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deacetylase inhibitors through inhibition of
HDAC1/2 and activation of Sp1

Pei-Ming Yang, Pei-Jie Lin and Ching-Chow Chen*

Department of Pharmacology; College of Medicine; National Taiwan University; Taipei, Taiwan

Keywords: histone deacetylase inhibitor, CD1d, Spl

CD1d is a MHC class-like molecule that presents glycolipids to natural killer T (NKT) cells, then regulating innate and
adaptive immunity. The regulation of CD1d gene expression in solid tumors is still largely unknown. Gene expression
can be epigenetically regulated by DNA methylation and histone acetylation. We found that histone deacetylase
inhibitors, trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA), induced CD1d gene expression in human
(A549 and NCI-H292) and mouse (TC-1 and B16/F0) cancer cells. Simultaneous knockdown of HDAC1 and 2 induced CD1d
gene expression. Sp1 inhibitor mitramycin A (MTM) blocked TSA- and SAHA-induced CD1d mRNA expression and Sp1
luciferase activity. Co-transfection of GAL4-Sp1 and Fc-luciferase reporters demonstrated that TSA and SAHA induced
Sp1 luciferase reporter activity by enhancing Sp1 transactivation activity. The binding of Sp1 to CD1d promoter and
histone H3 acetylation on Sp1 sites were increased by TSA and SAHA. These results indicate that TSA and SAHA could
upregulate CD1d expression in tumor cells through inhibition of HDAC1/2 and activation of Sp1.

Introduction

CD1d, a major histocompatibility complex (MHC) class I-like
molecule, is mainly expressed in hematopoietic cells and anti-
gen-presenting cells (APC) such as macrophages, dendritic cells,
splenic B cells and T cells.! CD1d presents glycolipids to an
unique group of T cells, the natural killer T (NKT) cells, that
regulate innate and adaptive immune responses, thus playing an
important role in mediating anti-bacterial, anti-tumor and auto-
immune responses.? CDId is also expressed in certain tumor
types, such as hematopoietic malignancies, prostate cancers and
some neurological tumors. Although the function of CD1d on
tumor cells is not well understood, increasing evidences suggest
that it acts as a target for NKT-mediated cell killing.> However,
most human and mouse solid tumors are CD1d-negative.**
Therefore, understanding how CD1d expression is regulated in
solid tumor cells will facilitate the development of effective can-
cer therapy.

Human CDId gene has TATA box-less dual promoters with
multiple transcription initiation sites. The dual (proximal and
distal) promoters may be responsible for tissue and cell-specific
expression of CDI1d.’ Transcription factors Spl and lymphoid
enhancer-binding factor-1 (LEF-1) play crucial roles in the func-
tion of the proximal and distal promoter, respectively.”!® The
promoter region within 200 bp from the translational start site
of mouse CD1d gene exhibits cell-type specific promoter activ-
ity. Analysis of this region reveals an Ets binding site crucial for
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CD1d promoter activity.!" Moreover, all-trans-retinoic acid (RA),
the active metabolite of vitamin A, increases CD1d mRNA in
human and rodent monocytic cells. The RA-responsive element
(RARE) within the distal 5-flanking region is responsive for
binding of nuclear retinoid receptor."

Epigenetic mechanisms, which involve DNA methylation and
histone modifications, result in the heritable regulation of gene
expression without a change of DNA sequence.’* DNA is meth-
ylated by DNA methyltransferases (DNMTs) at C5-cytosine
of CpG dinucleotides. Approximately 50% of genes are associ-
ated with clusters of CpG dinucleotides (CpG islands) in their
promoter regions. Methylation of CpG islands inhibits gene
expression. DNA is wrapped around histone cores to form
nucleosomes. The post-translational modifications of histone
tails, such as acetylation by histone acetyltransferases (HATSs)
and methylation by lysine methyltransferases, influence how
tightly or loosely the chromatin is compacted, then regulating
gene expression.” It is widely accepted that histone modifica-
tion and DNA methylation are intricately interrelated, working
together to determine the status of gene expression and to decide
cell fate.'

