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Abstract
Naïve CD4+T cells differentiate into various effector T helper subsets depending on the antigens
and cytokine microenvironment they encounter. IL-9-secreting Th9 cells are the most recent T
helper subset to be described. PU.1, one of the transcription factors required for the development
of Th9 cells, binds to the Il9 gene. In this study we show that PU.1 increases histone acetylation at
the Il9 locus through direct interactions with histone acetyltransferases (HAT). In the absence of
PU.1, there is decreased association of Gcn5 and PCAF, and increased association of HDACs at
the Il9 locus in Th9 cells. Inhibiting histone deacetylase activity augments PU.1-dependent IL-9
production. PU.1 forms a complex with Gcn5, and inhibiting the expression of Gcn5 results in
reduced IL-9 production. Moreover, the effects of Gcn5 on IL-9 production are specific as the
production of IL-10 and IL-21, two additional cytokines produced by Th9 cells, is not altered
following decreased Gcn5 expression. Together, these data define a PU.1-dependent mechanism
for altered histone acetylation and expression of the Il9 locus in Th9 cells.

Introduction
Naive CD4+T cells give rise to distinct T helper subsets in response to environmental cues.
T helper cells are characterized by the cytokines they secrete along with the lineage-specific
transcription factors they express. Th1, Th2, and Th17 cells which secrete IFN-γ, IL-4, and
IL-17 respectively, have T-bet, GATA3 and RORγt as lineage specific transcriptional
regulators (1). Recently, IL-9-secreting Th9 cells have been described that differentiate in
response to TGFβ and IL-4 (2–4). Our group has previously demonstrated that PU.1 is one
of the transcription factors required for the development of Th9 cells downstream of the
TGFβ signal (5, 6). Downstream of IL-4, STAT6 is required to activate IRF4 and potentially
other factors as part of a transcription factor network in Th9 cells (6, 7).

PU.1 is an ETS family transcription factor that has multiple functional domains. The ETS
homology DNA-binding domain is at the C-terminal end, and the acidic and glutamine rich
domains in the N-terminal end act as transactivation domains (8, 9). In Th2 cells, PU.1
interferes with Th2 cytokine expression by binding to, and limiting the function of GATA3
and IRF4 through interactions with the ETS DNA-binding domain (10–12). PU.1 binds
directly to the Il9 promoter in Th9 cells (5, 6). In mice with a conditional mutation of the
Sfpi1 allele (encoding PU.1), T cell-specific deletion of PU.1 results in decreased IL-9
production in vitro, and in vivo coincident with diminished allergic inflammation (5).
However, a mechanism for PU.1-dependent Il9 expression in Th9 cells has not been defined.
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Global gene expression results from a balance between histone acetylation and deacetylation
controlled by a group of enzymes, histone acetylatransferases (HATs)2 and histone
deacetylases (HDACs), respectively. Acetylation of lysine residues reduces electrostatic
interactions between histone and the phosphodiester backbone thereby facilitating the
accessibility of trans-acting factors to the gene (13). HDACs reverse this process in creating
repressive chromatin and restricting trans-acting factors access to a gene (14). Many
transcription factors can act as activators based on their interaction with proteins having
intrinsic HAT activity (14–16). Global hyperacetylated states can be generated through the
use of HDAC inhibitors which induce expression of a subset of genes (17, 18). Gcn5, one of
the HATs, was initially characterized as a positive regulator of amino acid biosynthesis in S.
cerevisiae, before its role in histone acetylation and transcription was appreciated (19). Gcn5
and PCAF, another HAT molecule, are subunits of several multi-protein complexes
including SAGA, ATAC and STAGA (20). Although considerable work examining PU.1
function has been described, and it is considered a pioneer factor in cellular differentiation
(21, 22), only limited work has examined the interaction of PU.1 with HAT proteins (23).

In this report, we demonstrate that PU.1 regulates the association of HDACs and HATs, and
as a consequence histone acetylation at the Il9 locus. PU.1 forms a complex with Gcn5, and
inhibiting Gcn5 expression results in diminished IL-9 production. Together, the data
documented here demonstrate that PU.1 transactivates Il9 by recruiting specific HAT
proteins, and increasing histone acetylation at the locus.

