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Abstract

STAT3 is a master transcriptional regulator that plays an im-
portant role in the induction of both immune activation and
immune tolerance in dendritic cells (DCs). The transcription-
altargets of STAT3 in promoting DC activation are becoming
increasingly understood; however, the mechanisms under-
pinningits role in causing DC suppression remain largely un-
known. To determine the functional gene targets of STAT3,
we compared the genome-wide binding of STAT3 using
ChlIP sequencing coupled with gene expression microarrays
to determine STAT3-dependent gene regulation in DCs after
histone deacetylase (HDAC) inhibition. HDAC inhibition
boosted the ability of STAT3 to bind to distinct DNA targets
and regulate gene expression. Among the top 500 STAT3
binding sites, the frequency of canonical motifs was signifi-

cantly higher than that of noncanonical motifs. Functional
analysis revealed that after treatment with an HDAC inhibi-
tor, the upregulated STAT3 target genes were those that
were primarily the negative regulators of proinflammatory
cytokines and those in the IL-10 signaling pathway. The
downregulated STAT3-dependent targets were those in-
volved in immune effector processes and antigen process-
ing/presentation. The expression and functional relevance
of these genes were validated. Specifically, functional stud-
ies confirmed that the upregulation of IL-10Ra by STAT3 con-
tributed to the suppressive function of DCs following HDAC
inhibition. ©2016 S. Karger AG, Basel

Introduction

Denderitic cells (DCs) play an important role not only
in the activation of proinflammatory responses and acti-
vation of antigen-specific T cell responses, but also in the
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suppression of inflammation and the induction of T cell
tolerance [1]. STATS3 is critical for the ability of DCs to
promote immune activation, but emerging data demon-
strate that STAT3 also plays an important role as a nega-
tive regulator of inflammatory responses [2-4] and in the
induction of tolerance by DCs and macrophages [5]. Ge-
netic data suggest that targeted disruption of the STAT3
gene induces an exaggerated inflammatory response, fur-
ther demonstrating the role of STAT3 in suppressing in-
flammatory responses by DCs and macrophages [5, 6].
However, the molecular mechanism of STAT3 in causing
mutually distinct responses, activation or suppression of
DCs remains unknown.

Exposure of DCs to stimuli that cause immune activa-
tion, such as LPS or inflammatory cytokines, causes tyro-
sine phosphorylation, dimerization and activation of
STATS3, which lead to the expression of STAT3-respon-
sive immune activation genes. However, studies have also
reported phosphorylation-independent regulation of
STAT3 dimerization [7, 8] and target gene expression [9-
11]. Acetylation (theaddition of a functional acetyl group)
of proteins is an important posttranslational modifica-
tion (PTM). HDACs remove the acetyl groups from ly-
sine residues. HDAC inhibitors function as antitumor
agents by inhibiting the activity of HDAC, and they ex-
hibit anti-inflammatory effects at low doses. Emerging
data have identified reversible acetylation by the inhibi-
tion of HDACs as another modulator of STAT3 dimer-
ization [12, 13]. CBP/p300 has been reported to be a tran-
scriptional coactivator that regulates STAT3 activity in
vivo [14]. Upon cytokine treatment, CBP/p300 adds ace-
tyl groups to amino acids to acetylate STAT3 on a single
amino acid residue, lysine 685, thereby enhancing STAT3
DNA binding, transactivation activity and nuclear local-
ization [12, 13]. However, it is not clear whether acetyla-
tion of STAT3 modulates the expression of STAT3-re-
sponsive genes.

Studies have also demonstrated that HDAC inhibitors
exert potent anti-inflammatory or immunomodulatory
effects at noncytotoxic doses [15-20]. Using immuno-
modulatory approaches, allogeneic bone marrow (BM)
transplantation in several experimental models of graft-
versus-host-disease has shown potential therapeutic ben-
efits [17, 21-23]. These effects result, at least in part, from
the ability of HDAC inhibitors to suppress the function
of host antigen-presenting cells, which include DCs, by
enhancing the STAT3-dependent expression of the in-
doleamine 2,3-dioxygenase 1 gene (Idol) [21, 23, 24]. In
addition to regulating Ido1 expression, whether STAT3
acetylation by HDAC inhibition negatively regulates DC
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function by orchestrating a broader transcriptional cas-
cade via a unique genome-wide functional network re-
mains unknown.

Here, we describe a systematic experimental/compu-
tational approach to explore the STAT3-regulated genes
that are responsible for the negative regulation of DC
function following HDAC inhibition. We determined
STAT3-dependent gene targets by analyzing STAT3
binding to the entire genome following HDAC inhibition
of DCs using ChIP (chromatin immunoprecipitation)
coupled with next-generation sequencing (ChIP-seq)
[25]. Specific STAT3 binding profiles at associated gene
loci across the genome were obtained using ChIP-seq,
and gene expression profiles were obtained using Af-
fymetrix microarrays following HDAC inhibition. Ge-
nome-wide STAT3 binding coupled with gene expression
profiling revealed that, following HDAC inhibition,
STATS3 either positively or negatively regulates the tran-
scription of target genes that underlie important path-
ways that are responsible for the negative regulation of
DC function. Specifically, we demonstrate that the induc-
tion of STAT3 acetylation by HDAC inhibition regulates
target genes by upregulating genes that are primarily in-
volved in the negative regulation of cytokine production
and IL-10 signaling or by downregulating genes that are
primarily involved in immune effector processes and an-
tigen processing/presentation. Furthermore, the upregu-
lation of IL-10Ra by STAT3 contributed to the negative
regulation of DC function following HDAC inhibition.

Materials and Methods

BMDC Differentiation, Purification and Treatment

To obtain BM-derived DCs (BMDCs), BM cells isolated from
the tibia and fibula of C57BL/6 (B6) or BALB/c female mice, aged
8-12 weeks, were cultured with murine recombinant GM-CSF (10
ng/ml; BD Biosciences Pharmingen) and IL-4 (10 ng/ml; Pepro-
Tech) for 7 days, harvested and positively selected for CD11c cells
with 95% purity using an autoMACS Pro Separator (Miltenyi Bio-
tec) as previously described [21, 24]. Purified BMDCs were treated
with SAHA (500 nm, 12 h), IL-10 (100 ng/ml, 12 h), IL-6 (100 ng/
ml, 6 h), IL-10Ra antibody (10 pg/ml, 12 h), rat IgG (10 pg/ml,
12 h), 1-MT (1-Methyl-D-tryptophan; 200 pm, 12 h) or LPS (500
ng/ml, 6 h).

