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Inflammatory bowel disease (IBD) pathogenesis is associated with dysregulated CD4* Th cell responses, with
intestinal homeostasis depending on the balance between IL-17-producing Th17 and Foxp3* Tregs. Differen-
tiation of naive T cells into Th17 and Treg subsets is associated with specific gene expression profiles; however,
the contribution of epigenetic mechanisms to controlling Th17 and Treg differentiation remains unclear.
Using a murine T cell transfer model of colitis, we found that T cell-intrinsic expression of the histone lysine
methyltransferase G9A was required for development of pathogenic T cells and intestinal inflammation. G9A-
mediated dimethylation of histone H3 lysine 9 (H3K9me2) restricted Th17 and Treg differentiation in vitro
and in vivo. H3K9me2 was found at high levels in naive Th cells and was lost following Th cell activation. Loss
of G9A in naive T cells was associated with increased chromatin accessibility and heightened sensitivity to
TGF-p1. Pharmacological inhibition of G9A methyltransferase activity in WT T cells promoted Th17 and Treg
differentiation. Our data indicate that G9A-dependent H3K9me?2 is a homeostatic epigenetic checkpoint that
regulates Th17 and Treg responses by limiting chromatin accessibility and TGF-f}1 responsiveness, suggesting

G9A as a therapeutic target for treating intestinal inflammation.

Introduction

The inflammatory bowel diseases (IBDs) are a group of chronic
intestinal inflammatory diseases that include ulcerative colitis
(UC) and Crohn disease (CD). IBD is thought to occur as a result
of a complex interplay between host genetics and environmental
factors leading to a dysregulated intestinal immune response (1).
A recent meta-analysis of existing genome-wide association stud-
ies identified over 160 loci associated with both UC and CD (2).
Gene ontology (GO) analysis of these IBD loci showed that the
terms “regulation of cytokine production” and “T cell activation”
were significantly enriched (2), suggesting that dysregulated pro-
duction of cytokines by activated T cells is a critical factor in the
development of IBD. Thus, a better understanding of the molecu-
lar mechanisms that regulate T cell activation and function may
provide novel pathways to target therapeutically.

A pathogenic role for CD4* Th cells in intestinal inflammation
has been clearly shown in a murine T cell transfer model of IBD.
Adoptive transfer of highly purified naive CD4*CD25-CD45SRBM
Th cells into immunodeficient Ragl~~ mice results in the develop-
ment of chronic intestinal inflammation, leading to weight loss and
death (3, 4). Disease pathology of Th cell transfer colitis shares many
similarities with human IBD, including transmural inflammation,
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epithelial cell hyperplasia, loss of goblet cells, leukocyte infiltration,
crypt abscesses, and epithelial erosion (3, 5). Cotransfer of naive Th
cells with purified Tregs abrogates the development of disease (6-9),
thus providing a powerful in vivo model to directly test the cell-
autonomous inflammatory and regulatory capabilities of Th cells.
Th cells differentiate into one of several effector lineages, including
Th1, Th2, Th17, and Tregs, which vary in their function (10). Th17
and Tregs are unique among the Th cell subsets in that they are found
in high numbers in intestinal tissues in the steady state and their dif-
ferentiation is controlled by the cytokine TGF-B1 (11). Activation of
naive Th cells in the presence of TGF-B1 and IL-6 leads to the develop-
ment of Th17 cells that express the transcription factor retinoic acid-
related orphan receptor-yt (RORyt) and secrete IL-17A and IL-17F
(12-15). In contrast, activation of naive Th cells in the presence of
TGF-p1 and IL-2 leads to the development of Tregs that express
Foxp3 (16). Th17 and Treg differentiation is a reciprocal relation-
ship, as Foxp3 antagonizes RORyt function (17, 18) while RORyt can
repress Foxp3 gene expression (19), and this balance between Th17
and Tregs is critical for intestinal homeostasis. Thus, understand-
ing the molecular mechanisms that control Th17 and Treg differ-
entiation will be important for identifying how dysregulated Th cell
responses contribute to the development of intestinal inflammation.
Th cell lineage differentiation is controlled by the activation of
lineage-specific gene expression with the concomitant repression
of lineage-promiscuous genes through transcriptional and epi-
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Figure 1

G9A is required for the development of experimental colitis. CD4+CD25-CD45RB" naive T cells (4 x 10%) from G9a’ or G9a~- mice were trans-
ferred into Rag7-~ mice and monitored for colitis. (A) Weight loss (percentage of initial weight) was calculated for each mouse over 7 weeks.
(B) Representative sections of H&E-stained proximal colons. Scale bars: 100 um. (C) Colitis was assessed histologically at 7 weeks after transfer,
and severity of inflammation was scored. (D) Colon length, (E) spleen weight and cellularity, and (F) serum TNF-a were analyzed at 7 weeks
after transfer. (G) Frequency and total number of CD4+ T cells in spleen and mLN. Each point represents an individual mouse, and the data are
from 2 of 4 independent experiments (n = 5-8 per experiment). Statistics compare Rag71-- mice that received G9a T cells to those that received
G9a~-T cells. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SEM.

genetic mechanisms (20). A general epigenetic model of cellular
lineage differentiation has emerged, in which activating epigenetic
modifications are found at lineage-specific genes while repressive
epigenetic modifications accumulate at lineage-promiscuous loci
(21). For example, acquisition of activating histone modifications,
such as acetylation of lysines 9 and 14 in histone H3 (H3K9/14Ac)
or trimethylation of lysine 4 in histone H3 (H3K4me3), is asso-
ciated with gene expression, while repressive epigenetic marks,
including H3K9me2, H3K9me3, and H3K27me3, are found at lin-
eage-promiscuous and silenced genes (22). In Th cells, H3K9/14Ac
modifications are enriched at the promoters of lineage-specific
genes such as Rorc in Th17 cells and Foxp3 in Tregs (23, 24). It
has also been shown that H3K27me3, mediated by the polycomb
repressive complex (PRC) member Ezh2, is acquired at silenced
loci during Th cell differentiation (24), while Suv39h1/2-depen-
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dent H3K9me3 is acquired at lineage-promiscuous loci in Th2
cells and is required for Th2 stability (25). However, a full under-
standing of the functional role of epigenetic modifications in the
regulation of Th cell differentiation remains unclear.

