Immunology and Cell Biology (2015), 1–8
& 2015 Australasian Society for Immunology Inc. All rights reserved 0818-9641/15
www.nature.com/icb

REVIEW

Regulation of CD4 T-cell differentiation and
inﬂammation by repressive histone methylation
Frann Antignano and Colby Zaph1
Repressive epigenetic modiﬁcations such as dimethylation and trimethylation histone H3 at lysine 9 (H3K9me2 and H3K9me3)
and H3K27me3 have been shown to be critical for embryonic stem (ES) cell differentiation by silencing cell lineagepromiscuous genes. CD4+ T helper (TH) cell differentiation is a powerful model to study the molecular mechanisms associated
with cellular lineage choice in adult cells. Naïve TH cells have the capacity to differentiate into one of the several phenotypically
and functionally distinct and stable lineages. Although some repressive epigenetic mechanisms have a critical role in TH cell
differentiation in a similar manner to that in ES cells, it is clear that there are disparate functions for certain modiﬁcations
between ES cells and TH cells. Here we review the role of repressive histone modiﬁcations in the differentiation and function of
TH cells in health and disease.
Immunology and Cell Biology advance online publication, 13 January 2015; doi:10.1038/icb.2014.115
Gene silencing is a complex and coordinated process that is critical for
generating and maintaining cellular lineage identity. Several distinct
molecular mechanisms have been identiﬁed that repress gene expression during lineage commitment. These epigenetic mechanisms
include microRNA expression, DNA methylation and histone modiﬁcations that have been extensively analyzed during stem cell
differentiation. In the immune system, CD4+ T helper (TH) cells also
undergo differentiation from a ‘naïve’ multipotent progenitor cell into
one of the several functionally distinct lineages. Although it is clear
that similar epigenetic mechanisms operate in TH cells,1–3 there is
much less known about how repressive epigenetic mechanisms
modulate the phenotype and function of TH cells.
TH CELLS: A MODEL FOR CELLULAR LINEAGE CHOICE
One of the hallmarks of the immune system is the ability of immune
cells to modulate their functional capacity in response to external
stimuli. Perhaps the best characterized are TH cells, lymphoid cells that
have the capacity to differentiate into one of the several lineages,
including TH1, TH2, TH17 and inducible regulatory T (iTreg) cells,
depending on the anatomical location, cytokine milieu and other
intrinsic and extrinsic factors.4,5 After exiting the thymus, ‘naïve’ TH
cells encounter antigen-bearing major histocompatibility complex IIexpressing immune cells such as dendritic cells that promote the
proliferation and differentiation of TH cells into distinct functional
subsets. For TH1 cell development, signal transducer and activator of
transcription factor 1 (Stat1) activation by interferon (IFN)-γ results in
the expression of Tbx21 (T-bet), the master regulator of TH1 lineage
choice.6 Tbx21 induces the transcription factor Runx3 and interleukin
(IL)-12 receptor β2 leading to Stat4 activation, which in combination
with Tbx21 and Runx3 induces IFN-γ expression and TH1 lineage