ChIP and High-Throughput ChIP-Seq Analysis

Chromatin for ChIP was prepared from BMDCs (107 cells
each) treated with SAHA (500 nm/ml) or diluent for 12 h by fixing
the BMDCs in 1% formaldehyde for 10 min, followed by quench-
ing with 125 mM of glycine for 5 min. ChIP was performed using
antibodies against STAT3 (catalog No. 9132; Cell Signaling),
H3K4me3 (catalog No. 9751; Cell Signaling) and a matched IgG
control (catalog No. 2729; Cell Signaling). Chromatin (approx.
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200 ng of DNA) was sonicated into 200- to 500-bp fragments. DNA
ends were repaired with polynucleotide kinase and Klenow enzyme
and treated with Taq polymerase for the generation of a protruding
3’ ‘A’ nucleotide for adaptor ligation. Libraries were prepared with
the Illumina ChIP-seq Sample Prep Kit and sequenced using a ge-
nome analyzer (Illumina) following the manufacturer’s protocols
[25-27]. The sequencing raw data were aligned using BWA (Bur-
rows-Wheeler Aligner; http://bio-bwa.sourceforge.net/) mapping
software version 0.5.8a [28]. The enriched ‘peaks’ were called using
the Model-Based Analysis of ChIP-Seq (MACS) algorithm (http://
liulab.dfci.harvard.edu/MACS) [29]. Called peaks were edited in
the BED format and input into GREAT (Genomic Regions Enrich-
ment of Annotations Tool, version 1.8; http://bejerano.stanford.
edu/great/public/html/) [30] for defining the binding sites in non-
coding genomic regions by analyzing the annotations of the nearby
genes and functional prediction. ChIP-seq reads were mapped to
the most recent mouse genome (mm?9) using IGV (Integrative Ge-
nomics Viewer; https://www.broadinstitute.org/igv/v1.3.1) [31].
The ChIP-seq data reported here can be found in the Gene Expres-
sion Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/
geo/) with the series accession ID GSE74262.

ChIP Assay

Chromatin for ChIP was prepared using antibodies against
acetyl (685)-STAT3 (catalog No. 2523; Cell Signaling) and matched
IgG control. A tenth of the sheared chromatin was saved and used
as a positive control as previously described [21, 24]. The fold en-
richment at each site was determined based on normalized values
in the acetyl (685)-STAT3-IP samples versus IgG-IP samples for
both SAHA- and diluent-treated samples. QPCR was conducted
using an Eppendorf thermocycler (Reallex2). The primer sequenc-
es are listed in online supplementary table S1-A (for all online
suppl. material, see www.karger.com/doi/10.1159/000450681).

Motif Analysis

We utilized the STAT3 motif from the TRANSFAC database
(http://transfac.gbf.de) [32] to study the difference in binding sig-
nal strength between the SAHA- and diluent-treated samples. We
matched the canonical STAT3 motif (TTCnnnGAA) at 200-bp
flanking regions of the peak summits of the top 500 peaks ranked
by p value in SAHA-treated BMDCs (GSE74262) in comparison
to the relevant STAT3 binding sites in diluent-treated samples us-
ing a binomial test. We further analyzed the distributions of the
canonical and noncanonical motif consensuses of approximately
1,000-bp flanking regions of the peak summits. The canonical mo-
tifs and single-nucleotide variant noncanonical motifs were ana-
lyzed around the peak summit regions of SAHA-induced STAT3
binding sites in comparison to STAT3 binding sites in diluent-
treated samples. We extracted the peak sequence from the refer-
ence genome and matched for the consensus motif. The position
of each motif sequence in relation to the summit position of
SAHA-induced STAT3 binding sites was collected, and the distri-
bution across all binding sites was plotted against those for STAT3
binding in untreated samples.

Affymetrix Microarrays and GSEA Analyses

Mouse BMDCs were treated with SAHA or diluent for 12 h;
tcRNA was extracted with TRIzol reagent and cleaned over Qiagen
RNeasy columns. After the quality of the total RNA was verified
by an Agilent 2100 Bioanalyzer, the samples were processed using
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the WT-Ovation™ Pico System (Affymetrix), and a single round
of amplification was performed on samples with even stricter con-
centration restraints. This system incorporates oligo(dT) and ran-
dom primers for amplification at the 3" end and throughout the
entire transcriptome. Affymetrix mouse genome 430 2.0 arrays
(Affymetrix, Santa Clara, Calif., USA), which contain 45,000 tran-
scripts of annotated genes and expressed sequence tags, were used.
The stained arrays were scanned on an Agilent gene array scanner
(Affymetrix) with a 560-nm filter. The data were published and
analyzed using the R statistical environment (http://cran.r-project.
org/) provided by Bioconductor (http://www.bioconductor.org/),
and the data were examined for quality control by showing the
same distribution of the PM probes for each chip and no degrada-
tion. The expression values were then calculated for each gene us-
ing a robust multiarray average. This modeling strategy converts
the PM probe values into an expression value (log2-transformed)
for each gene. The probe sets with a fold change of 2 or greater were
selected. These sets were subjected to an additional constraint in
which 1 of the 2 samples had an enrichment value of 2° or greater
to prevent the selection of genes with large fold changes based on
2 small numbers. The correlation of the ChIP-seq data with the
microarray analysis of gene expression was performed using Gene
Set Enrichment Analysis (GSEA) software version 2.2 (http://
www.broadinstitute.org/gsea/index.jsp) [26]. The microarray data
were deposited in the GEO database (GSE74306).

PCR

Total RNA was isolated from BMDCs treated with SAHA, IL-
10, IL-10Ra antibody or diluent using TRIzol reagent. Briefly, 2 ug
of total RNA was reverse-transcribed into cDNA using a High Ca-
pacity cDNA Reverse Transcription Kit (Applied Biosystems) in
the presence of random hexamers. All of the reactions were per-
formed in triplicate with SYBR Green Master Mix (Applied Bio-
systems) and 25 ng of both the forward and reverse primers ac-
cording to the manufacturer’s reccommended thermocycling con-
ditions, and the reactions were subjected to a melt curve analysis.
The threshold levels for each experiment were set during the ex-
ponential phase of the reaction. The DNA in each sample was
quantified by interpolation of its threshold cycle (Ct) value from a
standard curve of Ct values. The calculated quantity of the target
gene for each sample was divided by the average sample quantity
of the housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) to obtain the relative gene expression. All of the
oligonucleotide primers were synthesized by Integrated DNA
Technologies (Coralville, lowa, USA). The primer sequences are
listed in online suppl. table S1-A.

Western Blot Analysis

BMDCs were treated with SAHA, IL-10, IL-6 or LPS. Cell ly-
sates were prepared with lysis buffer containing proteinase inhibi-
tors (Pierce) and PhosSTOP (Roche). One hundred micrograms
of protein was resolved on 10% SDS-PAGE gels, transferred to
polyvinylidene fluoride membranes, detected with specific anti-
bodies against acetyl (685)-STAT?3 (catalog No. 2523; Cell Signal-
ing), phospho-STAT3 (Tyr705) (catalog No. 9131; Cell Signaling),
STAT3 (catalog No. 9139; Cell Signaling), IL-10Ra (catalog No.
06-1067; Millipore) and B-actin (catalog No. 8226; Amcom),
probed with secondary antibodies (either HRP-conjugated goat
anti-mouse IgG or goat anti-rabbit IgG antibodies), and detected
by chemiluminescence followed by autoradiography.

