taken together, we conclude that the

bZIP domain of CREB3 interacts with the HDAC domain

of HDAC3.

HDAC3 selectively inhibits CREB3-enhanced

transcription of NF-jB target genes

It has already been reported that HDAC3 represses

NF-jB-mediated transcription via both epigenetic and

nonepigenetic pathways [15]. In addition, CREB3 has also

been shown to be involved in NF-jB-mediated transcrip-

tional activation [27]. Based on this accumulated evidence,

we first investigated the functional relationship between

HDAC3 and CREB3 with a NF-jB-based transcriptional

assay system. For this experiment, we first tested whether

HDAC3 selectively inhibited CREB3-enhanced NF-jB

activation by measuring NF-jB-dependent promoter

activity. Expression of either full-length CREB3 or the

bZIP domain enhanced NF-jB-mediated gene activation in

a dose-dependent manner (Fig. 3a, upper panel). Treatment

with trichostatin A (TSA) further increased the NF-jB

activation enhanced by CREB3, suggesting an involvement

of class I and II HDACs in the repression of CREB3-

mediated transcription (Fig. 3a, middle panel). Importantly,

the overexpression of HDAC3 repressed CREB3-enhanced

NF-jB activity, in a dose-dependent manner (Fig. 3a, lower

panel). Thus, these results suggest that HDAC3 is involved

in the suppression of CREB3-enhanced NF-jB activation.

To confirm these results, we next determined whether

HDAC3 specifically inhibits CREB3-enhanced transcrip-

tion of endogenous NF-jB target genes. For this

experiment, we selected two NF-jB target genes, XIAP

and NR4A2, since these genes contain well-known NF-jB-

responsive element sites, as well as CRE (CREB-respon-

sive element) in their promoter regions (at positions of

Fig. 2 The bZIP domain of CREB3 interacts with the HDAC domain

of HDAC3. a Upper panel Schematic diagram of the various domains

of CREB3 fused to the FLAG vector used in the mapping studies.

Lower panel In vitro-translated, [35S]-labelled CREB3 protein

fragments were incubated with GST-HDAC3 and subsequently

analysed by SDS-PAGE and autoradiography. b Upper panel
Schematic diagram of the various domains of HDAC3 fused to

FLAG. Lower panel In vitro-translated, [35S]-labelled bZIP proteins

were incubated with various GST-HDAC3 proteins and subjected to

SDS-PAGE and autoradiography
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-139 and -6, respectively). We first examined whether

overexpressed CREB3 enhanced the basal level of XIAP

and NR4A2 transcription. The results presented in Fig. 3b

demonstrate that overexpressed CREB3 efficiently

enhanced the basal transcription of both XIAP and NR4A2.

In accordance with the results of the reporter assays, the

overexpression of HDAC3 inhibited the CREB3-mediated

transcription of both genes in a dose-dependent man-

ner. Moreover, as with the overexpression of CREB3,

TSA treatment enhanced CREB3-mediated transcription

(Fig. 3c). To further confirm the specific involvement of

HDAC3, we used si-RNA to knock down HDAC3 in

HEK293 cells. As shown in Supplementary Fig. 1a, treat-

ment with si-RNA specific for HDAC3 reduced the level

of HDAC3 by more than 90%, as assessed by western

blot analysis. Strikingly, the depletion of HDAC3

further enhanced CREB3-mediated NF-jB transcription

(Fig. 3d). Thus, these findings suggest that HDAC3 is

a transcriptional corepressor of CREB3-mediated NF-jB

transcription.

Fig. 3 HDAC3 selectively represses CREB3-enhanced transcription

of NF-jB target genes. a NF-jB binding promoter-luciferase

construct and pSV40 plasmid were cotransfected with Flag-CREB3

or HDAC3, respectively. Two days after cotransfection, HEK 293

cells were harvested and the luciferase activity was determined,

according to the manufacturer’s instructions (Promega). The data

presented are fold increases relative to the basal activity and are the

means (±SD) of three independent experiments. * P \ 0.01 versus

control plasmid; #P \ 0.05 versus control plasmid; * P \ 0.01 versus

CREB3 or CREB3-2. b HDAC3 represses the transcription level of

both XIAP and NR4A2. The levels of mRNAs were determined by

RT-PCR. * P \ 0.01 versus CREB3; #P \ 0.05 versus CREB3.