commitment.7–9 At the same time, Tbx21 and Runx3 repress Il4
expression and TH2 development. For TH2 cells, IL-4 signaling
activates Stat6, which leads to Gata3 expression.10 Gata3 activates cmaf,10 and together these transcription factors activate expression of
the Il13–Il4 locus. In addition, Stat6 and Gata3 repress Ifng expression,
further enforcing TH2 lineage commitment.10 TH17 cell development
is controlled by the nuclear hormone receptors retinoic acid-related
orphan receptor α (RORα) and RORγt, which are induced by IL-6 and
transforming growth factor β (TGFβ).11,12 Cytokines, including IL-21
and IL-23, activate Stat3 and act to stabilize the TH17 lineage, while
the aryl hydrocarbon receptor is also critical for the induction of the
TH17 lineage.13–19 TGFβ induces expression of the transcription factor
Foxp3 that controls Treg cell development. Thus TH cell lineage
commitment is a tightly regulated process controlled by lineagespeciﬁc sets of inducible transcription factors. Although the molecular
mechanisms controlling the lineage choice of TH cells—such as the
expression of lineage-speciﬁc transcription factors—are better understood, recent studies have highlighted the critical role of epigenetic
mechanisms in TH cell differentiation.
TH CELLS: CENTRAL MEDIATORS OF INFLAMMATORY
DISEASE
Dysregulated TH cell responses are a characteristic of several inﬂammatory diseases, including inﬂammatory bowel disease, arthritis,
diabetes, asthma and allergies. TH1 cells have been associated with
several inﬂammatory conditions, including arthritis, inﬂammatory
bowel disease and diabetes.20,21 Overproduction of type 2 cytokines
by TH2 cells can lead to pathological conditions, including asthma and
allergies.22–25 Dysregulated TH17 and iTreg cell responses have also
been found in a wide variety of inﬂammatory conditions, including
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multiple sclerosis, rheumatoid arthritis and inﬂammatory bowel
disease.26 Thus a better understanding of the molecular mechanisms
that control TH cell lineage choice may provide novel therapeutic
targets to treat this wide range of inﬂammatory diseases.
CHROMATIN STRUCTURE AND MODIFICATIONS
The fundamental unit of chromatin is the nucleosome, comprised of
147 base pairs of DNA wrapped around two of each of the core
histones H2A, H2B, H3 and H4.27,28 The dynamics involved in DNAassociated processes such as transcription are regulated by both
modiﬁcations of the DNA itself through cytosine methylation as well
as a wide variety of posttranslational modiﬁcations deposited on
histones. DNA methylation patterns at cytokine gene loci are
associated with inhibitory chromatin.2,10,29–40 For example, in
TH1 cells, the Il4 locus is DNA methylated while the Ifng gene is
methylated in TH2 cells. In contrast, histone modiﬁcations are
biochemically very diverse and can decorate serine, lysine and arginine
residues in the N-terminal tails of histones H3 and H4 and in the core
regions of histone H2A and H2B, include phosphorylation, acetylation, sumoylation, ubiquitination and methylation and can be
associated with active or silenced genes.41
Among all the chromatin modiﬁcations, the site-speciﬁc methylation of histone lysines has emerged as a fundamental regulatory
mechanism.42 Lysine residues can be monomethylated, dimethylated
or trimethylated resulting in a number of possible combinations that
equips the cell for the establishment of numerous specialized
chromatin states. In general, actively transcribed genes are demarcated
with promoter-associated peaks of tri-methylated histone H3-Lysine 4
(H3K4me3) whereas silent genes are embedded in large domains of
H3K9me2, H3K9me3 or H3K27me3 marks.43 In this review, we
discuss the speciﬁc role of repressive histone modiﬁcations mediated
by methylation of H3K9 and H3K27 in TH cell differentiation and
function.
REPRESSIVE HISTONE LYSINE METHYLATIONS
The catalytic domain of almost all histone lysine methyltransferases is
the SET domain, a highly conserved motif originally found in the
modiﬁer of position effect variegation (SU(VAR)3-9), the polycombgroup protein enhancer of zeste (E(z)) and the trithorax-group protein
trithorax (TRX).44 There are approximately 50 members of the SETdomain family, all with distinct abilities to mono-, di- or tri-methylate
speciﬁc lysines of histones and, in some cases, non-histone proteins.
Studies have shown that polymethylation of H3K9 and H3K27 are
linked to gene repression, and these marks are often found to
accumulate on lineage-promiscuous genes during development.43,45
Here, we focus on three distinct methyltransferases that control
repressive histone modiﬁcations—G9a, Suv39h1 and Ezh2 (Figure 1)
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Figure 1 The enzyme complexes involved in repressive histone methylation
in TH cells. A full colour version of this ﬁgure is available online at the
Immunology and Cell Biology website.
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—and deﬁne their roles in TH cell differentiation and function in
health and disease.
G9A
G9a (Ehmt2, Kmt1c) is a histone methyltransferase with monomethylation and dimethylation activities towards H3K9.46 G9a forms a
heterodimer with the related protein G9a-like protein (GLP, Ehmt1,
Kmt1b). This heterodimerization is critical as either G9a or GLP
deﬁciency results in a signiﬁcant reduction in H3K9me2 levels.47
Although there is a signiﬁcant overlap in dysregulated gene expression
when comparing deﬁciency in G9a or GLP, there are some differences,48 suggesting that there are some heterodimer-independent
roles. However, G9a will be the focus of this review. A number of
studies have demonstrated that G9a is crucially involved in cellular
differentiation and development. For example, G9a-deﬁcient mice do
not develop beyond day 8.5 of gestation46 and G9a − / − embryonic
stem (ES) cells are characterized by widespread alterations in DNA
methylation patterns and promiscuous expression of numerous
genes.49,50 In addition, the sustained silencing of pluripotencyassociated genes in G9a− / − ES cells is impaired and results in the
reversal from a differentiated state into a pluripotent state in a
signiﬁcant fraction of cells.51,52 Chromatin immunoprecipitation
sequencing studies in both ES cells and hematopoietic stem cells have
shown that overall genome-wide levels of G9a-dependent H3K9me2
are low in undifferentiated stem cells and is acquired as cells
differentiate.53,54 These data were interpreted to suggest that
H3K9me2 is acquired at lineage-promiscuous loci to promote lineage
integrity and block de-differentiation to a pluripotent progenitor
state.52 Indeed, inhibition of the enzymatic activity of G9a with a
chemical probe can replace Oct3/4 overexpression and increases the
efﬁciency of reprogramming over eightfold.55,56
However, it remains unknown how G9a is recruited to chromatin
to carry out these roles. Although G9a does not have a DNA-binding
domain, it does have the ability to bind to dimethylated lysine
residues, including H3K9me2, through its ankyrin repeat domain.57
In addition, several G9a-interacting proteins with DNA-binding
activity have been identiﬁed, including Gﬁ1 and Blimp1.58,59 Strikingly, these G9a-binding partners are directly involved in TH cell
differentiation and activation. Gﬁ1 is critical for differentiation of both
TH cells and innate lymphoid cells.60–63 Gﬁ1− / − TH cells fail to develop
into TH2 cells60 owing to decreased stability of Gata3 protein.61
Blimp1 has an important role in TH cell function by controlling the
expression of several cytokines, including IL-2, IL-10 and
IL-17A.59,64–68 Taken together, a general theme has emerged where
G9a has a role in the epigenetic silencing of cell-type inappropriate
genes through the interaction with a wide variety of DNA-binding
proteins.
SUV39H1
Trimethylation of H3K9 in mice is carried out by suppressor of
variegation 3-9 homologue 1 and 2 (Suv39h1/2, Kmt1a/b) histone
methyltransferases, which are encoded by two loci, Suv39h1 and
Suv39h2.69 Suv39h1/2 was the ﬁrst mammalian methyltransferase
described70 and is homologous to yeast Clr4 and Drosophila Su
(Var)3-9.71,72 During embryogenesis, Suv39h1 and Suv39h2 show
overlapping expression proﬁles, while in adult mice Suv39h1 is the
primary methyltransferase expressed in non-testes.69 Suv39h1dependent trimethylation of H3K9 is associated with heterochromatin
found at centromeric and telomeric regions as well as gene-poor areas
(gene deserts) and repetitive regions.43 Functionally, the addition of
H3K9me3 generates a binding site for the methyl-lysine-binding