In this study, we provide evidences that HDAC inhibition
by TSA and SAHA induced CDId gene expression in solid
tumor cells through inhibition of HDAC1/2. The histone H3
acetylation on Spl-responsive elements within CD1d promoter
was induced, leading to the increase of Spl transactivation and
transcriptional activities. Our results provide the molecular
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Figure 1. Effects of HDAC and DNMT inhibitors on CD1d mRNA expression. (A) A549 cells were treated with the indicated concentration of zebular-
ine (Zeb) or 5-aza-2'-deoxycytidine (5-Aza-CdR) for 48 h. (B) A549 cells were pretreated with the indicated concentration of zebularine for 48 h, then
treated with TSA (0.5 M) for 24 h. Total RNA (2 .g) were extracted and RT-PCR was performed. Quantification of each band by densitometry was per-

islands. Arrow indicated the translation start site. Lower part: Bisulfite-treated A549 genomic DNA are amplified by PCR and subcloned into pGEM-T

CpGisland of CD1d promoter. The region of -270~+620 is the predicted CpG

mechanism for the regulation of CD1d expression in solid tumor
cells.

Results

The epigenetic mechanisms controlling the expression of CD1d
have not been investigated. To examine whether CD1d expres-
sion is epigenetically regulated, human lung cancer A549 cells
treated with DNMT inhibitors zebularine (Zeb) and 5-aza-
2'-deoxycytidine (5-Aza-CdR) or HDAC inhibitor trichostatin
(TSA) were analyzed by RT-PCR. As shown in Figure 1A
and B, CD1d mRNA expression was significantly induced by
Zeb and TSA but only slightly induced by 5-Aza-CdR. Additive
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effect on CD1d induction was observed in response to combined
treatment of Zeb and TSA (Fig. 1B). These results suggested
that CD1d expression might be mainly regulated by histone
acetylation.

The above results implied that CDId might be regulated
by DNA methylation. Thus, the methylated pattern of CDId
promoter was further investigated using bisulfite sequencing.
Analysis of CDId promoter and coding regions revealed an 883-
bp putative CpG island (-270 to +612) (Fig. 1C, upper part).
After treatment with bisulfite, the cytosine (C) was converted
to thymidine (T). However, methylated cytosine (®C) was
resistant to bisulfite treatment. CpG islands on CDId promoter
surrounding two Spl sites were amplified from A549 genomic
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Figure 2. Effects of HDAC inhibitors on CD1d mRNA expression in various tumor cells. (A) A549 cells were treated with TSA (1 M), SAHA (5 uM),
MS-275 (1 wM), NaBu (1 mM), oxaflatin (Oxa, 1 M) or VPA (1 mM) overnight. Total RNA (2 j.g) was used for RT-PCR (upper part) and total cell lysates
were subjected to western blot analysis using antibody specific for acetylated-histone H3 (lower part). The blot was representative for at least three
independent experiments. (B) A549 cells were treated with the indicated dose of TSA or SAHA overnight, or treated with TSA (1 M) or SAHA (5 wM) for
the indicated time. Total RNA (2 .g) was used for RT-PCR. (C) A549, NCI-H292, TC-1 and B16/FO0 cells were treated with TSA (1 M) or SAHA (5 M) for

16 h, then total RNA (2 pg) were used for RT-PCR. (D) A549 cells were treated with SAHA (3 or 5 uM) or TSA (0.5 or 1 wM) for 16 h. Total RNA were used
for real time PCR. Relative CD1d mRNA expression was presented as the mean + SD, *p < 0.05, as compared with basal. Three independent experi-
ments were performed. (E) A549 cells were treated with TSA (1 wM) or SAHA (5 M) for 24 h, then total cell lysates were subjected to western blot
analysis using antibody specific for CD1d and Actin. The blot was representative for at least three independent experiments.

DNA. Sequencing analysis of the PCR products indicated that
cytosines (blue color) were converted to thymidines (red color)
(Fig. 1C), suggesting that predicted CpG islands on CD1d pro-
moter were not methylated.