The role of the repressive histone modification H3K9me2 during
Th cell differentiation is not fully understood. H3K9me?2 is medi-
ated by the methyltransferase G9A (Ebmt2, KmtIc) (26-28), which
has been shown to regulate cellular differentiation of embryonic
stem cells (29), silence facultative heterochromatin during X chro-
mosome inactivation (30), inhibit pluripotency-associated genes in
induced pluripotent stem (iPS) cells (31, 32) and, mediate innate
type 1 IFN response after viral infection (33). These studies suggest
that G9A mediates epigenetic silencing of nonspecific loci during
lineage differentiation. However, we have previously shown that
GYA is dispensable for repression of lineage-promiscuous genes
Number 5
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Figure 2

Teff: Treg ratio

Expansion of Foxp3+ Tregs after transfer of naive G9a~- Th cells into Rag7-- mice. CD4+*CD25-CD45RB" naive T cells (4 x 10°) from G9a" or
G9a~- mice were transferred into Rag7-- mice. (A) The frequency of Tregs (CD4*CD25+Foxp3+) in peripheral blood of Rag7-- mice that received
G9a'f or G9a~- T cells was quantified by flow cytometry. (B) Representative CD25 and Foxp3 staining of peripheral blood CD4+ cells at 7 weeks
after transfer. Numbers represent frequency of CD4+CD25+Foxp3+ cells. (C) Representative CD4 and Foxp3 staining and (D) quantitative analysis
of the frequency and total number of Foxp3+ cells from the spleen, mLN, and LP from Rag -~ mice receiving G9a or G9a~- naive T cells. Data
are from 1 representative experiment of 4 experiments (n = 5-8 per experiment). Numbers represent frequency of CD4+Foxp3+ cells. (E) Cells
from the spleen, mLN, and LP of G9a”" or G9a~- mice were stained for CD4 and these cells analyzed for expression of CD25 and intracellular
Foxp3. Representative FACS plots are shown (n = 3—6). Numbers represent frequency of CD4+CD25+Foxp3+ cells. (F) Proliferation of bead-sorted
CD4+CD25- Teff cells from WT mice cultured alone or with the indicated ratios of G9a or G9a“- CD4+CD25* Tregs in the presence of T cell
activator beads for 4 days. Data are representative of 3 independent experiments. **P < 0.01; ***P < 0.001. Error bars indicate SEM.

during Th1 and Th2 cell differentiation (34). Although pharmaco-
logical inhibition of G9A methyltransferase activity had no effect on
Th1 or Th2 cell differentiation, we observed dysregulated expression
of IL-17A, suggesting a role for G9A-dependent H3K9me?2 in the
silencing of IL-17A and potentially regulation of Th17, and by rela-
tion, Treg differentiation. Thus, we sought to determine the role of
G9A and H3K9me?2 in Th17 and Treg lineage development.

Here, we used a T cell transfer model of intestinal inflammation
and found that G9A is a negative regulator of both Th17 and Treg
differentiation. Following transfer of naive G9A-deficient Th cells, we
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observed increased Th17 and Treg differentiation and reduced Th1
cell differentiation in the absence of any intestinal inflammation. In
contrast with the proposed role of G9A and H3K9me2, we did not
find that H3K9me2 accumulated at lineage-promiscuous loci during
Th17 or Treg differentiation. Instead, H3K9me2 was present at high
levels across lineage-specifying loci (Foxp3, Rorc, and I1174/f) in naive
Th cells, and these levels decreased during Th cell differentiation.
Lack of H3K9me2 in naive G9a-deficient (G947~) Th cells promoted
Th17 and Treg differentiation in vitro and in vivo due to enhanced
sensitivity to the lineage-promoting cytokine TGF-B1. The absence
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Figure 3

Dysregulated IFN-y and IL-17A production from G9a~- Th cells after transfer into Rag7-- mice. CD4+*CD25-CD45RB" naive T cells (4 x 105) from
G9a"" or G9a~- mice were transferred into Rag7-- mice and analyzed 7 weeks after transfer. (A) Representative IL-17A and IFN-y expression
by CD4+ cells. Numbers represent frequency of cells in each quadrant. (B) Quantitative analysis of intracellular IL-17A and IFN-y produced by
CD4+ cells in the spleen, mLN, and LP. (C) Quantitative RT-PCR analysis of mRNA transcripts encoding Ifng, I117a, I117f, and Rorc measured in
proximal colons and expressed relative to Actb. (D) Serum IFN-y and IL-17A levels. Each point represents an individual mouse and is from 2 of
4 independent experiments (n = 5-8 per experiment). *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate SEM.

of G9A resulted in increased chromatin accessibility at the promoter
and CNS1 of the Foxp3 gene. G9A-mediated dimethylation of H3K9
served a critical function in limiting Th cell development by raising
the threshold for TGF-f1-induced activation and controlling access
to target genes. Together, these results suggest that G9A is a potential
novel therapeutic target for treating IBD.