Repressive methylation in TH cells
F Antignano and C Zaph
3

protein heterochromatin protein 1 (HP1).73,74 HP1 promotes transcriptional repression at and near heterochromatin (position-effect
variegation) as well as at euchromatin.75 Mechanistically, it has been
suggested that HP1 recruits histone deacetylases to prevent epigenetic
activation of speciﬁc loci.76 Mice deﬁcient for either Suv39h1 or
Suv39h2 display normal viability and fertility with no obvious
phenotypes.77
EZH2
Enhancer of zeste homologue 2 (Ezh2, Kmt6) is the primary H3K27
trimethyltransferase.78 In association with a large complex of proteins
called the Polycomb Repressive Complex 2, Ezh2—but not its close
homologue Ezh1—is required for the trimethylation of H3K27.79
Ezh2-dependent H3K27me3 has been implicated in several forms of
cancer, including prostate cancer,80 breast cancer,81 T-acute lymphoblastic leukemia82 and diffuse large B cell lymphoma.83 The primary
role for Ezh2 and H3K27me3 is in repression of gene expression in
euchromatin.84 Ezh2 has a critical role in B- and T-cell development,
as Ezh2-deﬁcient mice have signiﬁcantly reduced frequencies of B and
T cells in peripheral lymphoid tissues.85,86 As discussed below, Ezh2mediated H3K27me3 has a central role in TH cell differentiation and
function.
GENE REPRESSION DURING TH CELL DIFFERENTIATION
Gene silencing is an essential molecular mechanism to promote and
maintain cellular lineage integrity. The majority of studies in TH cells
have focused on the role of repressive DNA methylation marks
mediated by Dnmt1 and Dnmt3a/b.2,10,29–40 From these studies, it is
clear that silencing of inappropriate gene expression by DNA
methylation is critical in TH cell differentiation. However, the role
of repressive histone modiﬁcations remains less clear.
The genome-wide expression of Ezh2-dependent H3K27me3 marks
during TH cell differentiation has been described.87 These studies
demonstrated that lineage-promiscuous genes are decorated with
H3K27me3 (for example, Il4 in TH1 cells and Ifng in TH2 cells).
However, a striking ﬁnding in this report was that H3K27me3 was a
relatively rare mark that was not always present on non-expressed
genes. For example, in TH2 cells, out of a selected set of 40 lineagepromiscuous genes, o10 genes showed any measurable levels of

H3K27me3. In TH17 cells, only 5 out of the 44 non-expressed genes
were positive for H3K27me3. Thus, it is clear from these studies that
additional repressive modiﬁcations were likely to co-regulate gene
silencing at these loci in TH cells (Figure 2).
DYNAMIC EXPRESSION OF REPRESSIVE HISTONE
MODIFICATIONS
G9a-dependent H3K9me2
Although studies have begun to elucidate the role of epigenetic
mechanisms in TH cell development,38,87–89 the function of G9adependent H3K9me2 marks is less clear. A descriptive genome-wide
analysis of H3K9me2 marks in resting human lymphocytes using
chromatin immunoprecipitation-on-chip methods demonstrated that
this epigenetic mark is enriched on genes that are associated with
several speciﬁc pathways, including T-cell receptor signaling, IL-4
signaling and Gata3 transcription.90 Based on studies in ES cells and
hematopoietic stem cells, it was likely that G9a-dependent H3K9me2
would have a critical role in maintenance of lineage integrity in TH
cells. In contrast to expectations, it is clear that G9a is not necessary
for lineage-promiscuous gene silencing in TH1, TH2, TH17 and iTreg
cells.91,92 Strikingly, very low levels of H3K9me2 were found at all the
genes examined in activated TH cell lineages. However, H3K9me2 is
enriched at many diverse loci in naïve, unstimulated TH cells.
Following activation, H3K9me2 was rapidly lost at all loci examined,
including lineage-promiscuous loci, without leading to promiscuous
gene expression. These results suggest a radical reimagining of the role
of G9a-dependent H3K9me2 in TH cell differentiation, where loss of
repressive chromatin modiﬁcations is required for normal TH cell
differentiation and function.
Suv39h1-dependent H3K9me3
Despite being the ﬁrst methyltransferase identiﬁed, there are very few
studies on the role of Suv39h1 in immune cells, and until recently, the
functional relevance of this modiﬁcation in TH cell differentiation was
unknown. Similar to H3K9me2, H3K9me3 is found at high levels in
naïve TH cells and increases at lineage-promiscuous loci (Il4 and Gata3
loci upon differentiation into TH1 cells and Ifng locus in TH2 cells).93
The addition of H3K9me3 by Suv39h1 provides a binding site for
heterochromatin protein 1α (HP1α) to promote gene silencing.
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Figure 2 Dynamic regulation of repressive histone methylation in TH cells. A full colour version of this ﬁgure is available online at the Immunology and Cell
Biology website.
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Therefore, H3K9me3 and HP1α accumulate at the promoters of the
genes characteristic of the opposite lineage—a traditional effect of
transcriptional repressors. This pattern of repression of lineagepromiscuous genes is similar to the role of G9a-dependent
H3K9me2 in ES cells (but, as described above, not in TH cells). Thus
Suv39h1-dependent H3K9me3 appears to be a critical component of
lineage integrity in TH1 and TH2 cells by silencing lineagepromiscuous gene expression.93
Ezh2-dependent H3K27me3
Although Ezh2 is one enzyme responsible for the trimethylation of
H3K27, initial studies of its role in T cells found no difference in the
global levels of H3K27me3 in the absence of Ezh2, suggesting that
Ezh1 may be compensating for its loss.86 Despite this, Ezh2 did have a
role in promoting T-cell survival through the methylation of Vav,
which was required for actin polymerization during T-cell receptor
signaling. An early study looking at the role of Ezh2-mediated
H3K27me3 found this modiﬁcation to be associated with Il4 and
Il13 gene silencing in TH1 cells.94 Again, similar to the results with
H3K9me2 and H3K9me3, high levels of H3K27me3 were found at the
Il4-Il13 locus in naïve TH cells that were progressively lost during TH2
cell differentiation. Meanwhile, H3K27me3 was retained at the Il4-Il13
locus in TH1 cells. Similar data were obtained when H3K27me3 levels
were globally mapped in different T-cell lineages.87 Using chromatin
immunoprecipitation sequencing, this study found selective loss of
H3K27me3 on lineage-speciﬁc cytokine and transcription factor genes
and retention or accumulation on lineage-promiscuous genes. In a
recent study, however, a speciﬁc loss of H3K27me3 at lineage-speciﬁc
sites was not observed, but rather H3K27me3 was reduced from naïve
levels at both lineage-speciﬁc and -non-speciﬁc loci following differentiation into TH1 and TH2 cells.95 In addition, Ezh2 has been found
to bind to Tbx21 and Gata3 gene loci.96 Speciﬁcally, Ezh2 binds to the
Gata3 locus in naïve and TH1 cells and binding is signiﬁcantly reduced
in TH2 cells. Likewise, Ezh2 binds to the Tbx21 locus in naïve and TH2
cells but is absent in TH1 cells. It was also observed that H3K27me3
was lost at TH2 cell cytokine gene loci in TH2 cells and at the Ifng locus
in TH1 cells.96 As expected, multiple groups have shown that
H3K27me3 is dramatically reduced at TH1 and TH2 cell-associated
genes in the absence of Ezh2 in T cells.95–97 Thus, although there are
discordant results, it is clear that H3K27me3 is dynamically regulated
during TH cell differentiation and likely has a critical role in TH cell
lineage development and integrity.
Taken together, these data suggest that naïve TH cells inherently
harbor a high level of repressive histone modiﬁcations that are
removed following activation and differentiation. The exact mechanisms that control the dynamic regulation of H3K9me2, H3K9me3 and
H3K27me3 during TH cell differentiation remain to be elucidated. For
example, the loss of repressive modiﬁcations during TH cell activation
implies a critical role for the expression and activation of speciﬁc
lysine demethylases98 that would have an essential role in promoting
functional TH cell responses. Nevertheless, it is apparent that a better
understanding of the regulatory functions of these modiﬁcations is
important for deﬁning the molecular mechanisms that control TH cell
function in health and disease.
REPRESSIVE HISTONE MODIFICATIONS IN TH CELL
DIFFERENTIATION
G9a-dependent H3K9me2 limits TH17 and Treg cell development
Following polyclonal stimulation of puriﬁed G9a-deﬁcient CD4+
T cells, signiﬁcantly increased frequencies of IL-17A+ (under TH17
cell conditions) and Foxp3+ (under iTreg cell conditions) cells were
Immunology and Cell Biology