Sun et al.
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Fig. 1. HDAC inhibition induces STAT3 acetylation in DCs. a A
representative Western blot image showing acetylation and phos-
phorylation of STAT3 in BMDCs which were treated with SAHA,
IL-6 or LPS, and processed for immunoblotting with antibodies
against STAT3, pSTAT3 (T705) and acetyl (685)-STAT3. b Densi-
ties of acetyl-STAT3 from 3 similar experiments were measured

Mixed Lymphocyte Cultures

Splenocytes from BALB/c mice were processed for T cell isola-
tion by negative selection (Pan T cell Isolation Kit II; Miltenyi Bio-
tec). BMDCs were obtained as described above and treated with or
without SAHA, followed by treatment with or without IL-10, IL-
10Ra antibody or IgG control. The BMDCs were then washed with
culture medium. BALB/c T cells were cultured with BALB/c
BMDCs or treated B6 BMDCs at a ratio of 40:1 (T cells vs. DCs)
for 96 h using 96-well flat-bottomed plates (Falcon Labware, Lin-
coln Park, N.J., USA). Supernatants were collected for the mea-
surement of cytokine concentrations by ELISA. Proliferation was
determined by incubating cells with *H-thymidine (1 p Ci/well
[0.037 MBq]) for the last 16 h, and proliferation was calculated us-
ing a 1205 Betaplate reader (Wallac, Turku, Finland).

ELISA

The concentrations of IFN-y and IL-6 were measured by ELISA
with specific anti-mouse mAbs for capture and detection, and the
appropriate standards were purchased from BD Biosciences
Pharmingen. The assays were performed according to the manu-
facturer’s protocol and read at 450 nm with subtraction of the ab-
sorbance at 570 nm using a microplate reader (Bio-Rad).

Statistical Analyses

Data were analyzed using Prism GraphPad version 6. Com-
parisons between 2 groups were calculated using a t test. A p value
<0.05 was considered statistically significant.

Results

Genome-Wide STAT3 Binding Regions following

HDAC Inhibition

STATS3 activation can be triggered by phosphorylation
following cytokine stimulation or upon its acetylation in-

STAT3 Regulates DCs

based on comparison with untreated samples (mean + SEM);

p < 0.001. p values were obtained using an unpaired t test.
¢ Densities of phosphorylated STAT3 from 3 similar experiments
were measured based on comparison with untreated samples
(mean + SEM); ** p < 0.001. p values were obtained using an un-
paired t test.

duced by p300 following HDAC inhibition [11-13, 24].
Previous observations have demonstrated that proin-
flammatory cytokines induce STAT3 phosphorylation
and activate DCs [2, 11-13], whereas HDAC inhibition-
induced STATS3 acetylation suppresses DCs [23, 24]. To
first confirm these observations, we treated BMDCs with
SAHA, a clinically used HDAC inhibitor [15-21, 33] that
is known to suppress DC responses, or with IL-6 or LPS,
which are known to activate DCs. We observed that
HDAC inhibition induced STAT3 acetylation at lysine
685 (fig. 1a, b) but inhibited its basal phosphorylation
(compared to diluent-treated samples; fig. 1a, c). These
results demonstrated that HDAC inhibition posttransla-
tionally modifies STAT3 primarily by promoting acetyla-
tion. By contrast, we also observed that both IL-6 and LPS
induced STAT3 phosphorylation at tyrosine 705 and en-
hanced acetylation at lysine 685 (fig. 1). Our results con-
firmed previous observations and further suggest that the
primary PTM of STAT3 following DC suppression by
HDAC inhibition is acetylation, whereas both phosphor-
ylation and acetylation PTMs of STAT3 are induced in
DCs by the activating stimuli IL-6 and LPS. These results
also suggest that STAT3 might bind to different gene tar-
gets following its activation by HDAC inhibition, and
that characterization of the unique binding regions by
acetyl-STATS3 in the DC genome following HDAC inhi-
bition is a potentially feasible approach.

Therefore, we next sought to determine STAT3 ge-
nomic binding sites following its acetylation upon HDAC
inhibition. To this end, we performed ChIP using a
STAT3 antibody because there is no suitable acetyl-
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Fig. 2. Genome-wide binding and distribution of STAT3 following
HDAC inhibition in DCs. a Diagram of the gene numbers targeted
by STAT3 in BMDCs treated with SAHA or diluent control. 4,605
genes were targeted by STAT3 in SAHA-treated BMDCs com-

STATS3 antibody that carries multiple signals for all pos-
sible acetyl-lysines in STAT3 [12, 13, 34] and because the
STATS3 antibody binds to all the genome sites, which are
likely to be enriched for STAT3 but not specific for ace-
tyl-685 STAT3 following HDAC inhibition (fig. 1). We
utilized a matched IgG as a control for both SAHA- or
diluent-treated BMDCs. We coupled ChIP with high-
throughput sequencing (ChIP-seq). To additionally
monitor the possible impact of HDAC inhibition on pro-
tein-chromatin association, we performed a similar
ChIP-seq using an H3K4me3 antibody with both SAHA-
and diluent-treated BMDCs. The sequences were aligned
using BWA mapping software version 0.5.8a [28]. The
enriched ‘peaks’ were called using the MACS algorithm
[29]. To rigorously define high-stringency ChIP-seq
binding sites, STAT3 binding peaks were called at a
threshold of p < 0.0001 with a fragment size of approxi-
mately 200 bp. Using this standard, 3,598 binding peaks
were obtained with SAHA-treated BMDCs, and 976
binding peaks were obtained with control BMDCs
(GSE74262). Because gene expression can be regulated by
transcription factors binding at a broad range of distanc-
es, even extending farther than 100 kb upstream or down-
stream of the transcription start site (TSS) (26, 27], we
next utilized the GREAT tool for analysis [30], which
considers the nonrandom distribution of the genome and
is specifically suited for the genome-wide analysis of
ChIP-seq data. Additionally, it can interpret the function-
al properties of genes that are associated with genome-
wide binding sites. The gene search range was set in the
genome from 5 kb upstream of the TSS to 1 kb down-
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pared to 1,478 genes targeted in BMDCs treated with diluent.
b Distribution frequencies of STAT3 binding sites classified by
distance from the target gene TSS. ¢ Percent of STAT3 binding
sites at different distances from the target gene TSS.

stream of the TSS, with a 1,000-kb max extension using
GREAT. These parameters identified 4,605 STAT3-tar-
geted genes (online suppl. table S1-B; fig. 2a) from 3,598
binding peaks (online suppl. table S1-C) in SAHA-treated
BMDCs, whereas 1,478 STAT3-targeted genes (online
suppl. table S1-D; fig. 2a) were identified from 976 bind-
ing peaks (online suppl. table S1-E) in control BMDCs
(referred as basal STAT3 binding). Interestingly, all 1,478
STAT3-targeted genes in the control BMDCs were tar-
geted in SAHA-treated BMDCs, thus showing a 100%
overlap of the 1,478 basal STAT3 target genes in diluent-
and SAHA-treated BMDCs (fig. 2a). Importantly, en-
hanced STAT3 binding following HDAC inhibition in
SAHA-treated BMDCs identified 3,127 additional
STAT3-targeted genes from 2,620 SAHA-induced STAT3
binding regions (online suppl. table S1-B-E; fig. 2a; on-
line suppl. fig. S1). These data demonstrated that SAHA
treatment-induced STAT3 acetylation increased the
binding of this protein to target DNA sites in the genome,
suggesting that STAT3 acetylation might play an impor-
tant role in the regulation of BMDC function via newly
targeted genes.