Materials and Methods
Mice

Wild-type (WT) C57BL/6 female mice were purchased from Harlan Biosciences,
Indianapolis, IN. Mice with conditional PU.1 gene deletion (Sfpi1lck−/−) on C57BL/6
background were previously described (24) and were mated to mice expressing Cre
transgene under the control of Lck promoter. Mice were maintained in pathogen-free
conditions and studies were approved by the Indiana University Institutional Animal Care
and Use Committee.

Th cell differentiation
Naïve CD4+CD62L+ T cells were purified from spleen and lymph nodes by magnetic
selection (Miltenyi Biotec). Naïve CD4+ T cells (1 × 106 cells per ml in complete
RPMI-1640 medium) were cultured with plate-bound anti-CD3 (2μg/ml; 145-2C11;
BioXcell) and soluble anti-CD28 (1μg/ml; 37.51; BD Biosciences) under Th9 conditions
(IL-4 (20ng/ml; Peprotech), TGF-β (2ng/ml; R&D systems) and anti-IFN-γ (10μg/ml;
XMG; BioXcell)) in a 6-well plate. After 3 days, cultures were expanded with fresh
complete RPMI-1640 medium with IL-4 and TGF-β added to the Th9 cells. Th9 cultures
treated with HDAC inhibitor had 20nM TSA (Sigma-Aldrich) being added on day 0 of the
cultures. After 5 days of differentiation cells were harvested and stimulated with 2μg/ml
plate-bound anti-CD3 for 1 day. Cell free supernatant was collected and the amount IL-9
was assessed by ELISA (anti-IL-9 capture antibody (D8402E8; BD Biosciences) and biotin-
labeled anti-IL-9 (D9302C12; Biolegend).

Retroviral transduction
Naïve CD4+CD62L+ T cells from WT mice were cultured under Th9 cell conditions, and
on day 2, were transduced with control, intact PU.1 (PU.1), and mutant PU.1 (R232G, and

2Abbreviations: HAT, histone acetyltransferase; HDAC, histone deacetylase; PCAF, p300/CBP associated factor.
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Δ33–100) expressing retroviral vectors as previously described (11) in the presence of
polybrene. On day 5, transduced cells (EGFP+ cells) were analyzed by flow cytometry. In
some experiments Th9 cells were transduced with control retroviral vector or intact PU.1, or
mutant PU.1-expressing retroviral vectors before EGFP+ cells were sorted on day 5, and
sorted cells were either stimulated with plate-bound anti-CD3 for ELISA or they were
prepared for chromatin immunoprecipitation.

Intracellular cytokine staining
Differentiated Th9 cells were stimulated with PMA (phorbol 12-myristate 13-acetate) and
ionomycin for a period of 5h. Monensin was added to the cells for the last 3h of stimulation.
After fixing the cells with paraformaldehyde and permeabilizing with saponin, cells were
stained with fluorochrome conjugated anti-mouse IL-9 (RM9A4, Biolegend), and anti-
mouse IL-4 (11B11, Biolegend). Cells were analyzed by flow cytometry with FACSCalibur
(Beckton Dickinson) and were analyzed by WinMDI.

Chromatin Immunoprecipitation
Unstimulated Th9 cells were crosslinked with formaldehyde and immunocomplex was
precipitated with protein A-agarose beads at 4°C overnight. The supernatant was incubated
in the presence of rabbit polyclonal antibodies (anti-PU.1, anti-Gcn5 (Santa Cruz
Biotechnology), anti-acetyl-H3 lysine 9/18, anti-acetyl-H3 lysine 14, anti-acetyl-H3 lysine
27, anti-acetyl-H4 lysine 5, anti-acetyl-H4 lysine 8, anti-acetyl-H4 lysine 16 (Millipore),
anti-Histone H3, anti-acetyl-H3 lysine 36 (Upstate), anti-histone H4 (Abcam)) and rabbit
IgG (Millipore), mouse monoclonal anti-HDAC1 and mouse IgG1, or goat polyclonal anti-
IRF4, anti-HDAC2 and goat IgG (Santa Cruz Biotechnology). After reverse crosslinking,
DNA was purified by phenol-chloroform extraction and ethanol precipitation. DNA
quantification was performed with SYBR Green Fast PCR Master Mix via ABI 7500 Fast
Real-time PCR system. A standard curve was generated from serial dilutions of input DNA
to quantify immunoprecipitated DNA. Data for ChIP samples are presented with percent
input from control Ig subtracted from percent input of the specific antibody.