Since TSA induced CD1d mRNA expression, we further
characterized the effect of other HDAC inhibitors on CD1d
expression. A549 cells were treated with different HDAC inhibi-
tors including MS-275, sodium butyrate (NaBu), SAHA, oxafla-
tin (Oxa), TSA and valproic acid (VPA). Although all inhibitors
could increase histone H3 acetylation, CD1d mRNA was only
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induced by TSA and SAHA (Fig. 2A). To further characterize
the effects of TSA and SAHA, dose- and time-course experi-
ments were performed. As shown in Figure 2B (upper part),
TSA and SAHA induced CD1d expression in a dose-dependent
manner, in which 1 wM TSA or 5 .M SAHA treatment showed
the maximum effects. When cells were treated with 1 uM TSA
and 5 wM SAHA for the indicated time intervals, the induction
of CD1d mRNA was increased and reached saturation at 12 h
(Fig. 2B and lower part). To demonstrate that TSA- and SAHA-
induced CD1d expression were universal, human lung cancer
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Only knockdown of HDACI or 2 alone slightly
induced CD1d mRNA expression (Fig. 3A
and B). Simultaneous inhibition of HDACI and
2 increased the levels of CD1d mRNA in A549
and TC-1 cells (Fig. 3C). MS-275 is reported to
be a HDACI-selective inhibitor but it can also
inhibit HDAC2 activity with mild efficacy.”
Indeed, higher doses (5 and 10 M) of MS-275
could induce CD1d mRNA expression (Fig. 3D).
These results suggested that CDId gene expres-
sion was regulated by both HDACI and 2.

To dissect the molecular mechanism(s) of
CD1d expression by HDAC inhibition, A549
and TC-1 cells were pre-treated with differ-
ent kinds of signaling inhibitors including

PKC inhibitor (R0318220), ROCK inhibitor

(Y27632), CaM Kinase II inhibitor (KN-62),
p38 inhibitor (SB203580), MEK inhibitor
(PD98059), JNK inhibitor (SP600125), PI3K
inhibitors  (LY294002 and wortmannin),
mTOR inhibitor (rapamycin) and Akt inhibi-
tor (SH-5) for 1 h and then exposed to 1 pM
TSA for 16 h. The TSA-induced CD1d expres-
sion was not altered by these inhibitors (Fig.
S1). We next analyzed the cis-elements within
the CDI1d promoter region. RARE- and Spl-
luciferase reporters were used and SAHA dra-
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matically increased RARE luciferase activity to
160-fold (Fig. 4B, upper part). However, two
retinoic acids, ATRA and 9cRA, only induced
6- and 5-fold reporter activities, and CD1d
mRNA levels were not induced in response to
these two drugs (Fig. 4B). Since TK-promoter

of 3xRARE reporter construct contains two Spl

experiments.

Figure 3. Effects of HDAC1/2 inhibition on CD1d mRNA expression. (A) A549 cells were
treated with TSA (1 M), SAHA (5 wM), tubacin (20 wM) or PCI-34051 (5 wM) for 16 h, then
total RNA (2 ng) were used for RT-PCR. (B) A549 cells were transfected with siRNA specific
for HDAC1, 2 or 3 for 72 h. Total cell lysate were subjected to western blot analysis using
antibody specific for HDACT, 2 or 3 (upper part). Total RNA (2 j.g) was used for RT-PCR
(lower part). Each blot was representative for at least three independent experiments.

(C) A549 and TC-1 cells were transfected with HDAC1 and/or HDAC2 siRNA for 72 h. Total
cell lysates were subjected to western blot analysis using antibody specific for HDAC1

or HDAC2 (upper part). Total RNA (2 j.g) was used for RT-PCR (lower part). (D) A549 cells
were treated with the indicated concentration of MS-275 and TSA for 24 h, then total RNA
(2 ng) were used for RT-PCR. Each blot was representative for at least three independent

binding sites (Fig. 4A), the Spl sites might be
important for TSA- and SAHA-induced CD1d
expression. Indeed, Spl inhibitor, mithramy-
cin (MTM) blocked TSA- and SAHA-induced
RARE luciferase activities (Fig. 4C, upper
part). Consistently, MTM dose-dependently
reduced SAHA-induced CD1d mRNA expres-
sion (Fig. 4C, lower part).

To further confirm that TSA and SAHA
induced Spl transcriptional activity, the 3xSpl
luciferase reporter was used (Fig. 5A). As shown

cells (NCI), mouse lung cancer (TC-1) and melanoma (B16/F0)
cells were also treated with TSA and SAHA. CDI1d expression
was induced in these tumor cells, similar to the pattern of A549
cells (Fig. 2C). The induction of CD1d mRNA and protein in
A549 cells by TSA and SAHA were confirmed by real time PCR
(Fig. 2D) and western blot analysis (Fig. 2E).