Distribution of STAT3 Binding Site Distances from the

TSS in Targeted Gene Loci

Next, to examine the distribution of STAT3 binding
sites at STAT3-regulated gene loci, we extracted STAT3
binding distances from the TSSs of target genes using
GREAT analyses (online suppl. table S1-B, S1-C) and
classified them as <1, 1-10 (or together <1-10), 10-100
or >100 kb. The relative proportions of STAT3 binding

Sun et al.



Table 1. GSEA analyses of the impact of STAT3 binding distances on the target gene expression

Total target genes <1 kb 1-10kb <1-10kb 10-100 kb Over 100 kb
(n=3,369)

Upregulated 1,701 (50.5) 343 (20.2) 280 (16.5) 623 (36.7) 751 (44.1) 327 (19.2)
Significant 1,405 (82.6) 327 (95.3) 267 (95.3) 594 (95.3) 593 (79) 218 (76)
Not significant 296 (17.4) 16 (4.7) 13 (4.7) 29 (4.7) 158 (21) 109 (23)

Downregulated 1,668 (49.5) 294 (17.6) 298 (17.9) 592 (35.5) 727 (43.7) 349 (21)
Significant 1,273 (76.3) 265 (90) 254 (85) 519 (87.7) 531 (73) 223 (64)
Not significant 395 (23.7) 29 (10) 44 (15) 73 (12.3) 196 (27) 126 (36)

Values in parentheses are percentages.

sites within <1, 1-10 or <1-10 kb of the TSS were 16.2,
16.5 or 32.7%, respectively, in SAHA-treated BMDCs and
10.2, 14.2 or 24.4%, respectively, in control BMDCs. The
corresponding proportions of SAHA-induced newly tar-
geted gene loci were 19, 17.5 or 36.5%, respectively, indi-
cating that more proximal STAT3 binding events were
induced by HDAC inhibition. For STAT3 binding sites
within 10-100 kb, similar distribution proportions were
observed among SAHA-treated BMDCs (44.7%), control
BMDCs (44.5%), and SAHA-induced newly targeted
gene loci (45.7%; online suppl. fig. S1; fig. 2b, ¢). The pro-
portions of STAT3 binding sites greater than 100 kb from
TSSs were 22.6% in SAHA -treated BMDC, 32.4% in con-
trol BMDCs and 17.7% in SAHA-induced newly targeted
gene loci, indicating that fewer STAT3 binding sites at
distances greater than 100 kb were induced by HDAC in-
hibition (online suppl. fig. S1; fig. 2b, c). These observa-
tions demonstrated that SAHA-induced STAT3 binding
is generally more proximal than distal to the TSS of target
genes.

STAT3 Binding Induced by HDAC Inhibition Is

Transcriptionally Functional

To assess the genome-wide functional correlation be-
tween STAT3 binding and the associated gene expression,
we used gene expression microarrays to determine the
gene expression profiles of acetyl-STAT3-targeted genes
that were identified by GREAT analysis. A total of 3,369
genes matched to Affymetrix microarray chips among the
4,605 genes identified by GREAT, and a distance analysis
reflected a similar distribution pattern of STAT3 binding
distances from the TSSs of matched genes, thus facilitating
an additional functional analysis using GSEA [26] (table 1;
fig. 3a, b). Among the 3,369 matched genes, 1,701 genes
were upregulated (50.5%, 1,701/3,369), and 1,668 genes
were downregulated (49.5%, 1,668/3,369; fig. 3¢, d). Nota-

STAT3 Regulates DCs

bly, 1,405 genes (82.6%, 1,405/1,701) were significantly
upregulated (fig. 3¢; table 1; online suppl. table S1-F), and
1,273 genes (76.3%, 1,273/1,668) were significantly down-
regulated (fig. 3d; table 1; online suppl. table S1-G). These
observations suggested that, following HDAC inhibition,
STATS3 plays an important role in both the positive and
negative transcriptional regulation of gene expression.

It has been suggested that the acetylation of lysine 685
in STATS3 is required for STAT3-dependent [12, 13, 34]
and STAT3 phosphorylation-independent gene expres-
sion [9, 10]. To independently validate whether acetyl
(685)-STATS3 binds to target gene loci, we used either an
anti-acetyl (685)-STAT3 antibody or matched IgG con-
trol for ChIP assays following the treatment of BMDCs
with SAHA or diluent. We assessed acetyl-STAT3 bind-
ing to a random selection of 18 STAT3 binding peaks
that were associated with upregulated genes, includ-
ing Zmpste24, Galns/Trappc2l, Bazla, Uvrag, Dedd2,
I110Ra, Pa2g4, Cuta, and Prdx1 (fig. 4a), downregulated
genes, including Slfn2, Txndc11, Fcgr3, Ifrd1, Sdcl, Nrpl,
Ehd4, Ccndl, and Crlf2 (fig. 4b), and a non-STAT3-oc-
cupied region, a STAT2 promoter fragment, to verify
STATS3 binding specificity. Our results demonstrated the
veracity and specificity of acetyl-STAT3 binding follow-
ing HDAC inhibition to the gene loci that are associated
with either upregulated (fig. 4a) or downregulated genes
(fig. 4b), but no gene enrichment was detected in the non-
STATS3 occupied regions (fig. 4a, b).

H3K4me3 is a chromatin modification that highlights
the start sites of active genes [35-37]. Therefore, to mon-
itor whether HDAC inhibition is likely to impact protein-
chromatin association in BMDCs, we investigated
H3K4m3 binding in the genome of SAHA- or diluent-
treated BMDCs using IGV [31]. IGV is a high-perfor-
mance visualization tool for the interactive exploration of
large, integrated genomic datasets including next-gener-
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Fig. 3. STAT3 bindings induced by HDAC inhibition are tran-
scriptionally functional. a Distribution frequencies (numbers) of
genes targeted by STAT3, matched with Affymetrix expression
microarrays and classified by the distance to the target gene TSS.
b Percent of genes targeted by STAT3, matched with Affymetrix
expression microarrays and calculated based on distances from the
target gene TSS. ¢ The expression of STAT3 target genes, which
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were upregulated, was analyzed with GSEA. Genes were ranked by
enrichment score (ES). d The expression of STAT3 target genes,
which were downregulated, was analyzed with GSEA. Genes were
ranked by ES. e Numbers of the genes which were upregulated or
downregulated, significant or not significant (NS). f Percentages
of genes which were upregulated or downregulated, significant or
not.
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lated expression. a, b Chromatin for ChIP was prepared from
SAHA or diluent-treated BMDSCs using antibodies against acetyl
(685)-STAT3 and matched IgG control. Fold enrichment at each
site was determined based on normalized values in the manner of
acetyl (685)-STAT3-IP samples versus IgG-IP samples. Acetyl-

ation sequencing data that allows for the examination of
whether and how STAT3 and H3K4m3 are enriched in
these targeted gene loci. We observed that STAT3 was
enriched in targeted genelociincluding Zmpste24, Uvrag,
Pa2g4, Dedd2, Cuta, and Slfn2 (fig. 4c), and that H3K4m3
was enriched at different distances from the TSS in tran-
scriptionally upregulated gene loci, such as Zmpste24,
Uvrag, Pa2g4, Dedd2, and Cuta, but not in downregu-
lated gene loci, such as Slfn2 (fig. 4c). These data indicate
that upon HDAC inhibitor treatment of DCs, the enrich-
ment of H3K4me3 is concomitant with STAT3-mediated
transcription activation but not with STAT3-mediated
transcription inactivation. These data are consistent with
and further expand previous reports [35-37] and suggest
that SAHA treatment does not overtly disturb protein-
chromatin association.