Immunoblot
Total cell lysates were prepared from the indicated cell types. The lysates were resuspended
in SDS-PAGE loading buffer, boiled at 100°C for 5 min and electrophoresed on SDS-PAGE
gels (Invitrogen Life Technologies) before immunoblot with PU.1, IRF4, Gcn5, PCAF,
p300, or β-actin.

Gcn5 small interfering RNA (siRNA) transfection
Differentiated Th9 cells from wild-type mice were transiently transfected with control or
Gcn5-specific siRNA (0.2μM, Santa Cruz Biotechnology) using Amaxa Nucleofector
(Lonza). Cells were rested overnight in 5% CO2 incubator with hIL-2 (50U/ml). Cells were
either kept unstimulated for ChIP assay or stimulated with 2 μg/ml plate bound anti-CD3 for
6h for RNA isolation or for 24h to collect cell free supernatant for ELISA to assess IL-9,
IL-10, and IL-21 production.

Quantitative RT-PCR
Total RNA was isolated from unstimulated or stimulated (plate-bound anti-CD3, 2μg/ml)
cells using TRIzol and reverse transcribed according to manufacturer's instructions
(Invitrogen Life Technologies). Taqman Fast Universal Master Mix and commercially
available primers (ABI Biosystems) for mouse were used for Il9, Il10, Il21, Irf4, Sfpi1, and
Gcn5. RNA expression was normalized to the expression of β2-microglobulin and the
relative expression was calculated by the change-in-threshold (−ΔΔCT) method.
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DNA-affinity precipitation assay (DAPA)
Nuclear lysates were prepared from wild-type and Sfpi1lck−/− Th9 cells. Lysates were
incubated with streptavidin-agarose and consensus PU.1-binding oligonucleotides (WT
oligonucleotide). The consensus PU.1 binding site was previously described (5). Protein-
DNA complexes were separated by SDS-PAGE and immunoblots were probed with anti-
Gcn5, anti-PCAF, and anti-PU.1.

Results
Histone deacetylase inhibitor enhances IL-9 production

Histone acetylation of lysine residues by HAT domain-containing proteins relaxes the
condensed chromatin resulting in greater levels of gene transcription. This process is
reversed by histone deacetylases (HDACs). To determine if HDAC association at the Il9
locus was dependent on PU.1, we examined HDAC1 and HDAC2 binding in wild-type and
PU.1-deficient Th9 cells at two previously described conserved non-coding sequences
(CNS) 5-prime of the Il9 gene (25)(Fig. 1A). There was significantly enhanced HDAC1 and
HDAC2 binding at Il9 promoter (CNS1) in the absence of PU.1 (Fig. 1B). We then wanted
to define if HDAC inhibition reverses repressive chromatin and leads to enhanced IL-9
production. Wild-type Th9 cells were treated with TSA an antifungal antibiotic that
selectively inhibits class I and II HDACs. Th9 cells treated with TSA had increased
percentages of IL-9-secreting cells and enhanced Il9 gene expression (Fig. 1C and D).
However, TSA does not induce the expression of Il10 and Il21, cytokines produced by Th9
cells (5, 26)(Fig. 1D). This observation is consistent with studies showing that HDAC
inhibition only alters the expression of a subset of genes (17, 18). To examine whether TSA
treatment affects expression of Th9-specific transcription factors, we measured the
expression of Sfpi1, the gene encoding PU.1, and Irf4 after TSA treatment. We observed an
increase in Sfpi1 expression, but no change in Irf4 expression in Th9 cells (Fig. 1E). This
was confirmed by immunoblot of protein extracts prepared from Th9 cells treated with TSA
(Fig. 1F). To determine if TSA-mediated enhancement of IL-9 was PU.1-dependent, Th9
cells from both wild-type and PU.1-deficient mice were treated with TSA. PU.1-deficient
Th9 cells secreted significantly lower amounts of IL-9 than wild-type Th9 cells (Fig. 1G).
Although TSA was able to significantly increase IL-9 production from wild-type Th9 cells,
addition of TSA in PU.1-deficient Th9 cultures did not increase IL-9 production (Fig. 1G).