To elucidate which HDAC isoform was responsible for the
induction of CDId gene expression, A549 cells were treated
with inhibitors specific for HDACG6 (tubacin) and HDACS
(PCI-34051), or transfected with siRNAs for HDACI, 2 or 3.
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in Figure 5B, TSA and SAHA increased Spl
luciferase activities (Fig. 5B). Their effects were completely
blocked by MTM (Fig. 5C). To examine whether TSA and
SAHA induced Spl transcriptional activity through an increase
of its transactivation ability, GAL4-Spl and Fc-luciferase
reporter plasmids were transfected into A549 cells, and TSA and
SAHA increased the transactivation activities of Spl (Fig. 5D
and E). Therefore, our results indicated that TSA and SAHA
induced CD1d expression through Spl-dependent pathway.
The Spl transactivation is correlated with its DNA bind-
ing activity; therefore, the effect of SAHA and TSA on the
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recruitment of Spl to CDId promoter was examined by chro-
matin immunoprecipitation (ChIP) assay (Fig. 6A). SAHA
and TSA significantly induced Spl binding and the histone
H3 acetylation (Fig. 6B), indicating that they induced CDId
expression through the induction of histone H3 acetylation
on Spl response elements and recruitment of Spl to these
sites. To investigate the importance of each Sp1 site, oligonu-
cleotides harboring mutations of Spl sites were used as probes
(Fig. 6A) and DNA affinity precipitation assay (DAPA)
was performed. As shown in Figure 6C, SAHA increased
the affinity of Spl protein to wild-type Spl sites, which was
prevented when either Spl site was mutated, suggesting that
both Spl sites were essential for CD1d induction.

Discussion

Overexpression of HDACs induced epigenetic silence of
tumor suppressor genes, and HDAC inhibitors are now
regarded as a new category of anti-tumor agents.'* HDAC
inhibitors can regulate certain gene expression by increas-
ing the level of histone acetylation, and then selectively
kill cancer cells by inducing apoptosis, cell cycle arrest and
differentiation.” Moreover, HDAC inhibitors can inhibit
angiogenesis and enhance the sensitivity of chemotherapy
for cancers.”*?! However, the effect of HDAC inhibitors on
immune responses is rarely investigated. It has been shown
that HDAC inhibitors can upregulate the expression of
MHC class I/1I and co-stimulatory/adhesion molecules such
as CD40, CD80, CD86 and intercellular adhesion molecule
1 ICAM-1) in tumor cells, then, in turn, increasing immu-
nogenicity.”>?* They also increase the expression of MHC
class I related molecules MICA and MICB in tumor cells,
and killing them by NK cells-mediated mechanisms.?** In
the present study, we found that HDAC inhibitors induced
CDI1d expression in human and mouse solid tumor cells.
Therefore, regulation of genes with immune functions by
HDAC inhibitors may facilitate their antitumor effects.