STAT3 Regulates DCs

STATS3 bindings to a random selection of 18 STAT3 binding peaks
that were associated with upregulated (a) or with downregulated
genes (b) were assessed by ChIP-qPCR. Data were from 3 indepen-
dent experiments (mean + SEM). p values were obtained using an
unpaired t test. * p < 0.05, ** p < 0.01. NS = Not significant. ¢ The
enrichments of STAT3 and H3K4me3 at gene loci, including
Zmpste24, Uvrag and Pa2g4, were shown by IGV.

Functional Correlation between STAT3 Binding

Distances from the TSS and Transcriptional Activity

after HDAC Inhibition

Next, to validate the functional relevance of STAT3
acetylation, we verified the expression levels of genes that
were either upregulated or downregulated following
SAHA treatment in BMDCs. Utilizing qPCR, we ob-
served that SAHA treatment not only increased the ex-
pression of genes, such as I110Ra, Cdké, Mef2c, Rbl,
Map3kl, and Jun (fig. 5a), but also decreased the expres-
sion of other genes, such as Slfn2, Prdm1l, and Fcgr3
(fig. 5b), in accord with the data obtained from the Af-
fymetrix gene expression arrays (GSE74306).

Next, because STAT3, similar to other transcription
factors [26, 27, 30], bound at distances that ranged from
proximal to distal with distances that could exceed 100 kb
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Fig. 5. Correlation of binding distance of STAT3 with gene expres-
sion. Confirmation with qPCR of a random selection of genes as-
sociated with STAT3 binding following HDAC inhibition which
were upregulated (a) or downregulated (b). Data were combined
from 3 independent experiments (mean + SEM). p values were
obtained using an unpaired t test. CTL = Control. ¢ Frequencies
(numbers) of distance distribution of STAT3 binding sites from
TSS at the gene loci which were significantly or not significantly

from the TSS, we examined whether the distance between
a STAT3 binding site and its corresponding TSS affect the
transcription capability. Using a GSEA analysis, we ob-
served that the transcriptional activation of target genes
driven by proximal STAT3 binding sites (<1 kb or 1-10
kb from the TSS) was stronger (with similar 95% signifi-
cant upregulation in both distance groups) than that driv-
en by distal STAT3 binding sites (the 10-100 and >100 kb
groups showed 79 and 76% significant upregulation, re-
spectively) (table 1; fig. 5¢, d; online suppl. table S2). Sim-
ilarly, we observed that the proximal STAT3 binding sites
(<1 kb or 1-10 kb from the TSS) functioned more effec-
tively on the negative regulation of target gene expression
(90 and 85% significant downregulation, respectively)
compared with distal STAT3 binding sites (the 10-100 kb
and >100 kb groups showed 73 and 64% significant down-
regulation, respectively; table 1; fig. 5e, f; online suppl.
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upregulated. d Percentages of STAT3 binding sites at different dis-
tances from TSS at gene loci which were significantly or not sig-
nificantly upregulated by STAT3. e Frequencies of distances of
STATS3 binding sites from TSS at the gene loci which were signifi-
cantly or not significantly downregulated. f Percentages of STAT3
binding sites at different distances from TSS at gene loci which
were significantly or not significantly downregulated by STAT3.
NS = Not significant.

table S3). These results suggested that the distance be-
tween a STAT3 binding site and its TSS can affect both
the upregulation and downregulation of transcription,
and regulation by proximal STAT3 binding sites is more
effective than that by distal STAT3 binding sites.

STAT3 Binds to Both Its Canonical and Noncanonical

Motifs after HDAC Inhibition

Following acetylation, STAT3 binds to palindromic
sequences, such as TTCnnnGAA, termed GASs (IFN-y
activation sites), and these canonical motifs are broadly
present throughout the genome [11]. Therefore, we next
examined whether STAT3 bound to its canonical
TTCnnnGAA motif upon treatment of BMDCs with
SAHA. The STAT3 motif was defined using TRANSFAC
[32]. To determine the strength of STAT3 binding signals
in SAHA-treated and control BMDCs, we ranked the

Sun et al.
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Fig. 6. Characterization of STAT3 binding motifs following HDAC
inhibition. a The top 500 STAT3 binding peaks were examined
for the canonical GAS motif TTCnnnGAA using TRANSFAC.

binding strength according to the p value determined by
MACS analysis (GSE74262) and matched the canonical
GAS motif to 200 bp flanking regions of the peak summits
of the top 500 peaks. As a result, 349 canonical GAS bind-
ing motifs were identified in SAHA-treated BMDCs,
compared with 87 binding sites identified in control
BMDOC:s (p value 3.312e-60, binomial test; fig. 6a). These
results indicated that the signals for STAT3 binding to
canonical motifs in SAHA-treated BMDCs are signifi-
cantly stronger than those in control BMDCs.

However, many transcription factors, including
STATS3, may also bind to variant motifs called noncanon-
ical motifs [26-27]. For example, IL-21-activated STAT3
binds to not only the canonical TTCnnnGAA sequence
but also the variant GAS motif variant TTCnnnTAA [27].
Therefore, we examined whether acetyl-STAT3 binds to
noncanonical GAS motifs with single nucleotide variants.
We hypothesized that the positions of motifs bound by
STATS3 should coincide with the maximum peak density.
We investigated the distributions of the consensus se-
quences of canonical and all 18 noncanonical GAS motifs

STAT3 Regulates DCs

b STAT3 binding peaks were examined for canonical and nonca-
nonical GAS motifs. Binding frequencies in SAHA-treated (blue
line) and control BMDCS (red line) were shown.

among 3,598 STAT3 binding peaks in SAHA-treated
BMDCs and the 976 STAT3 binding peaks in control
BMDCs. We extracted the peak sequences from the refer-
ence genome and matched for the motif consensus se-
quences, setting the search to a 1-kb range for each motif
sequence associated with the summit position ofa STAT3
binding site and ignoring all motifs further than 1 kb from
the peak summit. All hits were collected, and the distribu-
tion across all binding sites in SAHA-treated BMDCs was
plotted (in blue) against that of STAT3 binding sites in
control BMDCs (in red; fig. 6b). We observed a higher
overall binding strength in SAHA-treated BMDCs com-
pared with control BMDCs based on the frequency of the
motif sequences (fig. 6b). Although we observed similar
distribution patterns for STAT3 binding to the canonical
GAS motif and to the 18 noncanonical motifs in SAHA-
induced STAT3 binding sites (blue lines; fig. 6b), the
top 5 motifs, which were most frequent and centered,
were TTTnnnGAA, TTCnnnCAA, TTGnnnGAA,
TTCnnnAAA, and the canonical motif TTCnnnGAA
(fig. 6b). However, only 7 motifs (the canonical
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Cytokines can induce activation of matrix metalloproteinases