We then tested whether TSA-induced Il9 expression correlated with altered histone
acetylation at the Il9 gene or altered transcription factor binding at the Il9 promoter.
Acetylation of H3K14 and H4K5 was increased after wild-type Th9 cells were treated with
TSA (Fig. 1H). There was increased PU.1 and IRF4 binding to Il9 promoter after TSA
treatment (Fig. 1I), despite TSA not altering Irf4 expression. Overall, these data demonstrate
that HDAC inhibition leads to increased IL-9 production, and this correlates with increased
histone acetylation and increased PU.1 and IRF4 binding to the Il9 promoter.

The Activation domains of PU.1 induce IL-9 in Th9 cells
Since both PU.1 and induced histone acetylation are required for Il9 expression in Th9 cells
(5, 27), we next explored how PU.1 promotes histone acetylation. Transcription factors are
composed of distinct functional modules. To define the structural requirements for PU.1-
mediated IL-9 induction, we transduced developing Th9 cells with control retrovirus, intact
PU.1-expressing retrovirus (PU.1), and PU.1 mutant-expressing retroviruses that lacked the
transactivation domain (Δ33–100) or had a point mutation in the DNA binding domain
(R232G), that results in diminished DNA binding (8). Full length PU.1 enhances both the
percentage and the intensity of IL-9-secreting T cells (Fig. 2A and B). In contrast, cells
transduced with either the transactivation mutant or with the DNA-binding mutant
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retroviruses failed to induce IL-9 (Fig. 2A and B). Overall, these data suggest that the
activation domain and DNA-binding domain of PU.1 are required for the induction of IL-9.

To further demonstrate the requirement of the activation domain in IL-9 expression, we
transduced retroviruses expressing full-length PU.1 or activation domain-mutant PU.1 into
PU.1-deficient Th9 cultures (cells from Sfpi1lck−/− mice). PU.1-deficient Th9 cells
transduced with control retrovirus had significantly reduced IL-9-secreting cells and IL-9
production compared to wild-type Th9 cells, and increased production of IL-4, as previously
described (Chang et al, 2009) (Fig. 2C–E). However, full-length PU.1 was able to recover
IL-9 production in PU.1-deficient Th9 cells to a level similar to wild-type Th9 cells
transduced with control retrovirus, and repress production of IL-4 (Fig. 2C–E). In contrast,
the activation domain mutant had a significantly diminished ability to rescue IL-9 in PU.1-
deficient Th9 cells. The DNA binding mutant did not induce IL-9 when transduced into PU.
1-deficient Th9 cultures (data not shown). Together, these data suggest that the activation
domain of PU.1 is critical for the induction of IL-9.

Altered histone acetylase binding at the Il9 locus
Since PU.1 can bind to the Il9 promoter in Th9 cells (5), we hypothesized that PU.1 is
recruiting other factors such as histone modifying enzymes including histone
acetyltrasnferases (HATs) to the Il9 locus. We examined the recruitment of HATs including
Gcn5, PCAF, and p300 in wild-type and PU.1-deficient Th9 cells to two previously
described Il9 conserved non-coding sequences (25). We observed decreased recruitment of
both Gcn5 and PCAF at Il9 CNS1 and CNS0 in the absence of PU.1 (Fig. 3A). In contrast to
previous reports showing that PU.1 recruited p300 to the Igκ locus in B cells (23), there was
increased binding of p300 at the Il9 promoter in PU.1-deficient Th9 cells (Fig. 3A). To rule
out the possibility that in the absence of PU.1 there is difference in the expression of HAT
molecules, we prepared nuclear extracts from WT and PU.1-deficient Th9 cells and
examined the expression of Gcn5, PCAF, and p300 using immunoblot. Loss of PU.1 did not
alter the expression of these HATs (Fig. 3B). Thus, PU.1 is required for the association of
specific HATs to the Il9 promoter.

Altered histone acetylation at the Il9 locus
We then defined the functional consequences of altered HAT binding to Il9 gene. We had
previously observed decreased total H3 acetylation at the Il9 promoter in PU.1-deficient Th9
cells (5). We therefore examined the acetylation of specific histone residues in WT and PU.
1-deficient Th9 cells. We observed significantly attenuated histone acetylation of histone
H3K14 at the Il9 promoter in PU.1-deficient Th9 cells (Fig. 4A). Acetylation of H3K9/18,
H4K5, H4K8, and H4K16 was decreased significantly at the Il9 CNS1 and CNS0. However,
there was no difference in acetylation of H3K27 and H3K36 between wild-type and PU.1-
deficient Th9 cells (Fig. 4A). As a control we compared total H3 and H4 at Il9 promoter
between WT and PU.1-deficient Th9 cells and observed no difference in total histone
content at the locus (Fig. 4B). Overall, these data indicate that PU.1 regulates specific
histone acetylation at the Il9 locus.