c HDAC activity is required for the repression of CREB3-mediated

NF-jB activation. Quantitative real-time PCR was performed, as

described in ‘‘Materials and methods’’. #P \ 0.05 for CREB3 ? TSA

versus TSA. d Depletion of HDAC3 enhances CREB3-mediated

transcription. HEK 293 cells were transfected with 100 pmol si-

HDAC3. Two days after transfection, HEK 293 cells were harvested,

and mRNAs were analysed by qRT-PCR. * P \ 0.01 for

CREB3 ? siHDAC3 versus siHDAC3. e Depletion of HDAC3, but

not other HDACs, enhances CREB3-induced XIAP and N4A2 genes

expression. HEK 293 cells were cotransfected with 5 lg of FLAG-

tagged CREB3 plasmid and 100 pmol of si-RNAs against scrambled

(siscramble) or class I HDACs. Two days after transfection, the cells

were harvested. The mRNA levels were determined by quantitative

real-time PCR (upper panel). GAPDH was used as an internal control.

* P \ 0.01 for CREB3 ? siHDAC3 versus CREB3 ? siscramble;
#P \ 0.01 for CREB3 ? siHDAC3 versus CREB3 ? siscramble
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We next investigated whether the inhibition of CREB3-

mediated transcription is exclusive to HDAC3 among the

class I HDACs, which also include HDAC1, HDAC2 and

HDAC8. For this purpose, we designed the three sets of

si-RNAs against all the class I HDACs (see ‘‘Materials and

methods’’). Both western blot and RT-PCR analyses

clearly showed that each si-RNA treatment reduced the

expression of the corresponding target protein (Supple-

mentary Fig. 1b). As a control, we measured the levels of

TBL1, a component of the HDAC3 corepressor complex,

which showed no significant change after any of the

si-RNA treatments. Having established the specific knock-

down efficiency of each si-RNA, we next tested the effect

of these si-RNAs on the transcription of NF-jB target

genes. HEK293 cells were first transfected with each

si-RNA as indicated, and the levels of XIAP transcription

were determined by quantitative real-time PCR. While the

si-RNAs against HDAC1, HDAC2 and HDAC8 had no

effect on the CREB3-enhanced transcription of either gene,

the knock-down of HDAC3 substantially augmented both

XIAP and NR4A2 transcription (Fig. 3e). These findings

collectively indicate that among all class I HDACs,

HDAC3 is specifically involved in the inhibition of

CREB3-mediated transcription.

HDAC3 represses the transcription of novel

CREB-regulated gene, CXCR4 in MDA-MB-231

breast cancer cells

Given the knowledge of the selective repression of

CREB3-enhanced NF-jB transcription by HDAC3, we

next sought to confirm this result on endogenous CREB3

target gene. It is well established that CREB3 is involved in

regulating the expression of chemokine receptors involved

with regulating monocyte migration [23, 28]. More

recently, HDAC3 has been shown to downregulate the

CXCR4 gene in MDA-MB-231 cells treated with hepato-

cyte growth factor (HGF) [29], suggesting the possible

involvement of CREB3 in transcriptional modulation of the

CXCR4 gene. To test this possibility, we examined the

ability of CREB3 to regulate the genes of chemokine

receptors. To this end, we first compared the mRNA levels

of each chemokine receptor gene in MCF-7 and MDA-MB-

231 cells overexpressing CREB3. As shown in Fig. 4a,

overexpression of CREB3 enhanced the transcription of

both CCR7 and CXCR4 more dramatically in the MDA-

MB-231 cells than in MCF-7 cells. Due to the MDA-MB-

231-specific enhancement of CXCR4 expression by

CREB3 relative to CCR7, we focused on the functional

role of CREB3 in the modulation of CXCR4 expression.

Next, we examined whether CREB3 is required for the

transcription of CXCR4 in MDA-MB-231 cells. In this

experiment, MDA-MB-231 cells were treated with si-RNA

against CREB3. Upon depletion of CREB3, the expression

of CXCR4 was greatly reduced. Furthermore, the overex-

pression of HDAC3 dramatically suppressed CREB3-

mediated CXCR4 expression. To test the specificity of

HDAC3 in CREB3-mediated CXCR4 transcriptional

repression, we next tested the effect of si-RNAs against

class I HDACs on CXCR4 expression. The results pre-

sented in Fig. 4b show that treatment with si-RNA against

HDAC1, HDAC2 or HDAC8 had no apparent effect on the

transcription of CXCR4, while a more significant effect

was observed with siRNA against HDAC3. Thus, our

results reliably support the specific involvement of HDAC3

in repression of CREB3-mediated CXCR4 expression. As

specificity controls, the levels of CCR7 gene expression

were not affected by either overexpression or depletion of

HDAC3 in MDA-MB-231 cells (Supplementary Fig. 2).