observed. G9a deletion has no effect on the development, phenotype
or function of thymically derived ‘natural’ Treg cells.92 The effects of
G9a on TH17 and Treg cell differentiation are dependent upon the
methyltransferase activity of G9a. Activation of wild-type TH cells in
the presence of a speciﬁc G9a inhibitor resulted in heightened
frequencies of both TH17 and Treg cells. These results suggested that
the effects observed were due to dysregulated histone methylation.
TGFβ is required for differentiation of both TH17 and iTreg cells.26
Under iTreg cell-promoting conditions, a 20-fold increase in sensitivity
to TGFβ in G9a-deﬁcient TH cells was observed. The heightened
responsiveness was not due to differences in the expression of TGFβ
receptors or proximal signaling pathways between G9a-sufﬁcient and
-deﬁcient TH cells. Thus, G9a controls TH17 and Treg cell differentiation through the epigenetic regulation of TGFβ responsiveness.
G9a regulates chromatin accessibility
Using an unbiased genome-wide analysis of chromatin structure called
formaldehyde-assisted isolation of regulatory elements sequencing,99
chromatin accessibility in the presence or absence of G9a was
analyzed. It was found that the chromatin surrounding the Foxp3
promoter and conserved non-coding sequence-1 (TGFβ-responsive
element) in naïve G9a-deﬁcient TH cells showed increased accessibility, as measured by increased sequence reads at these sites. Thus
G9a is critical for controlling TGFβ sensitivity, potentially through
regulating chromatin accessibility.
G9a-dependent H3K9me2 has been shown to be associated with
chromatin located in close proximity to the nuclear lamina.100–102 This
localization is a physical form of gene silencing, as genes physically
located at the periphery of the nucleus tend to be expressed at
signiﬁcantly lower levels due to decreased accessibility of transcriptional coactivators, chromatin modiﬁers and transcription factors.103
These lamina-associated domains (LADs) are large (0.1–10 Mb)
regions of chromosomes demarcated by the genomic insulator
CCCTC- binding factor that display low levels of gene expression.100
Consistent with the results above, LADs are marked with high levels of
the histone modiﬁcation H3K9me2, mediated by G9a.101,102 Thus it is
possible that a lack of G9a and H3K9me2 leads to increased chromatin
accessibility through a decrease of LADs. Future studies using genetic
marking assays (DamID)100 will identify the speciﬁc genetic loci that
make up LADs in TH cells.
Suv39h1 is required for TH2 cell lineage integrity
Using the genetically deﬁcient mice, it was shown that in the absence
of Suv39h1 the differentiation of TH cells into TH1 and TH2 cells
in vitro was comparable to wild-type controls.93 This suggests that
Suv39h1-mediated gene repression is not required for promoting the
expression of lineage-speciﬁc genes and differentiation into either TH1
or TH2 cells. Normally, TH1 and TH2 cells are relatively stable lineages
that cannot easily be reprogammed into the opposite lineage.
However, unlike wild-type cells, Suv39h1-deﬁcient TH2 cells were
able to express IFN-γ and T-bet when placed in TH1-promoting
conditions. This was in contrast to Suv39h1-deﬁcient TH1 cells, which
were not capable of being reprogrammed when placed in TH2promoting conditions. Together, these results suggest a speciﬁc role
for Suv39h1 in the maintenance of silenced TH1 signature genes in
TH2 cells.
Ezh2 alters TH1 and TH2 cell differentiation and enhanced plasticity
Ezh2 is not required for the development of CD4 or CD8 T cells in the
spleen or thymus; however, the function of TH cells in the absence of
Ezh2 was altered.96 In the absence of Ezh2 (or its Set domain), cells
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overproduce IFN-γ under non-polarizing and TH1-polarizing conditions and overproduce IL-4, -5 and -13 under non-polarizing and
TH2-polarizing conditions.95,96 There was no promiscuous cytokine
production in TH1 or TH2 cells, indicating that polarization is not
dysregulated in the absence of Ezh2.95,96 However, under iTreg cellpromoting conditions, the absence of Ezh2 resulted in dysregulated
IFN-γ production and reduced frequency of Foxp3+ cells.95 In
addition, Ezh2-deﬁcient T cells, much like Suv39h1-deﬁcient T cells,
show enhanced plasticity.93,96 Unlike Suv39h1, the loss of Ezh2
resulted in enhanced plasticity of both TH1 and TH2 lineages.96 In
contrast to these studies, others have found that Ezh2-deﬁcient T cells
are impaired in their ability to produce IFN-γ in vitro under TH1 cellpromoting conditions as well as in vivo resulting in fewer TH1 cells
and an inability to cause T-cell-mediated aplastic anemia.97,104 Despite
these dichotomous results, these studies demonstrate that Ezh2dependent H3K27me3 is a central component of TH cell lineage
development and maintenance. The details and mechanisms associated with these effects remain to be elucidated.
REPRESSIVE HISTONE MODIFICATIONS IN DISEASE
T-cell-intrinsic expression of G9a controls pathogenic TH cell
development
In a mouse model of intestinal inﬂammation where puriﬁed naïve TH
cells are transferred into immunodeﬁcient Rag1− / − mice resulting in
inﬂammation, cachexia and death,105 it was shown that G9a was
required for these TH cells to cause disease.92 Transferred naïve G9adeﬁcient TH cells developed into non-pathogenic TH17 and iTreg cells
in vivo at a 5–10-fold higher frequency than wild-type TH cells. These
results conﬁrmed in vitro studies (described above), which identiﬁed a
role for G9a in limiting TH17 and iTreg cell differentiation by
controlling chromatin accessibility and TGFβ responsiveness.92
Critical role for G9a in TH2 cell-dependent immunity to helminth
infection
In contrast to TH17 and iTreg cells, it was found that following
polyclonal stimulation under TH2-promoting conditions G9a-deﬁcient
TH cells failed to maximally produce type 2 cytokines, suggesting that
G9a may act as a speciﬁc and positive regulator of gene expression in
TH2 cells.91 Consistent with this hypothesis, G9a is required for the
optimal development of TH2 cells in vivo using the Trichuris muris
infection model.106 Following infection, mesenteric lymph node cells
and gut tissue isolated from mice with a T-cell-speciﬁc deletion of G9a
exhibited reduced expression of protective TH cell-derived cytokines
(IL-4, IL-5 and IL-13), increased IFN-γ expression and failed to clear
parasites from the gastrointestinal tract. In strains of mice that show
increased susceptibility to Trichuris, inhibition of type 1 cytokines
through antibody treatment or genetic deletion results in immunity to
infection.106 However, blockade of IFN-γ with a monoclonal antibody
failed to induce resistance to infection in T-cell-speciﬁc G9a knockout
mice, identifying a critical cell-autonomous role for G9a in promoting
expression of the TH2 cell-associated cytokines IL-4, IL-5 and IL-13.
Thus G9a is a critical component of the machinery required for the
development of functional TH2 cell responses in vivo.
Importantly, despite a failure of G9a-deﬁcient TH2 cells to produce
cytokines, the expression of key TH2 cell-associated transcription
factors was unaffected, with similar expression levels of Gata3, Stat6,
Gﬁ1 and c-maf by comparison to wild-type TH2 cells. These results
suggest that G9a has an important role in promoting the assembly of a
productive transcriptional complex at the TH2 cell-associated cytokine
loci. Consistent with this, a small number of studies have shown that
G9a can promote transcriptional activation at certain loci,107,108