PU.1 associates with Gcn5
As we observed decreased Gcn5 and PCAF recruitment to the Il9 promoter in the absence of
PU.1 (Fig. 3), we wanted to determine if PU.1 was able to directly associate with either of
these HAT proteins. We first tested an association of PU.1 with each HAT by co-
immunoprecipitation, but were unable to observe significant association (data not shown).
We speculated that PU.1 interacts with HATs more efficiently when bound to DNA. To test
this, a DNA-affinity precipitation assay (DAPA) was performed with nuclear lysates
prepared from wild-type and PU.1-deficient Th9 cells incubated with biotinylated WT
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oligonucleotide (consensus PU.1 binding site). DNA-bound PU.1 was able to precipitate
Gcn5 from wild-type lysates in the presence of WT oligonucleotide (Fig. 5A). However,
Gcn5 was not precipitated when consensus oligonucleotide was used with PU.1-deficient
Th9 extracts (Fig. 5A). PCAF was not precipitated from either wild-type or PU.1-deficient
Th9 lysates (Fig. 5A). These results suggest that DNA-bound PU.1 is able associate directly
with Gcn5, but not PCAF. To determine if the requirement for the activation domain in the
induction of IL-9 correlated with a requirement for the activation domain to interact with
Gcn5, we transfected cells with full-length or Δ33–100 mutant PU.1 and performed DAPA.
DNA-bound PU.1 requires the activation domain to efficiently precipitate Gcn5 (Fig. 5B).

To further demonstrate that PU.1 recruited Gcn5 to the Il9 promoter, we tested whether
ectopic expression of PU.1 recovered Gcn5 binding at the Il9 promoter in PU.1-deficient
Th9 cells. PU.1-deficient Th9 cells transduced with control retrovirus had significantly
attenuated Gcn5 binding at the Il9 promoter compared to wild-type cells (Fig. 5C). Full-
length PU.1 was able to rescue Gcn5 binding in PU.1-deficient Th9 cells (Fig. 5C).
However, cells transduced with the activation domain mutant failed to rescue Gcn5 binding
(Fig. 5C), further confirming the importance of the activation domain. Together, these data
demonstrate that PU.1 associates with Gcn5 and that the activation domain is critical for
Gcn5 binding to Il9 promoter.

Gcn5 is required for IL-9 expression
Since PU.1 associates with and recruits Gcn5 to Il9, we wanted to determine if reduced
Gcn5 expression affects Il9 gene expression. Gcn5-null embryos die during embryogenesis
(28). Therefore, differentiated wild-type Th9 cells were transfected with control or Gcn5-
specific siRNA. Th9 cells transfected with Gcn5-specific siRNA had significantly decreased
Gcn5 mRNA, and decreased Gcn5 binding to the Il9 promoter (Fig. 6A, B). Concomitantly,
IL-9 production was reduced significantly when Gcn5 expression was inhibited (Fig. 6C).
To determine if altered Gcn5 expression affects the production of other cytokines we
assessed the amount of IL-10 and IL-21 produced by Th9 cells with diminished Gcn5
expression. Gcn5 inhibition does not decrease IL-10 and IL-21 production (Fig. 6C).
Decreased Gcn5 expression did not alter PU.1 or IRF4 binding to the Il9 promoter (Fig. 6D).
Gcn5 acetylates H3K9/18, H4K8, and under some conditions H4K5 (29–31). We observed
acetylation of H3K9/18, H4K5 and H4K8 at the Il9 promoter was attenuated when Gcn5
was inhibited (Fig. 6E). Together, these data suggest that Gcn5 inhibition leads to reduced
IL-9 production concomitant with decreased histone acetylation of Gcn5-targeted lysine
residues at the Il9 promoter.

Discussion
Transcription factors play pivotal roles in the development of distinct T helper subsets.
Expression of lineage-specific transcription factors is the hallmark of effector T cells. Our
previous work demonstrated that PU.1 promotes the development of Th9 cells (5). The
present report addresses the mechanisms by which PU.1 induces IL-9 in Th9 cells.