Since HDAC3 is known to mainly repress transcription

through deacetylation of histone tails [30], we investigated

whether HDAC3 is recruited to the CRE region of CXCR4

to subsequently induce the hypoacetylation of the chro-

matin, and ultimately lead to transcriptional repression. In

this experiment, we first identified the CREs in CXCR4. A

putative CRE was identified at position ?20 (relative to the

transcription start site) through sequence mining of CXCR4

(Fig. 4c). To test the ability of CREB3 to bind to this

putative CRE, we carried out ChIP experiments with

CREB3 using samples derived from MDA-MB-231 cells.

Specific PCR primers were designed to amplify sequences

(100–150 bp) surrounding the putative CRE (Fig. 4c, P1).

As shown in Fig. 4c (left panel), Flag-CREB3 bound to the

CRE of CXCR4 at position ?20. Under the same experi-

mental conditions, HDAC3 was dissociated from the CRE

region of the CXCR4 gene upon overexpression of

CREB3. Coincidently, overexpression of CREB3 resulted

in an increase in the acetylation of histone H4. As controls,

the CREB3 and HDAC3 were not found to associate with

the coding region of the CXCR4 gene in the same exper-

iments (data not shown). More importantly, we failed to

detect any change in HDAC3 binding and histone acety-

lation in the Flag-tagged CREB1 expressed MDA-MB-231,

suggesting that CREB3 specifically regulates the tran-

scription of CXCR4 gene in highly metastatic breast cancer

cells (Fig. 4c, right panel). Collectively, these results show

that HDAC3 selectively represses CREB3-mediated

CXCR4 transcription at the chromatin level via deacety-

lation of histone tails.

HDAC3 specifically antagonizes the migration

of MDA-MB-231 cells through the downregulation

of CREB3-mediated CXCR4 expression

Since recent studies have shown that the inhibition of

CXCR4 impairs breast cancer metastasis to regional lymph

HDAC3 represses CREB3-mediated transcription 3505



nodes and lungs [31], we sought to determine whether

HDAC3 suppresses the CREB3-dependent migration of

MDA-MB-231 cells using invasion, adhesion, and wound

healing assays. For the invasion assay, MDA-MB-231 cells

with either overexpressed or knocked-down CREB3 and/or

HDAC3, were seeded into the upper chamber, and inva-

siveness was assessed by calculating how many cells

passed through the Matrigel-coated membrane or the

membrane alone. As shown in Fig. 5a, overexpression of

CREB3 enhanced the invasiveness of MDA-MB-231 cells

by approximately 30%. Conversely, overexpression of

HDAC3 decreased invasiveness of MDA-MB-231 cells by

approximately 25%. In accordance with these findings,

depletion of CREB3 efficiently suppressed, while knock-

down of HDAC3 promoted, migration of MDAMB-231

cells (Fig. 5a, right panel). In accordance with the results of

the invasion assays, wound healing analysis showed that

depletion of HDAC3 promoted the in vitro mobility of

MDA-MB-231 cells, whereas the knock-down of CREB3

decreased the mobility of MDA-MB-231 cells even in the

presence of the CXCR4 ligand, CCL12 (Fig. 5b). These

results indicate that HDAC3 is a negative regulator of

CREB3-dependent chemotaxis in metastatic breast cancer

cells.

Adhesion is closely related to cell migration and che-

mokines induce cell adhesion [32]. Thus, we determined

the functional roles of HDAC3 in CREB3-mediated cell

adhesion. The results presented in Fig. 5c (left panel) show

that overexpression of CREB3 alone induced a rapid

increase in cell adhesion to fibronectin; however,

Fig. 4 HDAC3 specifically represses the expression of novel CREB3

target gene, CXCR4 in MDA-MB-231 cells. a Overexpression of

CREB3 induces the expression of CXCR4 in MDA-MB-231 cells.