The transcriptional and transactivation activities of Spl
were increased by TSA and SAHA. Acetylated histone H3
correlated with the increased binding of Spl around the
Spl-responsive elements on CDI1d promoter was found.
The human CD1d gene contains two Spl binding elements,
GGC GGG (-73 to -68; site A) and GGG CGG (-40 to -45;
site B), which play a major role in the regulation of CDI1d
promoter activity.” Consistently, we found that mutation of
either Spl site will reduce the affinity of Spl to DNA. It has
been reported that Spl plays a critical role in HDAC inhib-
itor-mediated gene expression, such as p21, CYP46A1 and
5-lipoxygenase.?** Spl can be linked to chromatin remodel-
ing through interactions with chromatin-modifying factors
such as CBP/p300 and HDACs. HDAC inhibition relieves
the repression of HDACs from Spl sites and recruits CBP/
p300 that possess intrinsic HAT activity, leading to the acet-
ylation of surrounding histones and the enrichment of RNA
polymerase II to initiate gene transcription.”’*° Our previous
study also demonstrates that abrogation of HDAC activity by
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Figure 4. Effects of SAHA, ATRA and 9cRA on RARE3-tk-luc reporter activity
in A549 cells. In (A), CD1d promoter contains two Sp1 sites in the proximal
region and one RARE site in the distal region. 3xRARE-tk luciferase reporter
was used for the promoter activity assay. In (B and C), A549 cells were trans-
fected with RARE luciferase reporter and -galactosidase plasmids. After
24 h transfection, cells were treated with SAHA (5 wM), all-trans RA (30 wM),
9-cis RA (50 M) for 16 h (B), or pretreated MTM (1 wM) for 1 h, then treated
with SAHA (5 wM) for 16 h (C). Luciferase activity was measured (upper part)
and total RNA (2 j.g) were used for RT-PCR (lower part). Relative luciferase
activity was presented as the mean + SD, **p < 0.01, as compared with basal.
At least three independent experiments were performed.
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Figure 5. Effects of HDAC inhibitors on Sp1 transcription and transactivation activity in A549 cells. In (A), Sp1 luciferase reporter construct was
depicted. In (B and C), A549 cells were transfected with the luciferase reporter and B-galactosidase plasmids. After 24 h, cells were exposed with TSA
(1 wM), SAHA (5 wM), MS275 (1 M), NaBu (1 mM), oxaflatin (1 M) or VPA (1 mM) for 16 h (B), or pretreated with MTM (1 wM) for 1 h, then treated with
TSA (1 M) or SAHA (5 uM) for 16 h (C). In (D), GAL4-Sp1 and Fc-luciferase reporter constructs were depicted. In (E), A549 cells were co-transfected
with Gal4-Sp1, Fc-luciferase reporter and B-galactosidase plasmids. After 24 h, cells were exposed to TSA (1 wM) or SAHA (5 wM) for 16 h. Luciferase
activities were measured. Relative luciferase activity was presented as the mean + SD, **p < 0.01, as compared with basal. At least three independent

statins induces p21 expression through dissociation of HDAC1/2
and association of CBP, leading to histone acetylation on the Spl
sites of p21 promoter.”!

HDAC:s are divided into four classes: class I (HDACI, 2, 3
and 8), class IT (class ITa: HDAC4, 5, 7 and 9; class IIb: HDACG6
and 10), class III (SIRT1-7), and class IV (HDACI11).?? Several
HDAC inhibitors are currently being developed and show differ-
ent specificities.”” Among HDAC inhibitors used in this study,
both TSA and SAHA are pan-HDAC inhibitors that significantly
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induced CD1d gene expression. Recently, a chemical phyloge-
netic analysis indicates that class I and class IIb are the main
targets for the current HDAC inhibitors.** By isoform-specific
inhibitors and siRNA knockdown analysis, we found that inhi-
bition of HDACI1/2 was responsible for the induction of CD1d
expression. We also found that HDAC1/2/3-selective inhibitor
MS-275 induced CD1d mRNA expression. The HDAC2/3-
selective inhibitor apicidin also induced CD1d mRNA expres-
sion but not enhanced by combination with 1 uM MS-275 in
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which mimicked the effect of TSA and SAHA (Fig. S2). To
get more insights of these HDAC inhibitors, the IC, values to
inhibit HDAC1-3 were compared according to published reports
(Table S1).7%% The effect of MS-275 and apicidin to inhibit
HDACIT activity is still controversial, and the induction of CD1d
expression by apicidin was probably due to its inhibition on
HDAC1/2.

Downregulation of CDId expression is correlated with
increasing metastasis in human breast cancer cells and disease
progression in multiple myeloma.*** Engagement of CDId by
anti-CD1d monoclonal antibodies (mAbs) induces cell death
of CDI1d-transfected myeloma cell lines, suggesting the role of
CD1d in the regulation of cell death.” In addition, ATRA induces
CD1d expression in human leukemia HL-60 cells and ligation
with anti-CD1d mAbs promotes ATRA-induced apoptosis.*> We
have recently shown that HDAC inhibitors induces apoptosis and
autophagic cell death in hepatocellular carcinoma.® It is possible
that combination of anti-CD1d mAbs could enhance the anti-
cancer effects of HDAC inhibitors.