including the β-globin locus, a model genetic locus that has many
similarities to the Il4–Il13 type 2 cytokine locus.109 Intriguingly, the
activating functions of G9a are independent of its enzymatic
activity.108,110 Consistent with an activating role for G9a in type 2
cytokine expression, treatment of wild-type TH cells with a chemical
inhibitor of G9a enzymatic activity111,112 had no effect on TH2 cell
differentiation or type 2 cytokine expression. These results suggest that
G9a but not its methyltransferase activity is required for optimal TH2
cell differentiation. Recently, it has been demonstrated that the
previously uncharacterized N-terminal domain (amino acids 1–333)
of G9a is necessary and sufﬁcient for the transactivating functions of
G9a.113 Taken together, these results suggest a model in TH2 cells
whereby the N-terminal region of G9a is important to bring together a
transcriptional complex leading to expression of type 2 cytokine genes.
Interaction between G9a, Gﬁ1 and possibly other factors such as Gata3
would coordinately activate the Il4–Il13 locus.
Reduced lung inﬂammation in the absence of Suv39h1
To investigate the functional outcome of plastic TH2 cells in the
absence of Suv39h1, a model of ovalbumin (OVA)-induced TH2dependent allergic lung inﬂammation was used.114 Suv39h1-deﬁcient
mice were protected from this TH2 model as indicated by reduced
eosinophilic inﬁltration and mucous production in the airways
compared with wild-type control mice. In addition, Suv39h1deﬁcient mice also showed an increase in TH1 cell responses that
are uncharacteristic of this model.93 Excitingly, the authors also show
that inhibiting Suv39h1 with the speciﬁc inhibitor chaetocin115 in
wild-type mice recapitulated the phenotype of Suv39h1-deﬁcient mice
in response to TH2-medicated allergic airway inﬂammation.
Ezh2 controls survival of TH cells and limits asthma pathology
In vitro results had indicated that Ezh2-deﬁceint TH cells displayed
increased cell death over time following activation.95 In vivo, this
translated into increased cell death of TH1 cells and a failure to clear
listeria infection.95 This result was consistent with another study where
donor Ezh2-deﬁcient T cells underwent apoptotic cell death and failed
to elicit graft versus host disease after allogeneic bone marrow
transplant in recipient mice.104 Although the initial proliferation of
Ezh2-deﬁcient T cells was normal, their ability to maintain a
proliferative state was defective leading to enhanced survival of
recipient mice.
Using a model of OVA asthma where in vitro-generated OVAspeciﬁc T cells are transferred into wild-type mice and challenged with
aerosolized OVA, recipients of Ezh2-deﬁcient OVA-speciﬁc TH cells
displayed increased eosinophilic inﬁltration and increased total cells in
the airways.96 In addition, the mice that received Ezh2-deﬁcient T cells
also had higher levels of TH2 cytokines in bronchoalveolar lavage
samples and increased lung pathology.
DRUGGING THE EPIGENOME TO TREAT TH CELL-MEDIATED
DISEASE
The realization that the activity of epigenetic readers, writers and
erasers can be modulated with drug-like small molecules has led to
intense activity over the past several years to identify small-molecule
inhibitors that may lead to new ‘epigenetic therapies’.116,117 Although
there is much optimism for this approach, our current understanding
of epigenetic mechanisms is still in its infancy, and it is not clear which
(if any) are the best targets in inﬂammation or other diseases. In
addition, it is clear that, at least for G9a, there are critical functions
that are independent of enzymatic activity.
Immunology and Cell Biology