MCF-7 and MDA-MB-231 cells were transfected with empty vector

or FLAG-tagged CREB3 plasmid. The mRNA levels were deter-

mined by qRT-PCR analysis. b HDAC3 is the main co-repressor of

CREB3-mediated CXCR4 expression. MDA-MB-231 cells were

transfected with either si-RNAs or plasmids. Two days after

transfection, the cells were harvested, and mRNAs were analysed

by qRT-PCR. The results presented are the means of two independent

experiments performed in triplicate. * P \ 0.01; #P \ 0.05 for

siHDAC3 versus siscramble. c A diagram of the 50UTR region of

CXCR4 showing the position of CRE and primers used for PCR

amplification in ChIP assays. MDA-MB-231 cells were transfected

with either Flag-CREB1 or Flag-CREB3 construct, and ChIP assays

were carried out. The results were analysed by real-time PCR and are

shown as percentages in relation to input. The results presented are

the means ±SD of three independent experiments

3506 H.-C. Kim et al.



concomitant overexpression of HDAC3 in MDAMB-231

cells efficiently blocked cell adhesion. Consequently, the

depletion of CREB3 greatly reduced the relative cell

adhesion, which correlated with the decrease in CXCR4

expression. Conversely, knock-down of HDAC3 enhanced

the adhesion of MDA-MB-231 cells (Fig. 5c, right panel).

Collectively, these findings suggest that HDAC3 sup-

presses the chemotaxis of MDAMB-231 by inhibiting

CREB3-dependent CXCR4 gene expression.

Discussion

In the study reported here we identified HDAC3 as a novel

corepressor of CREB3-mediated CXCR4 gene expression.

The most significant finding of this study is the selective

interaction between HDAC3 and CREB3. The coimmu-

noprecipitation analysis clearly demonstrated that CREB3

exclusively interacts with HDAC3, and not with other class

I HDACs. CREB1 has already been shown to interact with

both HDAC1 and HDAC2, but not with HDAC3. In

accordance with these findings, we also failed to detect an

interaction between CREB1 and HDAC3. Thus, this study

is the first to show that the class I HDAC isotype, HDAC3,

specifically interacts with the CREB family protein,

CREB3.

It has been reported that HDAC3 participates in the

deacetylation of nonhistone substrates, such as p53 [33],

NF-jB [34], and Smad7 [35]. Also, p300/CBP has been

shown to acetylate CREB and enhance its transcriptional

activity [36]. We thus examined the acetylation of CREB3

using an in vitro acetylation assay. Even though the

recombinant p300 efficiently acetylated the GST histone

H4, we failed to detect the acetylated form of CREB3

(Supplementary Fig. 3). We postulate that HDAC3 mainly

participates in the repression of CREB-mediated tran-

scription via deacetylation of histone tails.

To unravel the functional relationship between HDAC3

and CREB3, we first examined the role of HDAC3 in

CREB3-enhanced NF-jB transcription. Since both

HDAC3 and CREB3 were already known to participate in

NF-jB-mediated transcriptional regulation, we decided to

Fig. 5 HDAC3 antagonizes the CXCR4-dependent migration of

metastatic breast cancer cells. a Both depletion of CREB3 and

overexpression of HDAC3 suppress cell migration. MDA-MB-231

cells were transfected with either siRNAs or plasmids before seeding

into the upper chamber. The data presented are the means ±SD of at

least three independent experiments. #P \ 0.05 versus control.

b HDAC3 antagonizes the CCL12-induced migration of MDA-MB-

231 cells. Two days after transfection, the cells were scratched with a

200-ll pipette tip. Floating cells were washed with DMEM. The cells

were photographed under a microscope 12 h after scratching.

CXCL12 was used as a positive control for invasive latency. The

data presented are the means ±SD of at least three independent

experiments. #P \ 0.05 versus control. c Both the depletion of

HDAC3 and overexpression of CREB3 enhance cell adhesion.

Adhesion assays were done as described in ‘‘Materials and methods’’
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investigate how HDAC3 is selectively involved in CREB3-

mediated transcription using NF-jB-based reporter assay

and analysis of NF-jB target gene. To minimize the effect

of NF-jB itself, CREB3-dependent transcription has been

assessed without overexpression of NF-jB or treatment

with cytokines such as IL-6 and LPS. The results from

transcriptional analysis clearly showed that among all class

I HDACs, HDAC3 is selectively involved in the inhibition

of CREB3-mediated transcription.