NKT cells play pivotal roles in many immune responses includ-
ing antitumor immunity. They specifically recognize exogenous
ligand a-GalCer in conjunction with CDId. After activation,
NKT cells exert antitumor activity directly through death recep-
tor-induced tumor cell apoptosis or indirectly through secretion of
interferony to activate NK and CD8* T cells.* In addition, acti-
vated NKT cells have been shown to directly kill CD1d-bearing
tumor cells in a CD1d-dependnent manner in vitro. The expres-
sion levels of CD1d in tumors are correlated with their sensitivity
to NKT-mediated antitumor immunity in vivo.” Tumor cells
transfected with CD1d can present a-GalCer to NKT cells and
lead to NKT activation.” Our results demonstrated that HDAC
inhibitors induced CD1d expression in tumor cells, which might
favor the presentation of glycolipids to NKT cells.

In the present study, we provide evidence that HDAC inhibi-
tion by TSA and SAHA induced CD1d expression in tumor cells
through inhibition of HDACI1/2 and activation of transcription
factor Spl. The histone H3 acetylation on Spl-responsive ele-
ments within CD1d promoter was increased, then leading to the
increase of Spl transactivation and transcriptional activities. Our
results provide a molecular basis for the application of HDAC
inhibitors in cancer immunotherapy.

Materials and Methods

Materials. Acetyl histone H3 (Ac-H3; 06-599) and Spl (07-
645) antibodies for chromatin immunoprecipitation (ChIP)
were from Millipore. Sp1 (sc-17824), CD1d (sc-19632) and Actin
antibodies were from Santa Cruz Biotechnology. Zebularine
(Z4775), 5-aza-2'-deoxycytidine (A3635), trichostatin A (TSA;
T8552), MS-275 (M5568), sodium butyrate (B5887), oxafla-
tin (O3139) and valproic acid (VPA; P4543) were from Sigma.
Suberoylanilide hydroxamic acid (SAHA) was provided by
MSD Taiwan (Merck). Tubacin was provided by Dr. Ralph
Mazitschek (Broad Institute and Chemical Biology Program,
Harvard Univeristy and Massachusetts Institute of Technology).
PCI-34051 was provided by Dr. Wei-Jan Huang (Graduate
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Figure 6. Binding of acetylated histone-H3 and Sp1 to the CD1d pro-
moter. In (A), schematic illustration of RARE and two Sp1 sites on the
CD1d promoter was depicted. The position for Sp1 sites was marked
as A for GGC GGG (-73 to -68) and B for GGG CGG (-40 to -45). Arrows
indicate the primers used for the amplification of the region -364/+21
bp covered the Sp1 sites. The probes for DAPA were listed. In (B), A549
cells were treated with SAHA (5 M) and TSA (1 wM) for 16 h, and ChIP
assays were performed using anti-acetylated histone H3, anti-Sp1
antibody, or control IgG. Quantification of each band by densitometry
was performed and the Ac-H3/Actin and Sp1/Actin ratio were indicated.
In (C), A549 cells were treated with SAHA (5 M) for 16 h, and nuclear
extracts were used for DAPA analysis.

Institute of Pharmacognosy, College of Medicine, Taipei Medical
University). 3xRARE-tk luciferase reporter construct was pro-
vided by Dr. Rene Bernards (The Netherlands Cancer Institute).
Spl-luciferase reporter, GAL4-Spl and Fc-luciferase repoter
constructs were provided from Dr. Zee-Fen Chang (College of
Medicine, National Taiwan University).

Cell culture. The human alveolar epithelial A549 cells and
mouse melanoma cells B16/F0 were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; GIBCO, 12800-017).
Human lung adenocarcinoma epithelial NCI-H292 cells and
mouse lung carcinoma TC-1 cells that are kindly provided by
T.C. Wu (Department of Pathology, Johns Hopkins Medical
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Institutions) were cultured in RPMI Medium 1640 (GIBCO,
31800-022). All medium were supplemented with 10% heat-
inactivated fetal bovine serum (FBS; GIBCO, 10437), 1%
L-glutamine (GIBCO, 25030), 1% Antibiotic:Antimycotic
Solution (GEMINI Bio Products, 400-101), and incubated at
37°C in a humidified incubator containing 5% CO,.