PU.1 regulates the expression of various myeloid and lymphoid genes and its functional
domains have been characterized. In the N-terminus, multiple functional domains have been
identified (8, 32–34). The PEST domain, enriched in proline, glutamic acid, serine, and
threonine, may be important for regulating protein stability (35, 36), though in most reports,
the PEST domain was not required for transactivation (8, 32, 33, 37, 38). In this report, we
document that the acidic transactivation domain was also required for IL-9 induction. The
PU.1 ETS domain is located at the C-terminus and mediates DNA binding and interactions
with multiple proteins (39–41). In Th9 cells, the ETS domain of PU.1 has two functions; it
limits Th2 responses by interacting with GATA3, but also binds directly to Il9 to facilitate
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chromatin remodeling and transactivation (5, 11, 12). Thus, PU.1 uses multiple domains to
regulate the Th9 phenotype.

One likely functional role of the activation domain is for PU.1-mediated recruitment of
histone modifying enzymes to the Il9 gene. Th9 cells had the highest total acetylation of
both histone H3 and H4 compared with that of other T helper subsets, and total H3
acetylation was particularly affected by the absence of PU.1 (5). The interactions of PU.1
with HAT proteins have not been extensively examined, although previous studies
suggested that PU.1 interacts with the histone acetyltransferases p300, Tip60, and MOZ (23,
42, 43). We observed differential recruitment of HAT molecules to the Il9 promoter in the
absence of PU.1 and diminished histone acetylation at specific residues (Fig. 3 and 4A). The
specificity of PU.1 effects on histone acetylation at Il9 was evident in reduced acetylation of
H3K9/18, H3K14, H4K5, H4K8 and H4K16 residues in PU.1-deficient Th9 cells, although
acetylation of histone H3K27, and H3K36 remained unaltered (Fig. 4). It is possible that
PU.1 can mediate other histone modifications including lysine methylation. PU.1 has been
shown to repress GATA-1 to block the erythroid differentiation program by recruiting
histone methyltransferase Suv39h thereby causing methylation of histone H3K9 (44).
However, histone methylation of H3K27 was found to be PU.1-independent (5).

The balance between histone acetylation and histone deacetylation controlled by HATs and
HDACs, respectively, contributes to regulated gene expression. HDAC activity has been
shown to regulate T cell development and function (45). T cell-specific deletion of HDAC1
results in enhanced IL-4 production from in vitro cultured Th2 cells, and increased allergic
inflammation (46). It is possible that enhanced HDAC binding to Il9 in the absence of PU.1
contributes to reduced Il9 transcription (Fig. 1B). HDAC inhibition creates a
hyperacetylated state, however, not all gene expression is increased (17, 18). PU.1 is
regulated by HDAC inhibition, but the effects may be cell-type specific. In macrophage and
pro-T cell lines, HDAC inhibition resulted in loss of PU.1 expression (47). Consistent with
our results, the HAT inhibitor, curcumin, reduced PU.1 expression in Th9 cultures (48). We
observed enhanced IL-9 production after HDAC inhibition along with increased Sfpi1
expression and enhanced PU.1 binding to Il9 (Fig. 1). Irf4 expression remained unchanged,
although enhanced accessibility of IRF4 to Il9 was observed (Fig. 1). These results suggest
that by regulating histone acetylation, PU.1 also affects the binding of additional
transcription factors to the Il9 locus.

In the absence of PU.1, the association of Gcn5 and PCAF, two proteins found in multi-
protein chromatin remodeling complexes (20), with the Il9 locus was decreased or
eliminated. Previous studies have shown that PU.1 interacts with p300 in B cells (23). We
observed increased p300 association at the Il9 locus in the absence of PU.1, suggesting that
PU.1 is not critical for p300 binding to Il9, and that other transcription factors may mediate
p300 recruitment in Th9 cells. The expression of Gcn5 and PCAF do not change upon the
loss of PU.1 (Fig. 3B), suggesting that the decreased association of Gcn5 and PCAF with the
Il9 locus contributes to reduced Il9 transcription. We further demonstrate in this report that
DNA-bound PU.1 associates directly with Gcn5, but not PCAF (Fig. 5). Gcn5 functionally
contributed to Il9 expression, since IL-9 production was significantly diminished when
Gcn5 expression was reduced (Fig. 6). However, diminished Gcn5 expression did not
change IL-10 and IL-21 production demonstrating that, in Th9 cells, the Il9 locus is a
specific target of Gcn5. This is also consistent with our previous data that Th9 production of
IL-10 is independent of PU.1 (5). Inhibition of Gcn5 expression alone does not alter PU.1
and IRF4 binding to the Il9 gene (Fig. 6D).