Results

GYa is required for the development of T cell-dependent intestinal inflam-
mation. To determine the role of G9A in T cell differentiation in
vivo, we used a well-established mouse model of colitis (35). Adop-
tive transfer of naive CD4*CD25-CD45RB T cells into lymphope-
nic Ragl~~ recipients leads to severe colitis that is associated with
expansion and accumulation of pathogenic IFN-y-producing Th
cells that can be regulated by both Th17 and Tregs (35-38). Mice
carrying a “floxed” allele of G94 (34) were crossed with mice express-
ing Cre recombinase under control of CD4 promoter/enhancer ele-
ments, resulting in the selective deletion of G9A in both CD4* and
CD8* T cells (mice referred to here as G927/~ mice). As expected,
Ragl~/- mice that received naive T cells isolated from control G924/
mice began to lose weight at 5 weeks after transfer. In contrast,
Ragl~~ mice that received T cells from G927~ mice continued to
gain weight similarly to unreconstituted Ragl~~ mice (Figure 1A).
Mice that received control G947 T cells developed severe inflam-
mation of the colon characterized by crypt hyperplasia, inflamma-
tory cell infiltration, and loss of goblet cells at 7 weeks (Figure 1, B
and C). In contrast, mice that received G927/~ T cells failed to display
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any detectable colonic inflammation and were indistinguishable
from unreconstituted Ragl~~ mice. In addition, Ragl~~ mice recon-
stituted with G94"/1 T cells displayed significant colonic shortening
and splenomegaly compared with mice reconstituted with G947/~
T cells (Figure 1, D and E). Other symptoms of inflammation,
including elevated levels of serum TNF-a., were significantly attenu-
ated in mice receiving G947/~ Th cells (Figure 1F). We failed to detect
any significant differences in the frequency of CD4* T cells in the
spleen or mesenteric LNs (mLN) at 7 weeks after transfer (Figure 1G);
however, the total number of CD4" cells was slightly reduced in the
spleen. Consistent with decreased intestinal pathology, we observed
a lower frequency and number of G947~ T cells in the lamina pro-
pria (LP) (Figure 1G). Thus, T cell-intrinsic expression of G9a is
critical for the development of intestinal inflammation.

GY9A inhibits conversion of naive Th cells into Foxp3* regulatory T cells.
Cotransfer of Foxp3* Tregs with naive T cells into Ragl~~ mice abro-
gates the development of colitis (39). As we observed no weight loss
or pathology following transfer of G927~ T cells, we first examined
the conversion of naive G947~ T cells into Foxp3* Tregs during T cell-
mediated colitis. Although we could not detect significant conver-
sion of control GI4/# T cells in the peripheral blood, we could detect
significantly elevated frequencies of Foxp3* Tregs as early as 4 weeks
after transfer of naive G927~ T cells (Figure 2, A and B). Furthermore,
7 weeks following adoptive transfer of G9a4 T cells, we observed that
less than 4% of CD4* T cells acquired Foxp3 expression in the spleen,
mLN, and large intestinal LP (Figure 2, C and D). In contrast, we
identified a 2- to 10-fold increase in the frequency of Foxp3* Tregs
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in all tissues examined in mice that received G927~ T cells (Figure 2,
Cand D). However, because mice that received G927/~ T cells had fewer
CD4" T cells (Figure 1G), the total number of Foxp3* cells was com-
parable in mice that received G94%/ and G9a /- T cells (Figure 2D).
Functionally, we failed to observe any differences in the frequency
or suppressive capacity of thymus-derived Tregs between G94%# and
G947/~ mice (Figure 2, E and F). However, as sorted G94%# and G947/~
CD4*CD25 CD45RBM cells contained approximately 0.5% thymus-
derived Tregs (Supplemental Figure 1A; supplemental material avail-
able online with this article; doi:10.1172/JC169592DS1), it remained
a possibility that the increased frequency of Foxp3* cells in the recipi-
ents of G947/~ T cells was a result of in vivo expansion of G927/~ Tregs.
To address this concern, we transferred purified CD4*CD25* Tregs
from G94"M and G9a/~ mice along with WT CD4*CD25-CD4SRBM
T cells into Ragl~~ recipients. CD4*CD25" Tregs from either geno-
type were capable of preventing weight loss (Supplemental Figure
1B). Furthermore, similar frequencies of G94%/ and G947/~ Foxp3*
cells were found in the spleen, mLN, and LP of the recipient mice,
indicating that in vivo expansion of Tregs is not affected by loss of
GYA (Supplemental Figure 1C). These data suggest that the effects
of GYA deficiency were specific for Treg differentiation from naive T
cells and that T cell-intrinsic expression of G9A regulates the devel-
opment of intestinal inflammation, possibly by limiting the differ-
entiation of Tregs in vivo.

G9a controls Th cell differentiation during colitis. During intestinal
inflammation, IFN-y is pathogenic (4, 35, 38), while the function
of IL-17A/F and Th17 cells is controversial, with studies suggest-
ing both pathogenic (40-42) and protective (37, 43) roles. We next
examined the frequency of Th1 and Th17 cells that developed fol-
lowing transfer of G94%/ or G947/~ CD4*CD25-CD4SRB" cells. Con-
sistent with a lack of intestinal inflammation and systemic disease,
we detected significantly fewer IFN-y-producing G947/~ T cells in the
spleen, mLN, and LP at 7 weeks after transfer (Figure 3, A and B)
as well as significantly decreased expression of Ifng mRNA in the
colon (Figure 3C) and significantly reduced levels of IFN-y in the
serum (Figure 3D) of G947/~ T cell recipients. As we have previously
shown that G947/~ T cells are fully capable of differentiating into
Th1 cells and producing IFN-y in vitro as well as in vivo during hel-
minth infection (34), the decreased frequency of IFN-y-producing
Th cells is most likely not due to an intrinsic inability of G927~ Th
cells to produce IFN-y. However, to directly address this possibility,
we injected Ragl~~ mice that received G947/~ T cells with either IL-12
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Figure 4

Dynamic regulation of histone acetylation and methyla-
tion during Th cell differentiation. Naive CD4+ T cells
(N) from WT mice were differentiated in vitro under
Th17 (17) or Treg-promoting conditions and processed
for ChIP analysis using antibodies specific for (A)
H3K9/14Ac or (B) H3K9me2. Quantitative PCR was
performed using primers for the promoters of the spe-
cific genes. Data shown are from 3 to 5 independent
experiments performed in duplicate. Statistics compare
differentiated cells to naive. *P < 0.05; **P < 0.01. Error
bars indicate SEM.