To further confirm the selective involvement of HDAC3

in CREB3-mediated transcription that has already been

observed in NF-jB-based reporter systems, we are next

sought to verify this result upon endogenous CREB3 target

gene. Since CREB3 also participates in the expression of

CC chemokine receptors [23, 37], we thus tried to identify

CREB3 targets among the chemokine receptor genes.

Based on the bioinformatic analysis, we found that the

upstream region of several chemokine receptor genes

possess CRE sites. We first selected a specific chemokine

receptor in a CREB3-dependent manner. Even though

overexpressed CREB3 induced the expression of several

chemokine receptor genes in both MCF-7 and MDA-MB-

231 cells, the induction of MDA-MB-231-specific gene

expression by CREB3 was only observed for CXCR4. This

is consistent with the recent finding that CXCR4 is highly

expressed in primary and metastatic human breast cancer

cells, but is undetectable in normal mammary tissue [38].

Furthermore, Oncomine analysis, a microarray database

that has a large collection of gene expression experiments

on human cancer [39], also showed that CREB3 is upreg-

ulated in both lobular and invasive ductal breast carcinoma

samples compared to normal breast tissue (Supplementary

Fig. 4). Thus, our findings are consistent with the crucial

roles of CREB3 in the tumorigenesis and metastasis of

breast cancer cells.

In accordance with the results of the NF-jB reporter

assay, the depletion of HDAC3 specifically enhanced the

expression of CXCR4, but the same was not found for

other class I HDACs, suggesting an exclusive role of

HDAC3 in CREB3-mediated CXCR4 transcriptional

repression. The ChIP assay also showed that overexpressed

CREB3 induced histone hyperacetylation and dissociation

of HDAC3 from the CRE region of CXCR4, supporting

our notion that HDAC3 suppresses CREB3-mediated

CXCR4 transcription via a decrease in histone acetylation.

Interestingly, recent study has revealed that HDAC3 is

involved in the transcriptional repression of HGF-induced

CXCR4 transcription via c-src signalling [29]. In this

study, HDAC3 levels were enhanced by HGF treatment,

and thus led to repression of CXCR4 expression, in MDA-

MB-231 cells but not in MCF-7 cells. Importantly, this

study demonstrated that by enhancing CXCR4 in tumour

cells with a low invasive potential, HGF favours their

homing to secondary sites, whereas by suppressing CXCR4

in cells with a high invasive potential, HGF might act to

retain them in the metastatic sites in an HDAC3-dependent

manner. This study thus supports our hypothesis that

HDAC3 is a transcriptional corepressor of CXCR4 in

metastatic breast cancer cells, which might retain them in

metastatic sites. Therefore, HDAC3-targeted inhibitors

might be promising candidates for antimetastatic cancer

therapy. Even though the relationship between CREB3 and

HGF-dependent chemokine signalling is not clear, it is

possible that HGF treatment also reduces CREB3-mediated

CXCR4 gene by causing the dissociation of CREB3 from

the promoter region of CXCR4 and alternatively enhancing

the chromatin targeting of HDAC3. Future work will

determine the functional role of CREB3 in HGF-dependent

cancer metastasis.

There is an increasing amount of evidence from retro-

spective clinical reports that the aberrant expression of

CXCR4 is correlated with metastasis [40]. Importantly,

strong CXCR4 expression has been detected using immu-

nohistochemistry in metastatic breast cancer cells [41].

More recently, it has been demonstrated that CXCR4

expression closely correlates with a poor overall survival

rate in patients with breast cancer [42]. The finding that

HDAC3 selectively represses CREB3-mediated CXCR4

expression led us to examine whether HDAC3 efficiently

suppresses CREB3-dependent cancer cell migration. The

diverse chemotaxis assays showed that CREB3 is required

for CXCR4-dependent chemotaxis of MDA-MB-231 cells

and that HDAC3 reverses that effect. These findings col-

lectively unravelled a novel function for HDAC3 in

CREB3-dependent CXCR4 gene expression.

The expression of HDAC3 is frequently increased in

tumours relative to adjacent normal tissue [43], while the

downregulation of HDAC3 results in reduced proliferation

and survival of tumour cells. Until now, we did not know

whether the decreased level of HDAC3 was inversely

correlated with CREB3 in cancer tissues. Extensive clinical

studies are currently in progress and will reveal clinical

implications of HDAC3 expression in cancer metastasis.
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