The present study highlights the structural requirements of PU.1 in regulating the Il9 gene,
the unique chromatin modifications associated with PU.1-dependent Il9 gene expression,
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and the histone acetyltransferases required for those modifications. Based on our data, we
propose the following mechanism. PU.1 binds to the Il9 promoter in developing Th9 cells.
This results in complex formation and recruitment of Gcn5-containing chromatin
remodeling complexes, as well as an indirect recruitment of PCAF, leading to increased
histone acetylation. In the absence of PU.1, there is decreased association with a subset of
HATs, and increased HDAC association. Gcn5 is critical for regulating histone acetylation
at the promoter, and although it is not required for PU.1 or IRF4 binding to Il9, Gcn5-
dependent histone acetylation likely increases binding of T cell receptor-induced factors
such as NF-κB or NFAT that are important for Il9 gene expression following antigen
receptor stimulation (27) or may facilitate the function of general transcription factors
including RNA polymerase II (49). Together, our data provide a mechanism for PU.1-
dependent Il9 regulation in developing Th9 cells. Future work will define how PU.1
interacts with additional transcription factors at the Il9 locus, and how these interactions
contribute to IL-9 production during inflammatory disease.
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Figure 1.
Inhibiting histone deacetylases augment IL-9 production
A, Schematic diagram of the CNS of the Il9 gene. B, Naïve CD4+T cells from wild-type and
Sfpi1lck−/− mice were cultured under Th9 cell conditions for 5d. Chromatin
immunoprecipitation was performed for HDAC1 and HDAC2 before quantitative PCR for
two Il9 CNS sites. C–D, Naïve CD4+T cells from wild-type mice were cultured under Th9
conditions for 5d in the presence or absence of TSA. On day 5, cells were stimulated with
PMA and ionomycin before intracellular staining for IL-9 and IL-4 was performed (C).
Differentiated Th9 cells were stimulated with anti-CD3 for 6h before RNA isolation.
Expression of the indicated genes was assessed using quantitative PCR (D). E, Th9 cells
cultured and treated as in C were examined for Sfpi1 and Irf4 expression. F, Total cell
extracts were immunoblotted for PU.1, IRF4, and β-actin as a control (left), blots were
scanned and presented in densitometry units (right). G, Naïve CD4+T cells from wild-type
and Sfpi1lck−/− mice were cultured under Th9 cell conditions for 5d in the presence or
absence of TSA. On day5, cells were harvested and stimulated with plate bound 2 μg/ml
anti-CD3 for 24h. IL-9 was assessed by ELISA. H–I, Naïve CD4+T cells from wild-type
mice were cultured as in (C) for 5d. Chromatin immunoprecipitation was performed for
AcH3K14, AcH4K5, PU.1 and IRF4 before quantitative PCR for Il9 CNS1. ChIP data are
presented with control Ig values subtracted from the specific Ig percent input values. Data
are average ± S.D of 4–6 mice from 2–3 experiments (B–E), or replicates representative of 3
independent experiments (F, H, I) or average ± S.D of 3 mice (G). * p<0.05, **p<0.01 (C–
E, paired t-test; G, one way ANOVA post hoc Bonferroni correction).
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Figure 2.
Activation and DNA-binding domains of PU.1 induce IL-9
A–B, Naïve CD4+T cells from wild-type mice were activated with anti-CD3 and anti-CD28
and cultured under Th9 cell conditions for 48h before being transduced with control or full-
length PU.1 (PU.1) or PU.1 mutant-expressing retroviruses. After 5d in culture cells were
stimulated with PMA and ionomycin. Percentages of IL-9-secreting cells (A) and IL-9 mean
fluorescence intensity (MFI) (B) was analyzed based on EFGP+ cells. C–E, Naïve CD4+T
cells from wild-type and Sfpi1lck−/− mice were cultured under Th9 conditions and
transduced with control, full-length or PU.1 mutant-expressing retroviruses as indicated. On
day 5 of culture, EGFP+ cells were activated with PMA and ionomycin for flow cytometry