Foxp3

*%

Foxp3

N 17 Treg

or IFN-y to promote Th1 cell differentiation. Despite significantly
increasing the frequency of IFN-y-producing T cells (Supplemental
Figure 2A) and reducing the frequency of Foxp3* Tregs (Supplemen-
tal Figure 2B) in the LP, there was no change in weight loss, gross
pathology, colon length, or spleen weight (Supplemental Figure 2,
C-F). These results demonstrate that G947/ T cells are not inher-
ently deficient in their ability to differentiate into Th1 cells during
T cell transfer colitis, but do not induce intestinal inflammation.

In contrast to the IFN-y-producing Th1 cells, we observed a signif-
icantly increased frequency of IL-17A-producing Th17 cells in the
spleen, mLN, and LP of mice that received G927/~ T cells compared
with mice that received control G947 T cells (Figure 3, A and B).
We also observed significantly increased expression of mRNA of
the Th17-specific genes I/17a4 and Rorc and a modest increase in
Il17fin the colon (Figure 3C) as well as heightened serum levels of
IL-17A (Figure 3D). Thus, T cell-specific deletion of G9a results in
an increased frequency of both Treg and Th17 cells during intesti-
nal inflammation, suggesting that G9a negatively regulates the dif-
ferentiation of these cell lineages in vivo. Furthermore, these results
are consistent with a protective role for Th17 cells in colitis.

As we observed that naive G947/~ T cells failed to induce intes-
tinal inflammation, we hypothesized that G9a-deficient T cells
would influence G9a-sufficient T cells during T cell transfer coli-
tis and protect from disease. Consistent with this, we found that
cotransfer of G9a7/~ T cells with WT T cells offered significant
reduction in intestinal inflammation compared with that in mice
receiving WT T cells alone, although weight loss, splenomegaly,
or colon length were not significantly different among the groups
(Supplemental Figure 3, A-E).

G9A-dependent H3K9me2 is dynamically regulated during Th17 and
Treg differentiation. To address how G9A controls Th17 and Treg
differentiation, we first examined the expression of activating and
inhibitory epigenetic modifications during Th17 and Treg differen-
tiation, focusing on histone H3 acetylation (H3K9/14Ac) as well as
H3K9me2, the repressive histone modification mediated by G9A.
We employed an in vitro system of Th cell differentiation to gener-
ate IL-17A-producing Th17 and Foxp3-expressing Tregs from naive
precursors. ChIP analysis of activating H3K9/14Ac modifications
revealed increased H3K9/14Ac at the promoters of lineage-specific
genes (Il17a, 1117f, and Rorc in Th17 cells and Foxp3 in Tregs), but not
atlineage-promiscuous genes (Il7a, 1117f, and Rorc in Tregs and Foxp3
in Th17 cells) (Figure 4A). This finding is consistent with a role for
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histone acetylation in expression of lineage-specific genes during Th
cell differentiation (44). However, in contrast to our expectations, we
found that H3K9me2 is not acquired at lineage-nonspecific genes
during differentiation. Instead, we observed high levels of inhibitory
H3K9me?2 at the Il17a, I117f, Rorc, and Foxp3 promoters in naive T
cells that decreased following activation under either Th17 or Treg-
promoting conditions (Figure 4B). Thus, unlike other repressive
marks, such as H3K27me3 (24) and H3K9me3 (25), these results
demonstrate that G9A-dependent H3K9me2 is not acquired at
lineage-promiscuous genes in Th17 and Tregs, but instead is found
at high levels in naive T cells and subsequently removed during Th
cell activation. This suggests that the role of G9A and H3K9me2
is to limit activation-induced differentiation of naive T cells into
Th17 and Treg fates rather than prevent the expression of lineage-
promiscuous genes and nonspecific lineage differentiation.

G9A limits Treg differentiation in vitro. Based on our results, we
hypothesized that the absence of G9A would result in enhanced
Treg and Th17 cell differentiation in vitro. Following in vitro dif-
ferentiation of T cells isolated from G94%/ and G947/~ mice, we
observed a significantly higher frequency of Foxp3-expressing
Tregs (Figure SA) and IL-17A-producing Th17 cells in the absence
of G9A (Supplemental Figure 4A). This increase was the result of
enhanced differentiation into Foxp3* cells rather than increased

Figure 5

GO9A limits in vitro differentiation of Tregs. (A) Naive CD4+ T cells from
G9a or G9a~- mice were differentiated for 6 days under Treg-promot-
ing conditions and analyzed for Foxp3 expression. Representative flow
cytometry data and quantification of Foxp3+ cells (n = 11) are shown.
Numbers represent frequency of CD4+Foxp3+ cells. (B) Naive and in vitro
differentiated Tregs from G9a/ or G9a~- CD4+ T cells were processed
for ChIP analysis using antibodies specific for H3K9me2. H3K9me2
levels were determined at the Foxp3 locus. Data shown are the mean
of 3 independent experiments performed in duplicate. ***P < 0.001.
Error bars indicate SEM.