Repressive methylation in TH cells
F Antignano and C Zaph
6

Currently, there are commercially available speciﬁc and potent
chemical inhibitors of G9a (UNC0638, A-366), Ezh2 (GSK343) and
Suv39h1 (chaetocin).112,115,118,119 However, these probes have not
been tested in vivo using the models of inﬂammatory diseases. The
development of bioavailable inhibitors with good pharmacokinetics is
an important step in the development of epigenetic inhibitors that
may be used to modulate TH cell function during disease.
In addition, the active demethylation of repressive histone marks
during TH cell differentiation suggests that targeting lysine demethylases could also provide novel drug targets to modulate TH cell
responses.120 For example, GSK-J1, a chemical probe for the
H3K27me3 demethylases, JMJD3 and UTX, was used to show that
the catalytic activity of these enzymes has a critical role in
lipopolysaccharide-induced proinﬂammatory cytokine production by
human primary macrophages.121 It is hoped that modulation of
epigenetic modiﬁers may also have the ability to modulate the
function of TH cells.
SUMMARY
The factors controlling the epigenetic regulation of TH cell responses
are rapidly being deﬁned. Repressive modiﬁcations are an important
component of the epigenetic machinery that modulates TH cell
differentiation and function. Based on many studies, it appears that
repressive modiﬁcations are found at high levels in naïve TH cells and
are lost on lineage-speciﬁc genes and accumulate on lineagepromiscuous genes during TH cell differentiation (Figure 2). Importantly, the enzymes responsible—both methyltransferases and
demethylases—have been shown to be amenable to modulation with
small-molecule chemical inhibitors, offering hope for a new class of
therapeutics to treat a wide range of diseases associated with
dysregulated TH cells.
ACKNOWLEDGEMENTS
We thank M Oudhoff and S Scheer for helpful comments. Work in the Zaph
laboratory is supported by the Canadian Institutes of Health Research (CIHR)'s
Canadian Epigenetics, Environment and Health Research Consortium (grant
128090), CIHR operating grants (MOP-89773 and MOP-106623 to CZ) and a
Canada Foundation for Innovation grant (to CZ). CZ is a Michael Smith
Foundation for Health Research Career Investigator.