based on EGFP+ cells (C, D) or sorted and activated with 2 μg/ml plate-bound anti-CD3 for
24h. Cell free supernatant was collected to measure IL-9 by ELISA (E). Data are average ±
S.D of 6–8 mice from 3–4 experiments (A, B) or average ± S.D of 3 mice (C–E). *p<0.05,
** p<0.01 (one way ANOVA with post hoc Bonferroni correction).
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Figure 3.
Altered histone acetyltransferases binding at Il9 gene
A, Naïve CD4+T cells from wild-type and Sfpi1lck−/− mice were activated with anti-CD3
and anti-CD28 and cultured under Th9 cell conditions for 5d. Cells were then fixed and
chromatin immunoprecipitation was performed for Gcn5, PCAF, and p300 before
quantitative PCR for two Il9 CNS sites. ChIP data are presented with control Ig values
subtracted from the specific Ig percent input values. B, Total cell lysates were prepared from
WT and PU.1-deficient Th9 cells and were immunoblotted for Gcn5, PCAF, and p300. β-
actin was used as loading control. Data are average ± S.D of 6–8 mice from 3–4 experiments
(A) or representative of two independent experiments (B). * p<0.05, ** p<0.01.
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Figure 4.
Altered histone acetylation at Il9 gene
A–B, Naïve CD4+T cells from wild-type and Sfpi1lck−/− mice were cultured under Th9 cell
conditions for 5d. The differentiated cells were used for chromatin immunoprecipitation for
AcH3K9/18, AcH3K14, AcH4K5, AcH4K8, AcH4K16, AcH3K27, and AcH3K36 before
quantitative PCR for Il9 CNS1 and Il9 CNS0 (A) or for total H3 and total H4 before
quantitative PCR for Il9 CNS1 (B). ChIP data are presented with control Ig values
subtracted from the specific Ig percent input values. Data are average ± S.D of 6–8 mice
from 3–4 experiments. * p<0.05, ** p<0.01.
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Figure 5.
PU.1 associates with Gcn5
A, Naïve CD4+T cells from wild-type and Sfpi1lck−/− mice were cultured under Th9
conditions for 5d. Th9 nuclear lysates were incubated with WT oligonucleotide and
streptavidin-agarose. Lysates were then subjected to immunoblot for Gcn5, PCAF and PU.1.
Input samples were prepared from untreated nuclear lysates. B, Phoenix-GP cells were
transfected with control (MIEG), full-length PU.1 (PU.1) or activation domain mutant PU.1
(Δ33–100)-expressing plasmids. Nuclear extracts were then prepared and subjected to
DAPA using WT oligonucleotide before immunoblot for Gcn5 (left panel). Densitometry of
the immunoblots was performed where the background signal (MIEG) was subtracted from
the full-length or activation domain mutant PU.1 immunoblot signal and data are presented
as arbitrary densitometry units (right panel). C, Naïve CD4+T cells from wild-type and
Sfpi1lck−/− mice were cultured under Th9 conditions and transduced as Fig. 1C. On day 5,
EGFP+ cells were sorted and used for Gcn5 chromatin immunoprecipitation before
quantitative PCR for Il9 CNS1. ChIP data are presented with control Ig values subtracted
from the specific Ig percent input values. Data are average ± S.D. of 3 mice. ** p<0.01 (One
way ANOVA with post hoc Bonferroni correction).
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Figure 6.
Gcn5 inhibition reduces IL-9 production
A–C, Naive CD4+T cells from wild-type mice were cultured under Th9 conditions for 5d.
Differentiated cells were then transfected with control or Gcn5-specific siRNA. After
transfection cells were rested overnight with IL-2 and were then stimulated with plate-bound
anti-CD3 (2μg/ml) for 6h for isolating RNA or for 24h to harvest cell free supernatant for
ELISA (A, C) or kept unstimulated for chromatin immunoprecipitation (B). D–E, ChIP
assay was performed from Th9 cells transfected with Gcn5 siRNA as in (A) for Gcn5, PU.1,
IRF4, AcH3K9/18, AcH4K5 and AcH4K8 followed by quantitative PCR with primer for Il9
CNS1. ChIP data are presented with control Ig values subtracted from the specific Ig percent
input values. Data are average ± S.D of 4–6 mice from 2–3 experiments. * p<0.05, **
p<0.01.
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