Fig. 7. STATS3 significantly binds to the loci of genes that are as-
sociated with pathways that negatively regulate immune response
after HDAC inhibition. a Overrepresented GO terms resulting
from 1,405 significantly upregulated genes with IPA show the reg-
ulation of type 2 immune response/Th2 cell differentiation and the
negative regulation of cytokine production. b Overrepresented
GO terms resulting from 1,273 significantly downregulated genes
with IPA show immune effector processes and antigen processing/

TTCnnnGAA and the noncanonical TTCnnnTAA,
TTAnnnGAA, TTCnnnAAA, TTTnnnGAA,
TTCnnnCAA, and TTGnnnGAA) were adequately fre-
quent and centered in the basal nonacetyl-STAT3 bind-
ing plot in control BMDC:s (red lines; fig. 6b). These ob-
servations demonstrated that following HDAC inhibi-
tion STAT3 bound to both its canonical GAS motif and
its noncanonical motifs.

HDAC-Induced Gene Expression Associated with

STAT3 Binding Sites Is Critical for DC Function

We next examined whether the genes regulated by
SAHA-induced STAT3 binding are involved in the im-
mune function of BMDCs using 2 different bioinfor-
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presentation. ¢ Overrepresented PANTHER pathways (MSigDB)
based on 3,598 STAT3 bindings in SAHA-treated BMDCs and 976
STATS3 bindings in control BMDCs, which were imported into
GREAT, display IL-10 anti-inflammatory signaling, PTEN-depen-
dent cell cycle arrest and apoptosis, TNF/stress-related signaling,
genes involved in MAPK signaling and genes involved in the G1
phase of the cell cycle.

matics tools, namely Ingenuity Pathway Analysis (IPA;
http://www.ingenuity.com/) [38] and the Molecular Sig-
natures Database (MSigDB; www.broadinstitute.org/
gsea/msigdb) [26, 30]. IPA, a broadly adopted functional
analysis tool for accurately interpreting the biological
meaning of genomic data, was used to analyze the func-
tional pathways that depend on genes that were upregu-
lated or downregulated by SAHA-induced acetyl-STAT3
binding. A GSEA analysis of 1,405 significantly upregu-
lated genes (table 1; online suppl. table S1-F) and 1,273
significantly downregulated genes (table 1; online suppl.
table S1-G) revealed a clear enrichment of key immune
functions. The top functions identified in the biological
process category based on the upregulated genes includ-
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Fig. 8. Validation of enrichments for acetyl (685)-STAT3 binding
at gene loci that are related to immune regulation pathways as pre-
dicted by MSigDB. a-c Chromatin for ChIP was prepared from
SAHA or diluent-treated BMDSCs using antibodies against acetyl
(685)-STAT3 and matched IgG control. Fold enrichment at each
site was determined based on normalized values in the manner of
acetyl (685)-STAT3-IP samples versus IgG-IP samples. a Confir-
mation of genes targeted by acetyl-STAT3 and involved in the IL-

ed the regulation of type 2 immune response/T helper
type 2 cell differentiation and the negative regulation of
cytokine production (fig. 7a). However, the top functions
based on the downregulated genes were immune effector
processes and antigen processing/presentation (fig. 7b).
MSigDB, a collection of annotated gene sets used with
GSEA and coupled with GREAT [30], was used to inter-
pret the functional properties of the genes associated
with the 3,598 STAT3 binding sites in SAHA-treated
BMDCs and the 976 STAT3 binding sites in control-
treated BMDCs. The analysis revealed a clear enrichment
in 7 pathways, including IL-10 anti-inflammatory signal-
ing, PTEN-dependent cell cycle arrest and apoptosis,
TNF/stress-related signaling, MAPK signaling and the
G1 phase of the cell cycle (fig. 7c). These results suggest-
ed that genome-wide binding of STAT3 following HDAC
inhibition generates an important gene/function net-
work that is critical for negative regulation of BMDC
function.

STAT3 Regulates DCs

10 signaling pathway. b Confirmation of genes targeted by acetyl
(685)-STAT3 and involved in the cell cycle G1 phase. ¢ Confirma-
tion of genes targeted by acetyl (685)-STAT3 and involved in TNF/
stress-related signaling pathway. Combined results (mean + SEM)
were from at least 3 independent experiments. p values were ob-
tained using an unpaired t test. ** p < 0.01, * p < 0.05. NS = Not
significant.

Direct Upregulation of IL-10Ra by STATS3 following

HDAC Inhibition Promotes IL-10-Dependent

Responses

Next, to confirm the preceding insights from bioinfor-
matics analyses and to directly assess and validate whether
HDAC inhibition-induced acetylation of STAT3 is rele-
vant to the activation of gene loci involved in IL-10 re-
sponses, TNF/stress-related signaling and the G1 phase of
the cell cycle, we performed ChIP assays. The anti-acetyl
(685)-STAT3 antibody, matched IgG control, specific
primers for binding peaks, and control primers for the
non-STAT3 occupied region (STAT2 promoter) were uti-
lized to verify acetyly-STAT3 binding specificity. As shown
in figure 8, the results demonstrated specific binding of
acetyl-STAT3 at identified gene loci, including those in-
volved in IL-10 signaling (fig. 8a), TNF/stress-related sig-
naling (fig. 8b) and the G1 phase of the cell cycle (fig. 8c).