proliferation, as the number of divisions observed by CFSE dilu-
tion was comparable between G947/ and G947/~ Treg cultures
(Supplemental Figure 5). Furthermore, we found that H3K9me2
was enriched across the Foxp3 loci in naive G94"/ T cells but not in
G947/~ T cells and, upon Treg differentiation, H3K9me2 levels in
G9a/A'T cells were reduced to levels similar to those of naive G947/~
T cells (Figure 5B). A similar result was obtained at the Il17a/flocus
under Th17 cell differentiation conditions (Supplemental Figure
4B). Consistent with our results demonstrating that H3K9me?2 is
not acquired at nonspecific loci, we failed to observe any promis-
cuous IL-17A production from Tregs or Foxp3 expression in Th17
cells in the absence of G9A (Supplemental Figure 6). These results
demonstrate that homeostatic G9A-dependent H3K9me2 histone
modifications in naive T cells are critical for limiting the magni-
tude of Th17 and Treg responses, but are dispensable for repress-
ing lineage-promiscuous genes in Th17 and Tregs.

GY9a-deficient T cells display increased sensitivity to TGF-B1. Our results
demonstrate that lack of G9A is associated with decreased Th1 cell
differentiation with coincident increases in Th17 and Treg respons-
es. As TGF-B1 has an important role in both limiting IFN-y produc-
tion (45, 46) and promoting Th17/Treg responses (12-14, 16), we
hypothesized that G9a-deficient T cells would display dysregulated
responsiveness to TGF-f1 in vitro. First, we cultured naive G9a4%#
and G947~ T cells under Th1 cell-polarizing conditions with varying
concentrations of TGF-B1 to examine the role of G9A in TGF-f1-
dependent inhibition of Th1 cell responses. We failed to observe
any significant differences in the ability of TGF-P1 to inhibit IFN-y
production from G947 or G947/~ T cells (Figure 6). However, G947/~
Th1 cells treated with varying concentrations of TGF-1 showed sig-
nificantly increased frequency of Foxp3* cells compared with G947/
T cells, especially at low concentrations of TGF-f1 (Figure 6). Thus,
GYA is dispensable for TGF-B1-dependent inhibition of IFN-y.

TGF-B1 (ng/ml)

Figure 6
Enhanced TGF-B1 sensitivity of G9a= T cells results in

increased Foxp3+ cells under Th1 conditions. G9a" or
G9a- naive CD4+ cells were differentiated under Th1 cell-
promoting conditions with the indicated dose of TGF-$1 and
analyzed at day 6 for the expression of IFN-y and Foxp3 by
flow cytometry. Data shown are representative of at least 3

independent experiments. Numbers represent frequency of
cells in each quadrant.
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Enhanced sensitivity to TGF-B1 leads to increased Tregs from G9a~- T cells.
(A) G9a or G9a~- naive CD4+ cells were differentiated under Treg-promoting
conditions with the indicated dose of TGF-B1 and analyzed at day 6 for the expres-
sion of Foxp3 by flow cytometry. Numbers represent frequency of CD4+Foxp3+
cells. (B) Naive G9a~- T cells were differentiated under Treg-promoting conditions
in the presence of vehicle, neutralizing antibody to TGF-1 (10 ug/ml), or TGF-p
signaling inhibitor (LY364947, 5 uM). Data shown are representative of at least 3
independent experiments. Numbers represent frequency of CD4+Foxp3+ cells.

TGF-B1 is also critical for the differentiation of both Th17 and
Treg populations. We next tested whether the absence of G9A-
dependent H3K9me2 would affect TGF-f1 responsiveness. We
activated naive G94"M and G947/~ T cells under Treg-polarizing
conditions with varying concentrations of TGF-f 1. In the absence
of TGF-B1, we did not observe Treg differentiation from either
GYa-sufficient or G9a-deficient Th cells (Figure 7A), demonstrat-
ing that TGF-B1 is critically required for Foxp3 expression in Th
cells even in the absence of G9a-dependent H3K9me2. Under Treg-
promoting conditions, we found that G927~ Th cells differentiated
into Foxp3* Tregs at TGF-B1 concentrations at least 20-fold lower
than those required for WT cells (Figure 7A). Similar results were
obtained under Th17 conditions, where we observed increased fre-
quencies of IL-17A-producing G947~ Th cells at all concentrations
of TGF-B1 (Supplemental Figure 7A). These effects were directly
due to TGF-f1, as treatment of G927/~ Treg (Figure 7B) and Th17
(Supplemental Figure 7B) cell cultures with a neutralizing TGF-1
antibody (aTGF-B1) or a chemical inhibitor of TGF-f signal-
ing (LY364947) significantly reduced the frequency of Tregs and
Th17 cells. These results demonstrate that lack of G9A lowers the
threshold for TGF-B1-induced generation of Th17 and Tregs. This
increased responsiveness was not due to increased TGF-f3 receptor
expression or signal strength, as we found no differences in sur-
face expression of TGF-BRII (Supplemental Figure 8A) or mRNA
levels of Tgfbr2 or Smad3 (Supplemental Figure 8B) between naive
G941 or G947/~ Th cells. In addition, phosphorylation of Smad3
during Treg differentiation was unaffected by the absence of G9A
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(Supplemental Figure 8C). Thus, these results demon-
strate that G9A controls TGF-f1 responsiveness and
subsequent Th cell differentiation.