1

Baumjohann D, Ansel KM. MicroRNA-mediated regulation of T helper cell differentiation and plasticity. Nat Rev Immunol 2013; 13: 666–678.
2
Wilson CB, Rowell E, Sekimata M. Epigenetic control of T-helper-cell differentiation.
Nat Rev Immunol 2009; 9: 91–105.
3
Smale ST. Transcriptional regulation in the innate immune system. Curr Opin
Immunol 2012; 24: 51–57.
4
Murphy KM, Reiner SL. The lineage decisions of helper T cells. Nat Rev Immunol
2002; 2: 933–944.
5
Reiner SL. Inducing the T cell fates required for immunity. Immunol Res 2008; 42:
160–165.
6
Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH et al. A novel
transcription factor, T-bet, directs Th1 lineage commitment. Cell 2000; 100:
655–669.
7
Lee SH, Jeong HM, Choi JM, Cho YC, Kim TS, Lee KY et al. Runx3 inhibits IL-4
production in T cells via physical interaction with NFAT. Biochem Biophys Res
Commun 2009; 381: 214–217.
8
Cruz-Guilloty F, Pipkin ME, Djuretic IM, Levanon D, Lotem J, Lichtenheld MG et al.
Runx3 and T-box proteins cooperate to establish the transcriptional program of
effector CTLs. J Exp Med 2009; 206: 51–59.
9
Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao A, Ansel KM et al. Transcription
factors T-bet and Runx3 cooperate to activate Ifng and silence Il4 in T helper type
1 cells. Nat Immunol 2007; 8: 145–153.
10 Ansel KM, Djuretic I, Tanasa B, Rao A. Regulation of Th2 differentiation and Il4 locus
accessibility. Annu Rev Immunol 2006; 24: 607–656.

Immunology and Cell Biology

11 Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ et al. The orphan
nuclear receptor RORgammat directs the differentiation program of proinﬂammatory
IL-17+ T helper cells. Cell 2006; 126: 1121–1133.
12 Ivanov II, Zhou L, Littman DR. Transcriptional regulation of Th17cell differentiation.
Semin Immunol 2007; 19: 409–417.
13 Esser C, Rannug A, Stockinger B. The aryl hydrocarbon receptor in immunity. Trends
Immunol 2009; 30: 447–454.
14 Ouyang W, Filvaroff E, Hu Y, Grogan J. Novel therapeutic targets along the Th17
pathway. Eur J Immunol 2009; 39: 670–675.
15 Quintana FJ, Basso AS, Iglesias AH, Korn T, Farez MF, Bettelli E et al. Control of T
(reg) and T(H)17 cell differentiation by the aryl hydrocarbon receptor. Nature 2008;
453: 65–71.
16 Quintana FJ, Weiner HL. Environmental control of Th17 differentiation. Eur J Immunol
2009; 39: 655–657.
17 Veldhoen M, Hirota K, Christensen J, O'Garra A, Stockinger B. Natural agonists for aryl
hydrocarbon receptor in culture medium are essential for optimal differentiation of
Th17 T cells. J Exp Med 2009; 206: 43–49.
18 Veldhoen M, Hirota K, Westendorf AM, Buer J, Dumoutier L, Renauld JC et al. The aryl
hydrocarbon receptor links TH17-cell-mediated autoimmunity to environmental toxins.
Nature 2008; 453: 106–109.
19 Stockinger B, Veldhoen M, Hirota K. Modulation of Th17 development and function by
activation of the aryl hydrocarbon receptor–the role of endogenous ligands. Eur J
Immunol 2009; 39: 652–654.
20 Bouma G, Strober W. The immunological and genetic basis of inﬂammatory bowel
disease. Nat Rev Immunol 2003; 3: 521–533.
21 Szabo SJ, Sullivan BM, Peng SL, Glimcher LH. Molecular mechanisms regulating Th1
immune responses. Annu Rev Immunol 2003; 21: 713–758.
22 Fiasse R, Latinne D. Intestinal helminths: a clue explaining the low incidence of
inﬂammatory bowel diseases in Subsaharan Africa? Potential beneﬁts and hazards of
helminth therapy. Acta Gastroenterol Belg 2006; 69: 418–422.
23 Monteleone I, Vavassori P, Biancone L, Monteleone G, Pallone F. Immunoregulation in
the gut: success and failures in human disease. Gut 2002; 50: III60–III64.
24 Larche M, Robinson DS, Kay AB. The role of T lymphocytes in the pathogenesis
of asthma. J Allergy Clin Immunol 2003; 111: 450–463 quiz 464.
25 Wills-Karp M. Immunologic basis of antigen-induced airway hyperresponsiveness.
Annu Rev Immunol 1999; 17: 255–281.
26 Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating and restraining
inﬂammation. Cell 2010; 140: 845–858.
27 Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. Crystal structure of the
nucleosome core particle at 2.8 A resolution. Nature 1997; 389: 251–260.
28 Kornberg RD. Chromatin structure: a repeating unit of histones and DNA. Science
1974; 184: 868–871.
29 Balada E, Ordi-Ros J, Vilardell-Tarres M. DNA methylation and systemic lupus
erythematosus. Ann NY Acad Sci 2007; 1108: 127–136.
30 Zhou Y, Lu Q. DNA methylation in T cells from idiopathic lupus and drug-induced
lupus patients. Autoimmun Rev 2008; 7: 376–383.
31 Sanders VM. Epigenetic regulation of Th1 and Th2 cell development. Brain Behav
Immun 2008; 20: 317–324.
32 Baron U, Floess S, Wieczorek G, Baumann K, Grutzkau A, Dong J et al. DNA
demethylation in the human FOXP3 locus discriminates regulatory T cells from
activated FOXP3(+) conventional T cells. Eur J Immunol 2007; 37: 2378–2389.
33 Reiner SL. Epigenetic control in the immune response. Hum Mol Genet 2005; 14:
R41–R46.
34 Lee DU, Agarwal S, Rao A. Th2 lineage commitment and efﬁcient IL-4 production
involves extended demethylation of the IL-4 gene. Immunity 2002; 16: 649–660.
35 Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW et al. A critical role
for Dnmt1 and DNA methylation in T cell development, function, and survival.
Immunity 2001; 15: 763–774.
36 Im SH, Hueber A, Monticelli S, Kang KH, Rao A. Chromatin-level regulation of the
IL10 gene in T cells. J Biol Chem 2004; 279: 46818–46825.
37 Gamper CJ, Agoston AT, Nelson WG, Powell JD. Identiﬁcation of DNA methyltransferase 3a as a T cell receptor-induced regulator of Th1 and Th2 differentiation. J
Immunol 2009; 183: 2267–2276.
38 Makar KW, Wilson CB. DNA methylation is a nonredundant repressor of the Th2
effector program. J Immunol 2004; 173: 4402–4406.
39 Thomas RM, Gao L, Wells AD. Signals from CD28 induce stable epigenetic
modiﬁcation of the IL-2 promoter. J Immunol 2005; 174: 4639–4646.
40 White GP, Hollams EM, Yerkovich ST, Bosco A, Holt BJ, Bassami MR et al. CpG
methylation patterns in the IFNgamma promoter in naïve T cells: variations during Th1
and Th2 differentiation and between atopics and non-atopics. Pediatr Allergy Immunol
2006; 17: 557–564.
41 Kouzarides T. Chromatin modiﬁcations and their function. Cell 2007; 128: 693–705.
42 Rice JC, Allis CD. Histone methylation versus histone acetylation: new insights into
epigenetic regulation. Curr Opin Cell Biol 2001; 13: 263–273.
43 Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z et al. High-resolution
proﬁling of histone methylations in the human genome. Cell 2007; 129: 823–837.
44 Jenuwein T. Re-SET-ting heterochromatin by histone methyltransferases. Trends Cell
Biol 2001; 11: 266–273.
45 Hawkins RD, Hon GC, Lee LK, Ngo Q, Lister R, Pelizzola M et al. Distinct epigenomic
landscapes of pluripotent and lineage-committed human cells. Cell Stem Cell 2010;
6: 479–491.
46 Tachibana M, Sugimoto K, Nozaki M, Ueda J, Ohta T, Ohki M et al. G9a histone
methyltransferase plays a dominant role in euchromatic histone H3 lysine 9