We next focused on defining the biological relevance
of the IL-10 signaling pathway, which has potent immu-
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Fig. 9. Direct upregulation of IL-10Ra by STAT3 following HDAC
inhibition promotes IL-10-dependent responses. a Acetylation of
STAT3 was induced by SAHA and IL-10 treatment. BMDCs were
treated with SAHA, IL-10 and SAHA plus IL-10, and processed for
immunoblotting with antibodies against acetyl (685)-STAT3 and
STAT3. Top panel: a representative Western blot image showing
acetylation of STAT3. Lower panel: densities of acetyl-STAT3 from
3 similar experiments were measured based on comparison with
untreated samples (mean + SEM). ** p < 0.001; p values were ob-
tained using an unpaired t test. b Phosphorylation of STAT3 was
induced by IL-10 and inhibited by SAHA. BMDCs were treated as
in a, and processed for immunoblotting with antibodies against
pY705-STAT3 and STAT3. Top panel: a representative Western
blot image showing phosphorylation of STAT3. Lower panel: densi-
ties of phosphorylated STAT3 from 3 similar experiments were
measured based on comparison with untreated samples (mean +
SEM). ** p < 0.001, * p < 0.05; p values were obtained using an un-
paired t test. ¢ Quantification of IL-10Ra mRNA expression by
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qPCR. Data were from 3 independent experiments (mean + SEM).
** p < 0.01; p values were obtained using an unpaired t test. NS =
Not significant. d Western blot with anti-IL-10Ra antibody showing
protein expression of IL-10Ra. BMDCs were treated with SAHA,
IL-10 or SAHA plus IL-10, and processed for immunoblotting with
antibodies against IL-10Ra and B-actin. Top panel: a representative
image of Western blot showing expression levels of IL-10Ra protein.
Lower panel: densities of expression levels of IL-10Ra protein from
3 similar experiments were measured based on comparison with
untreated samples (mean + SEM). ** p < 0.001; p values were ob-
tained using an unpaired t test. NS = Not significant; CTL = control.
e Enhanced IL-10 signaling by SAHA treatment facilitated the ex-
pression of IL-10 transcriptional target genes. Quantification of
mRNA expression of IL-10 transcriptional target genes was deter-
mined by qPCR. Combined results (mean + SEM) were from 3 in-
dependent experiments. p values were obtained using an unpaired t
test. f The enrichments of STAT3 and H3K4me3 following HDAC
inhibition in IL-10Ra and Ido1 gene loci were shown by IGV.
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noregulatory effects on both the maturation of DCs and
their antigen-presenting function [39]. We observed that
SAHA treatment induced STAT3 acetylation (fig. 9a),
consistent with a previous report [24], whereas IL-10
treatment induced STAT3 phosphorylation and acetyla-
tion (fig. 9a, b), similar to the observations when BMDCs
were treated with IL-6 and LPS (fig. 1). We observed and
confirmed significant upregulation of IL-10Ra mRNA
and protein in BMDCs following SAHA treatment
(fig. 5a). By contrast, treatment with IL-10 did not alter
the expression of IL-10Ra (fig. 9¢, d). These observations
suggest that IL-10Ra expression may be competently
transcribed by STAT3 acetylation alone but not by phos-
pho-STAT3 or a mixture of phospho-STAT3 and acetyl-
STATS3. This finding prompted further examination of
the role of IL-10 when IL-10Ra expression was increased
by HDAC inhibition-induced STAT3 acetylation in the
regulation of its transcriptional target genes, such as IL-
10 [40], STAT3 [41], Bcl-2 [42], and p19 and p21 [43]. To
this end, BMDCs were treated with or without SAHA,
followed by incubation with IL-10, IL-10Ra blocking an-
tibody or matched IgG control, and then harvested and
processed for qPCR analysis. We observed that IL-10 in-
duced the expression of its target genes, including IL-10,
STATS3, Bcl-2, p19 and p21, in accord with previous re-
ports. Importantly, pretreatment with SAHA increased
the transcriptional expression of IL-10 target genes. How-
ever, blocking IL-10 signaling with IL-10Ra blocking an-
tibodies abolished HDAC inhibition-induced increased
expression of these genes (fig. 9e). These observations in-
dicated that the increased expression of IL-10Ra by
HDAC inhibition enhanced the IL-10 responses in
BMDCs. These data also imply a potential synergy be-
tween STAT3 acetylation and IL-10 responses in BMDCs
treated with the HDAC inhibitor SAHA.

Furthermore, IGV analysis revealed STAT3 binding
peaks, along with H3K4me3 enrichment, at the IL-10Ra
and Idol gene loci following SAHA treatment (fig. 9f).
These data, when taken collectively with our previous ob-
servations that HDAC inhibition induces the expression
of IDO in BMDCs or PBMCs [23-24], demonstrate that
STATS3 transcriptionally targets the IL-10Ra and Idol
genes.

Enhanced IL-10 Responses following HDAC Inhibition

Contribute to the Negative Regulation of DC

Functions

IL-10 acts directly on antigen-presenting cells, such as
DCs, to negatively regulate T cell activation [39, 44-47].
The above data demonstrate increased expression of

STAT3 Regulates DCs

STAT3-dependent IL-10Ra and the resultant responses
to IL-10 upon treatment of DCs with the HDAC inhibitor
SAHA. Therefore, we hypothesized that the increased re-
sponsiveness to IL-10 induced by HDAC inhibition plays
a function role in the ability of DCs to affect T cell re-
sponses. To examine this hypothesis, we utilized well-es-
tablished allogeneic mixed lymphocyte reactions. B6
BMDCs were treated with or without SAHA before incu-
bation with or without IL-10. The DCs were then har-
vested and utilized as stimulators in a mixed lymphocyte
reaction with allogeneic BALB/c T cells. Syngeneic
BALB/c DCs were utilized as controls. As shown in figure
10, allogeneic T cell expansion and the expression of the
cytokines IFN-y and IL-6 were attenuated by treatment
with either SAHA or IL-10, and these processes were fur-
ther suppressed by combinatorial treatment with SAHA
and IL-10 (fig. 10a—c). To further confirm a critical role
for STAT3-mediated IL-10Ra expression in the negative
regulation of BMDC function upon HDAC inhibitor
treatment, IL-10Ra-blocking antibodies were utilized.
Blocking IL-10 responses with the IL-10Ra antibodies
significantly improved allogeneic T cell expansion
(fig. 10d). These data demonstrate that the upregulation
of IL-10Ra by STAT3 upon HDAC inhibition contributes
to enhanced IL-10 responses and the negative regulation
of DC function.

Discussion

Acetylation acts as an important PTM of proteins by
introducing an acetyl functional group, and HDACs re-
move the acetyl groups from lysine residues. HDAC in-
hibitors are antitumor agents that inhibit the activity of
HDAGC, and at low doses they exhibit anti-inflammatory
effects in part by acetylating transcription factors such as
STATS3.

STATS3 is a master transcriptional regulator of immune
responses. It is known to play an important role in the ac-
tivation of DCs. However, emerging studies have shown
that HDAC inhibition suppresses macrophage and DC
functions in a STAT3-dependent manner [24], and miti-
gates experimental graft-versus-host-disease [17, 21-23]
and other immune diseases [15, 18-20]. To explore the
molecular mechanisms by which STAT3 modulates the
immune responses of DCs following HDAC inhibition,
we performed STAT3-ChIP-seq to define the genome-
wide binding of STAT3 following HDAC inhibition in
BMDCs and coupled those data with gene expression pro-
filing. We observed that HDAC inhibition contributes to
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Fig. 10. HDAC inhibition facilitates IL-10-dependent negative
regulation of BMDC function. a Allogeneic T cell expansion was
attenuated by treatment with either SAHA or IL-10, and further
suppressed by combinatorial treatment with SAHA and IL-10. Ex-
pression of IFN-y (b) or IL-6 (c) was attenuated by treatment with
either SAHA or IL-10, and further suppressed by combinatorial

both the upregulation and downregulation of STAT3 tar-
get genes. We validated the expression of these genes and
further explored the relevance of STAT3 in their expres-
sion and function in modulating DC responses. HDAC
inhibition promoted the acetylation of STATS3, facilitated
its binding to both canonical and noncanonical motifs,
and increased the expression of negative regulators of DC
function. Specifically, the HDAC inhibition-enhanced
STAT3-dependent increase in IL-10Ra expression is one
of the mechanisms for the suppressive function of DCs.
To drive target gene expression, STAT3, in addition to
undergoing PTMs, is also largely dependent on the re-
cruitment of and interaction with nuclear coactivators
[14, 34] or corepressors [48-51], which collectively deter-
mine the final direction of its target gene expression. For
example, the protein inhibitor of activated STAT3
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treatment with SAHA and IL-10. d Blocking IL-10 signaling sig-
nificantly improved allogeneic T cell expansion which was miti-
gated by SAHA plus IL-10 treatment. Data were from 3 indepen-
dent experiments (mean + SEM). p values were obtained using an
unpaired t test. Syn = Syngeneic cells.