Methyltransferase activity of G9A is required to limit Treg
differentiation. Several studies have demonstrated that
G9A has methyltransferase-dependent and methyltrans-
ferase-independent functions (34, 47-49). To test the
role of the methyltransferase activity of G9a in Treg dif-
ferentiation, we activated WT T cells in the absence or
presence of the G9A-specific inhibitors UNCO0638 (50)
or BIX01294 (51). Similar to results obtained using Th
cells from G947~ mice, both UNC0638 and BIX01294
treatment resulted in increased frequencies of Foxp3-
expressing cells (Figure 8). Treatment of G9a/~ T cells
with UNC0638 and BIX01294 during Treg differentia-
tion had no effect (Supplemental Figure 9), demonstrat-
ing the specificity of these compounds. Importantly,
culture of human peripheral blood-derived T cells in
the presence of UNC0638 led to a significant increase in
Foxp3-expressing cells (Supplemental Figure 10), identi-
fying a conserved pathway that regulates Treg differen-
tiation. Similar results were obtained under Th17 con-
ditions, with increased frequencies of IL-17A-producing
CD4" cells generated in the presence of a G9A inhibitor
(Supplemental Figure 11). Taken together, our data indi-
cate that G9A methyltransferase activity in naive T cells
is a negative regulator of Th17 and Treg differentiation.

GY9A regulates chromatin accessibility and controls epigenetic
activation of the Foxp3 locus. In the absence of G9A-dependent
H3K9me2, we observed enhanced sensitivity to TGF-B1,
increased Th17 and Treg differentiation, and protection
from T cell transfer colitis. As G9A-dependent H3K9me2
is lost during Th cell activation, we hypothesized that the
absence of G9A and H3K9me2 was leading to increased Th17 and
Treg differentiation by controlling early activation of lineage-deter-
mining loci. To test this, we examined the epigenetic activation of
the Foxp3 locus at an earlier time point during Treg differentiation.
We observed increased levels of the activating H3K9/14ac mark at
the promoter and CNS1 of the Foxp3 locus in G927~ Th cells at day 4
after activation, while G947/ Th cells displayed minimal enrichment
of H3K9/14Ac (Figure 9A). We also observed increased H3K9/14Ac
enrichment at the Foxp3 locus following stimulation with low levels
of TGF-B1 (Figure 9B). These results suggest that G9A-dependent
H3K9me?2 directly or indirectly affects the epigenetic activation of
the Foxp3 locus. We postulated that the lack of repressive histone
modifications would affect chromatin accessibility and subsequent
activation of the lineage-specifying loci. To directly test this, we
employed a genome-wide sequencing technique (formaldehyde-
assisted isolation of regulatory elements [FAIRE-Seq]) that mea-
sures chromatin accessibility by depleting nucleosome-rich areas of
DNA (52, 53). Following examination of the Foxp3 locus in naive
G941 Th cells, we found much fewer nucleosome-free accessible
sites (Figure 9C). In naive G947/~ Th cells, we observed increased
regions of open chromatin throughout the Foxp3 gene. Critically,
there was a specific enrichment of chromatin accessibility surround-
ing the promoter and CNS1 in naive G947~ Th cells, sites directly
associated with the differentiation of TGF-B1-induced Tregs (54).
These results suggest that, in the absence of G9A, there is an increase
in chromatin accessibility that leads to enhanced activation of the
Foxp3 locus, resulting in increased frequencies of Tregs.
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Discussion responsiveness to the lineage-specifying cytokine TGF-B1 and

Here we identify a central role for a repressive epigenetic modi-
fication in the lineage specification of Th17 and Tregs that
directly regulates the pathogenesis of T cell-dependent intes-
tinal inflammation. Although G9A-dependent H3K9me?2 is
traditionally associated with repression of lineage-promiscuous
genes during cell differentiation, we show that in Th17 and
Tregs, H3K9me2 acts by controlling chromatin accessibility and

contributes to T cell-mediated colitis by limiting the generation
of Th17 and Tregs.

In Th17 and Treg lineages, which are both regulated by TGF-1 sig-
naling, G9A maintains H3K9me?2 at high levels in naive T cells. This
epigenetic regulatory modification is critical to controlling the mag-
nitude of the Th cell response by limiting access of transcriptional
activators to the chromatin. Upon activation, H3K9me?2 is removed
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Figure 9

Increased activation of the Foxp3 locus in the absence of G9A. G9a" or G9a~- naive CD4+ cells were differentiated under Treg-promoting condi-
tions for 4 days with (A) 10 ng/ml TGF-B1 and (B) 0.5 ng/ml TGF-B1 and analyzed by ChIP for H3K9/14Ac levels at the Foxp3 promoter and Foxp3
CNS1. (C) Naive CD4+CD25-CD45RBM cells from G9a”" or G9a~- mice were subjected to FAIRE-seq and data analyzed at the Foxp3 locus.
Schematic depicts the Foxp3 gene with locations along the X chromosome and approximate locations of the promoter and 3 CNS. Data shown
are the mean from 2 to 3 independent experiments performed in duplicate. *P < 0.05. Error bars indicate SEM.
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nonspecifically by a yet-to-be-determined H3K9me2 demethylase.
Importantly, the loss of H3K9me2 is not sufficient to induce gene
expression and lineage commitment. Activation of gene expression
via acetylation of H3K9/14 at lineage-specific genes, most likely in
concert with lineage-specifying transcription factors downstream
of cytokine signaling, drives lineage commitment. In the absence of
G9A-dependent H3K9me2, the threshold of activation by TGF-1 is
substantially lower due to increased accessibility of transcriptional
machinery to lineage-specifying loci, resulting in increased frequen-
cies of Th17 and Tregs. Thus, our results identify a role for repressive
epigenetic modifications in Th cell differentiation.

Exactly how the lack of G9A-dependent H3K9me2 leads to
increased chromatin accessibility is unknown. However, it has
been shown that chromatin domains enriched in G9A-dependent
H3K9me?2 are found predominantly at the nuclear lamina where
accessibility and gene expression is limited (55, 56). Thus, the loss
of H3K9me2 may result in more accessible chromatin by impair-
ing chromatin-lamina interactions. Another possibility is that in
some cell types, H3K9me2 modifications are intimately linked
with DNA methylation (57-59). In the absence of G9A, decreased
levels of H3K9me2 may cause a concomitant reduction in DNA
methylation and reduction of inhibitory methylated DNA-binding
proteins (60). Future studies will dissect the molecular mecha-
nisms of G9A-dependent regulation of chromatin accessibility.