Western blot analysis. Proteins in the cell lysate (50 g) are
separated on a 10% SDS-polyacrylamide gel, then transferred
electrophoretically onto a nylon cellulose membrane (Amersham,
RPN303E). The membrane is pre-hybridized in 20 mM TRIS-
HCI, pH 7.5, 1.5 M NaCl, 0.05% Tween-20 (TBST buffer) and
5% skim milk for 1 h, then transferred to a solution containing
1% BSA/TBST and primary antibody and incubated overnight
at 4°C. After washing with the TBST buffer, the membrane is
submerged in 1% BSA/TBST containing the horseradish per-
oxidase conjugated secondary antibody for 1 h. The membrane
is washed with TBST buffer, then developed by WESTERN
LIGHTNING Plus-ECL (PerkinElmer, NEL105).

Semi-quantitative RT-PCR and real time PCR. Total RNA
is isolated from A549 cells using TRIL,
15596-018). Reverse transcription reaction is performed using
2 g of total RNA and reverse transcribed into cDNA using oligo
dT primer. For RT-PCR, cDNA was amplified using primers spe-
cific for CD1d (5-CAG ATC TCG TCC TTC GCC AA-3' and
5'-GCT CGG AGA TAC CAT GAC TC) and B-actin (5-TGA
CGG GGT CAC CCA CAC TGT GCC CAT CTA-3' and
5'-CTA GAA GCATTT GCG GGG ACG ATG GAG GG-3").
The PCR products are subjected to 1% agarose gel electropho-
resis. Real time PCR was performed using KAPA SYBR FAST
qPCR Kit (KAPA Biosystems, KK4603) in ABI PRISM™ 7900
Sequence Detection System (Applied Biosystems). The primer
sequences for CD1d and GAPDH were (CD1d, 5-GAG CAA
CCCTGG ATG TGG T-3" and 5-TCA AGC CCA TGG AGG
TGT A-3") and (GAPDH, 5-AGC CAC ATC GCT CAG ACA
C-3'and 5-GCC CAA TAC GAC CAA ATC C-3"). All samples

were read in triplicate, and values were normalized to GAPDH

reagent (Invitrogen,

expression.

Bisulfite DNA sequencing. Extracted DNA is bisulfite-mod-
ified by using the EZ DNA Methylation-Gold™ Kit (Zymo
Research, D5005). Modified DNA samples are amplified by
PCR and then subcloned into pGEM-T Easy vectors (Promega,
A1360). These DNA clones are directly sequenced. PCR primers
for generating the CD1d fragment are 5“TTG TGA AAT TTA
TTG AAG TGA G-3' and 5-AAA CAA CAA AAA CAA CAA
ACA C-3'. Conditions for PCR are as follows: 1 cycle at 95°C for
5 min; 35 cycles at 95°C for 30 sec, 54°C for 30 sec and 72°C for
1 min; and 1 cycle at 72°C for 5 min.

siRNA knockdown analysis. The siGENOMIC SMARTpool
HDAC1 (Dharmacon, M-003943-02), HDAC2 (M-003495-
02) and HDAC3 (M-003496-02) siRNAs were purchased from
Dharmacon RNAI Technologies. These siRNAs were transiently
transfected into cells with DharmaFECT 4 siRNA Transfection
Reagent (T-2004). After 48 h, the cells were harvested and sub-
jected to RT-PCR or western blotting assay.