(PIAS3) blocks the DNA binding activity of STAT3 and
inhibits STAT3-mediated gene activation [48-50]. Upon
cytokine treatment, CBP/p300 acetylates STAT3, thereby
enhancing the DNA binding, transactivation activity and
nuclear localization of STAT3 [12, 13, 23, 24, 34]. How-
ever, deacetylation by HDACs removes acetyl groups
from amino acids, thus inhibiting the transcription of
STATS3 target genes [12, 13, 34]. Our data show that
HDAC inhibition induces or increases STAT3 acetyla-
tion [12, 13, 23, 24] and upregulates or downregulates
several genes. However, our data do not address the role
of coactivators or corepressors in mediating the STAT3-
dependent transcriptional regulation after HDAC inhibi-
tion. Future studies will determine the precise cooperat-
ing partners that are required to mediate STAT3-depen-
dent gene regulation after HDAC inhibition.
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Fig. 11. Model of STAT3-dependent nega-
tive regulation of DCs induced by HDAC
inhibition. In BMDCs, SAHA treatment
induced STATS3 acetylation, which directly
induced expression of Ido and IL-10Ra.
The upregulation of IL-10Ra enhanced the
IL-10 signaling pathway which supports
accentuation of IDO expression, forming a
positive feedforward mechanism for sus-
taining the tolerogenic function of BMDCs
following SAHA treatment.
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As approximately 10-15% of genes are arranged in a
head-to-head orientation in eukaryotic genomes, the dis-
tance between the TSSs of adjacent genes can be less than
1 kb [52]. GREAT predicts target genes based on bidirec-
tional promoters, and in the present study, 4,605 genes
were predicted from 3,598 STAT3 binding peaks follow-
ing HDAC inhibition. We validated STAT3 binding sites
by independent ChIP assays using an acetyl-(685) STAT3
antibody, thus confirming the veracity and specificity of
either proximal or distal binding up to 100 kb from the
TSS. Consistent with previous ChIP-seq studies [26, 27,
53], we observed that following HDAC inhibition STAT3
binds to not only the canonical motif but also the nonca-
nonical motifs. Among the top 500 STAT3 binding peaks,
the canonical GAS motif demonstrated a significantly
higher binding strength in HDAC inhibitor-treated
BMDCs when compared with control BMDCs, indicat-
ing that following HDAC inhibition STAT3 binding pre-
fers the canonical GAS motif. The net effect of HDAC
inhibition on DCs is likely a consequence of STAT3-de-
pendent and independent effects of global histone acety-
lation; our data nonetheless point to a novel impact on the
genome-wide binding of STAT3. Furthermore, STAT3
appears to bind to novel sites, resulting in the upregula-
tion of genes involved in the negative regulation of DC
responses. Mechanistic studies demonstrated that follow-
ing HDAC inhibition STAT3 is acetylated and induces
IL-10Ra expression, thus increasing IL-10-dependent in-
hibition of DC functions. Furthermore, an IGV analysis
revealed an enrichment of both STAT3 and H3K4me3 at
the Ido1 gene locus following HDAC inhibition, in ac-
cordance with a previous study showing that HDAC in-
hibition acetylates and activates STAT3, which then regu-

STAT3 Regulates DCs

lates BMDCs by promoting Idol transcription [21, 23,
24]. However, 1-MT, an inhibitor of IDO, did not affect
SAHA-induced IL-10Ra expression (online suppl. fig.
S2A). Additionally, blocking IL-10Radid not affect HDAC
inhibitor-induced IDO expression (online suppl. fig. S2B).
These data suggest that HDAC inhibitor-induced IDO
and IL-10Ra are mutually exclusive. Future studies will
determine whether the independent effects on IDO and
IL-10Ra expression have additive or synergistic effects.
HDAC inhibition enhanced the response of IL-10 signal-
ing by upregulating IL-10Ra, which may accentuate and
sustain Idol expression in the presence of IL-10 in DCs
[54, 55] (fig. 11). These findings demonstrate that follow-
ing HDAC inhibition STAT3 orchestrates a network, at
least in part, by directly upregulating both Ido1 and IL-
10Ra to negatively regulate DC function, thereby mimick-
ing a specific feature of regulatory DCs [54-56].

To monitor the possible disturbance of protein-chro-
matin association by the effect of HDAC inhibition on
histone acetyltransferase and HDAC, we performed a
similar ChIP-seq using an H3K4me3 antibody with both
SAHA- and diluent-treated BMDCs and expected nor-
mal enrichment on activated gene loci. We did not ob-
serve an obvious change in the protein-chromatin asso-
ciation affected by HDAC inhibition in our experiments
as shown with the proper enrichment of H3K4me3 in the
target loci as previously reported [35-37]. In fact, cyto-
kine stimulation induced not only STAT3 phosphoryla-
tion but also acetylation [2, 11-13, 27] (fig. 1, 9a, b), indi-
cating possible changes in the balance between histone
acetyltransferase and HDAC, which leads to STAT3 acet-
ylation. STAT3 undergoes a PTM, such as phosphoryla-
tion or acetylation [11]. These data suggest that STAT3
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acetylation, but not STAT3 phosphorylation, likely con-
tributes to the negative regulation of BMDC function, at
least in part, via enhancing the IL-10 signaling pathway.
In fact, these results were obtained by GREAT based on
MSigDB, which determines the changes in genome-wide
STATS3 binding based on a comparison between SAHA-
treated BMDCs (which showed STAT3 acetylation, but
inhibited STAT3 phosphorylation) and diluent-treated
BMDCs (which showed basal level STAT3 phosphoryla-
tion) to exclude the possible disturbance from the basal
level of phosphorylated STAT3 in diluent-treated BMDC
controls. Phosphorylated STAT3 is known to activate tar-
get genes in DCs [56] or macrophages [2, 40], but the tar-
get genes of acetyl-STAT3 in DCs are not well under-
stood. The phosphorylation of STAT3 upon cytokine
stimulation has been emphasized in previous STAT3-
ChIP-seq studies [2, 27, 57]. Importantly, in the present
study, the effect of HDAC inhibition on the PTM of
STATS3 is likely to be primarily dependent on acetylated
STATS3.

However, STAT3 is acetylated at multiple lysine resi-
dues following HDAC inhibition [34]. Because of the un-
availability of a suitable acetyl-STAT3 antibody that has
complete signals for all acetyl-lysines in STAT3 following
HDAC inhibition, we used a STAT3 antibody in our
ChIP-seq experiments, and we utilized an acetyl (685)-
STATS3 antibody in our confirmation ChIP assay, which
is critical for STAT3 dimerization [10-13]. Thus, our
study is limited in its ability to definitively analyze the
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