We have previously shown that following infection with the
intestinal helminth parasite Trichuris muris, G9a-deficient Th cells
fail to develop into protective Th2 cells and instead differentiate
into nonprotective Th1 cells (34). Therefore, the failure of G9a-
deficient Th cells to cause intestinal inflammation is most likely
not due to an inherent defect in their ability to develop into patho-
genic IFN-producing Th1 cells. However, it remains possible that
GYA is required for optimal pathogenicity of T cells in this model.
In addition, we show that, following transfer of G947/~ T cells,
treatment with IL-12 or IFN-y significantly enhanced IFN-y pro-
duction. However, since this treatment does not result in increased
disease, other factors such as increased frequencies of Tregs that
are maintained after treatment may continue to modulate dis-
ease progression. We also showed that G9A-deficient Th cells
were unable to confer resistance to the development of intestinal
inflammation induced by WT Th cells. These results suggest that
the effects of G9a deletion are cell intrinsic and that G947/~ Th cells
are likely not producing soluble factors that can directly tolerize or
promote a regulatory phenotype in G9a-sufficient Th cells.

Many studies of repressive histone modifications, including
H3K9me2, have focused on the increase in repressive modifica-
tions to prevent gene transcription of lineage-promiscuous genes
rather than decreased methylation at lineage-specific sites to allow
gene transcription. In Th cells, however, loss of repression has been
shown to facilitate lineage-specific differentiation. For example,
expression of growth factor independent 1 (Gfil), a transcriptional
repressor that has been shown to interact with G9A (61), has been
found to decrease with TGF-B-induced activation of T cells and
is important for limiting IL-17A production and Treg generation
(62). Recently, T cell activation was found to cause rapid degrada-
tion of Argonaute2 (Ago2), a component of the miRNA-induced
silencing complex. Naive T cells with reduced Ago2 and miRNA
expression differentiated more readily into cytokine-producing Th
cells (63). This suggests that removal of repression via activation-
induced miRNA downregulation promotes acquisition of Th cell
effector functions. Our results demonstrate that loss of repressive
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histone modifications is another critical component of Th cell dif-
ferentiation and most likely acts in parallel with these previously
established mechanisms.

Inhibition of G9A activity by the small molecule inhibitors
UNCO0638 and BIX01294 resulted in enhanced Th17 and Treg
differentiation. From this result, we conclude that G9A-mediated
histone methylation is a dynamic process that requires continued
GY9A enzymatic activity to maintain H3K9me2 and points to a
role for a demethylase in the steady-state maintenance as well as
the activation-induced removal of H3K9me2. Nine lysine demeth-
ylases have been shown to demethylate H3K9me2 (22), and the
identification of the demethylase(s) that regulate(s) H3K9me2 in
differentiating Th17 and Tregs may provide a novel inhibitory tar-
get to reduce the differentiation of these lineages in vivo. As the
induction of Tregs has been shown to antagonize anticancer thera-
pies (64), reduction of this population during chemo- or immuno-
therapy may enhance treatment efficacy.

Intriguingly, the role of G9A and H3K9me?2 is distinct from the
role of Suv39h1/2-dependent H3K9me3-repressive modifications
in Th2 cells, where acquisition of H3K9me3 at the Ifnglocus is criti-
cal for gene silencing and Th2 cell lineage stability (25). Further,
we previously demonstrated that Th1 and Th2 cell differentiation
are independent of G9A enzymatic activity (34), suggesting that
the epigenetic mechanisms that regulate Th17 and Treg differen-
tiation are fundamentally different from those that regulate Th1
and Th2 cells. Why distinct Th cell subsets employ different epi-
genetic mechanisms to control lineage differentiation and stabil-
ity remains unclear. Our results suggest that modulation of G9A-
dependent H3K9me2 may be used to manipulate the balance of Th
cell subsets and that “epigenetic therapy” (65) may prove useful in
the treatment of IBD and other autoimmune or autoinflammatory
diseases associated with dysregulated Th17 and Treg responses.

Methods
Mice. The generation of G94/"/" mice has been described (34). CD4-Cre mice
were obtained from Taconic. Ragl 7~ mice were obtained from Jackson Labo-
ratory. Animals were maintained in a specific pathogen-free environment.

ChIP. ChIP for H3K9me2 and H3K9/14Ac was conducted as previously
described (66) using 2 ug of antibody specific to H3K9me2 (ab1220, Abcam)
or H3K9/14Ac (06-599, Millipore). After washing, elution, and reversion
of crosslinks, the DNA was isolated and used in quantitative PCR (qQPCR)
reactions on a real-time PCR system (ABI 7900 Fast). Data are presented as
the ratio of immunoprecipitated to input Ct values. The primers used for
PCR analysis of the Il17a/flocus (67) and Foxp3 locus (54) were previously
described. Primers for Rorc promoter were as follows: forward, 5'-ATTC-
CATGAGGGCTTGCCT-3'; reverse, 5'-ACCTGTCATCAGCCTCCCATA-3'.

Induction of T cell transfer colitis. CD4* cells were enriched from spleens and
peripheral LNs (pLNs) of G94" or G947/~ mice with a RoboSep cell separator
(StemCell Technologies), and stained with anti-CD4, anti-CD25 and anti-
CD45RB. Naive CD4*CD25 CD45RB" cells were purified by cell sorting
(FACS DiVA, BD Bioscience). CD4*CD25 CD45RB" naive T cells (4 x 10%)
were injected intraperitoneally into age-matched male Ragl~~ mice, which
were monitored for weight loss and sacrificed by CO, asphyxiation 7 weeks
after initiation of the experiment. Blood was obtained by saphenous vein
bleeds at the indicated time points.