Luciferase reporter assay. A549 cells, grown to 50% conflu-
ent in 12-well plates, were transfected with the luciferase reporter
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DNA and B-galactosidase DNA using Arrest-In transfection
reagent (Open Bioystems, ATR1740) according to the manu-
facturer’s recommendations. Briefly, reporter DNA (0.4 pg)
and B-galactosidase DNA (0.2 pg; plasmid pRK containing the
B-galactosidase gene driven by the constitutively active SV40 pro-
moter, used to normalize the transfection efficiency) were mixed
with 0.6 p.L of Tfx-50 in 1 mL of serum-free DMEM. After 10-15
min incubation at room temperature, the mixture was applied to
the cells, then, 1 h later, I mL of complete growth medium was
added. On the following day, the medium was replaced with fresh
medium. Forty-eight hours after transfection, the cells were treated
with HDAC inhibitors for 16 h. Cell extracts were then prepared
and luciferase and (3-galactosidase activities measured, the lucifer-
ase activity being normalized to the B-galactosidase activity.
Chromatin immunoprecipitation (ChIP) assay. A549 cells
were incubated with HDAC inhibitors. 1% formaldehyde was
added to the culture medium and after incubation for 20 min at
37°C, cells were washed twice in PBS, scraped and lysed in lysis
buffer (1% SDS, 10 mM TRIS-HCI pH 8.0, with 1 mM PMSE,
pepstatin A and aprotinin) for 10 min at 4°C. Lysates were son-
icated 5 times for 10 sec each and the debris was removed by
centrifugation. One third of the lysates was used as DNA input
control. The remaining two thirds of the lysates were diluted
10-fold with a dilution buffer (0.01% SDS, 1% Triton x100,
1 mM EDTA, 10 mM TRIS-HCI pH 8.0 and 150 mM NaCl)
followed by incubation with an anti-Spl, Ac-H3 antibody or a
non-immune rabbit IgG overnight at 4°C. Immunoprecipitated
complexes were collected by using protein A-sepharose beads.
The precipitates were extensively washed and incubated in the
elution buffer (1% SDS and 0.1 M NaHCO,) at room tempera-
ture for 20 min. Cross-linking of protein-DNA complexes was
reversed at 65°C for 5 h, followed by treatment with 100 pg/mL
protease K for 3 h at 50°C. DNA was extracted 3 times with
phenol/chloroform and precipitated with ethanol. Pellets were
resuspended in TE buffer and subjected to PCR amplification
using specific primer: 5-CAA CCT TAT GTC CTG CTT CCA
A-3"and 5-CAG AAA CAG CAG GCA CCC CAT A-3. PCR
products are then resolved by 1.5% agarose gel electrophoresis.
DNA affinity precipitation assay (DAPA). The DAPA probes
were prepared by annealing the biotinated sense oligonucleotides
and non-biotinated antisense oligonucleotides: 5-AGC TGA
GCG GCG GGG GAG AAG AGT GCG CAG GTC AGA
GGG CGG CGC GCA GC-3' and 5-GCT GCG CGC CGC
CCT CTG ACC TGC GCA CTC TTC TCC CCC GCC GCT
CAG CT-3' (WT), 5-AGC TGA GCG TTT TGG GAG AAG
AGT GCG CAG GTC AGA GGG CGG CGC GCA GC-3'and
5-GCT GCG CGC CGC CCT CTG ACC TGC GCA CTC
TTC TCC CAA AAC GCT CAG CT-3' (mutA) and 5-AGC
TGA GCG GCG GGG GAG AAG AGT GCG CAG GTC AGA
GTT TTG CGC GCA GC-3' and 5-GCT GCG CGC AAA
ACT CTG ACC TGC GCA CTC TTC TCC CCC GCC GCT
CAG CT-3' (mutB), 5-AGC TGA GCG TTT TGG GAG AAG
AGT GCG CAG GTC AGA GTT TTG CGC GCA GC-3' and
5-GCT GCG CGC AAA ACT CTG ACC TGC GCA CTC
TTC TCC CAA AAC GCT CAG CT-3' (mutAB). The nuclear

extract (200 pg) was precleared at room temperature for 1 h with
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10 pL of the 4% streptavidin-coated beads mixed with 50% slurry
to reduce nonspecific binding. Precleared nuclear extract was incu-

bated with 2 g of biotinylated DNA oligonucleotides and 20 pL
of 4% streptavidin-agarose beads with 50% slurry in 400 wL of

PBS at room temperature for 1 h with shaking. Beads were then
collected by centrifugation at 2,000 rpm for 2 min and washed
with cold PBS three times. DNA-protein complexes bound to the

Research Institutes

beads were eluted with 30 L of SDS sample buffer. Nuclear pro-
teins were denatured by putting on dry bath at 95°C for 5 min and

subjected to western blot analysis probed with anti-Sp1 antibody.
Statistical analysis. Means and standard deviations of sam-

ples (performed in triplicate) were calculated from the numeri-

cal data generated in this study. Significant differences between

treatments were determined by Student’s t-test.
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