At the time of sacrifice, mouse colons were removed and flushed with
PBS, and the length was measured from the rectum to the cecum. Sections
of the proximal and distal colon were fixed in 10% buffered formalin and
stained with H&E. Gross and histological inflammation were scored on
a scale of 0 to 4, where 0 represented a normal colon and 4 represented
Volume 124~ Number 5
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severe colitis. Adjacent tissue was collected for RNA isolation and used for
RT-PCR. Serum was collected, and protein concentration of IL-17, IFN-y,
and TNF-a were measured by cytometric bead array (BD Biosciences).

Cell culture. CD4* T cells were isolated from spleen and LNs by negative
selection using RoboSep (StemCell Technologies Inc). Then 3 to 4 x 10°
CD4* cells were cultured for 4 to 6 days in DMEM supplemented with 10%
heat-inactivated FBS, 2 mM glutamine, 100 U/ml penicillin, 100 ug/ml
streptomycin, 25 mM Hepes, and 5 x 10-° M 2-ME with 1 ug/ml each plate-
bound anti-CD3 (145-2C11) and anti-CD28 (37.51) in the presence of IL-6
(20 ng/ml), IL-23 (10 ng/ml), TGF-1 (1 ng/ml), TNF-a (10 ng/ml), IL-1
(10 ng/ml), anti-IFN-y (10 ug /ml), and anti-IL-4 (10 ug/ml) for Th17-pro-
moting conditions, in the presence of IL-2 (10 ng/ml) and TGF-B1 (10 ng/ml)
for Treg-promoting conditions, or in the presence of IL-2 (10 ng/ml), IL-12
(10 ng/ml), and anti-IL-4 (10 ug/ml) for Th1-promoting conditions. In
some cases, cells were plated as above in the presence of 1 uM UNC0638,
0.5 uM BIX01294, 5 uM LY364947 (Sigma-Aldrich), or 10 ug/ml anti-
TGF-f. For colitis mice, the spleen, mLN, and LP cells were harvested and
plated with 1 ug/ml plate bound anti-CD3 and 1 ug/ml soluble anti-CD28
for 16 to 18 hours with the addition of 50 ng/ml PMA and 750 ug/mliono-
mycin in the presence of 10 ug/ml brefeldin A for the final 4 to 5 hours.

Human T cell differentiation. CD4* T cells were isolated with RosetteSep
(StemCell Technologies Inc.), and CD4*CD45RA*CD45RO-CD25" naive
conventional T cells were FACS sorted using a BD FACSAria. The purified
cells were then activated with artificial antigen-presenting cells and soluble
anti-CD3 (100 ng/ml) (68) in the presence of IL-2 (300 U/ml) and the indi-
cated concentration of the G9a inhibitor UNCO0638 for 13 to 14 days.

Isolation of leukocyte subpopulations and cytokine analysis. Cell suspensions
were prepared from the spleen, mLNs, peripheral LN (pLN), thymus, and LP.
Fluorescently labeled antibodies to CD4 and CD25 were from eBioscience.
For intracellular cytokine staining, cells were cultured for 4 to 6 hours
with 50 ng/ml PMA and 750 ng/ml ionomycin in the presence of 10 ug/ml
brefeldin A (all from Sigma-Aldrich), stained with a fixable viability dye
(eBioscience), stained for CD4, fixed, and permeabilized in buffers from a
Foxp3-staining kit (eBioscience). Cells were then stained with anti-IL-17a,
anti-IFN-y, and anti-Foxp3 (eBioscience).

In vitro suppression assay. To measure suppression, WT CD4*CD25- effector
T cells (Teff cells) were isolated by negative selection (StemCell Technolo-
gies), followed by CD25 depletion (Miltenyi Biotec), and stained with CFSE.
Teff cells (7 x 104/well) were stimulated with Dynabeads, mouse T-activator
CD3/CD28 (Invitrogen), and varying numbers of Tregs isolated from G94"/
or G927/~ mice (0-7 x 10* cells per well). Proliferation was measured 4 days
later as CFSE dilution by flow cytometry.

Quantitative RT-PCR. Intestinal tissue was homogenized using a TissueLy-
ser (QIAGEN). RNA was extracted using TrizoL (Invitrogen) and reverse
transcribed. Gene expression was analyzed by quantitative real-time PCR
with SYBR green chemistry (Fermentas) on a real-time PCR system (7900
Fast, Applied Biosystems). The primers used were obtained from QIAGEN
or synthesized de novo: Il17a forward 5'-AGCAGCGATCATCCCT-
CAAAG-3' and reverse 5'-TCACAGAGGGATATCTATCAGGGTC-3'; Foxp3
forward 5'-CCCAGGAAAGACAGCAACCTT-3" and reverse 5'-TTCTCA-
CAACCAGGCCACTTG-3".
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FAIRE-seq. FAIRE-seq was performed as previously described (53, 69).
Sequencing was performed on a HiSeq2000. Analysis was performed
using BOWTIE, and the MACS peak-calling algorithm was used to gener-
ate the signal files.

Statistics. Results represent the mean + SEM. Statistical significance was
determined by 2-tailed Student’s ¢ test using Prism 5.0 (GraphPad Software
Inc). A Pvalue of less than 0.05 was considered significant.
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sity of British Columbia in accordance with institutional guidelines and
Canadian Council on Animal Care guidelines. All animal studies were
approved by the University of British Columbia Committee on Animal
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written informed consent in accordance with protocols approved by the
University of British Columbia Clinical Research Ethics Board.
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