Repressive methylation in TH cells
F Antignano and C Zaph
7

47
48

49

50

51

52

53

54
55

56

57

58

59
60

61

62

63

64
65

66

67

68

69

70

71

72

73

74

methylation and is essential for early embryogenesis. Genes Dev 2002; 16:
1779–1791.
Shinkai Y, Tachibana M. H3K9 methyltransferase G9a and the related molecule GLP.
Genes Dev 2011; 25: 781–788.
Schaefer A, Sampath SC, Intrator A, Min A, Gertler TS, Surmeier DJ et al. Control of
cognition and adaptive behavior by the GLP/G9a epigenetic suppressor complex.
Neuron 2009; 64: 678–691.
Dong KB, Maksakova IA, Mohn F, Leung D, Appanah R, Lee S et al. DNA methylation
in ES cells requires the lysine methyltransferase G9a but not its catalytic activity.
Embo J 2008; 27: 2691–2701.
Tachibana M, Matsumura Y, Fukuda M, Kimura H, Shinkai Y. G9a/GLP complexes
independently mediate H3K9 and DNA methylation to silence transcription. Embo J
2008; 27: 2681–2690.
Feldman N, Gerson A, Fang J, Li E, Zhang Y, Shinkai Y et al. G9a-mediated
irreversible epigenetic inactivation of Oct-3/4 during early embryogenesis. Nat Cell
Biol 2006; 8: 188–194.
Epsztejn-Litman S, Feldman N, Abu-Remaileh M, Shufaro Y, Gerson A, Ueda J et al.
De novo DNA methylation promoted by G9a prevents reprogramming of embryonically
silenced genes. Nat Struct Mol Biol 2008; 15: 1176–1183.
Wen B, Wu H, Shinkai Y, Irizarry RA, Feinberg AP. Large histone H3 lysine 9
dimethylated chromatin blocks distinguish differentiated from embryonic stem cells.
Nat Genet 2009; 41: 246–250.
Chen J, Liu H, Liu J, Qi J, Wei B, Yang J et al. H3K9 methylation is a barrier during
somatic cell reprogramming into iPSCs. Nat Genet 2013; 45: 34–42.
Shi Y, Desponts C, Do JT, Hahm HS, Scholer HR, Ding S. Induction of pluripotent
stem cells from mouse embryonic ﬁbroblasts by Oct4 and Klf4 with small-molecule
compounds. Cell Stem Cell 2008; 3: 568–574.
Shi Y, Do JT, Desponts C, Hahm HS, Scholer HR, Ding S. A combined chemical and
genetic approach for the generation of induced pluripotent stem cells. Cell Stem Cell
2008; 2: 525–528.
Collins RE, Northrop JP, Horton JR, Lee DY, Zhang X, Stallcup MR et al. The ankyrin
repeats of G9a and GLP histone methyltransferases are mono- and dimethyllysine
binding modules. Nat Struct Mol Biol 2008; 15: 245–250.
Duan Z, Zarebski A, Montoya-Durango D, Grimes HL, Horwitz M. Gﬁ1 coordinates
epigenetic repression of p21Cip/WAF1 by recruitment of histone lysine methyltransferase G9a and histone deacetylase 1. Mol Cell Biol 2005; 25: 10338–10351.
Gyory I, Wu J, Fejer G, Seto E, Wright KL. PRDI-BF1 recruits the histone H3
methyltransferase G9a in transcriptional silencing. Nat Immunol 2004; 5: 299–308.
Zhu J, Guo L, Min B, Watson CJ, Hu-Li J, Young HA et al. Growth factor
independent-1 induced by IL-4 regulates Th2 cell proliferation. Immunity 2002; 16:
733–744.
Shinnakasu R, Yamashita M, Kuwahara M, Hosokawa H, Hasegawa A, Motohashi S
et al. Gﬁ1-mediated stabilization of GATA3 protein is required for Th2 cell
differentiation. J Biol Chem 2008; 283: 28216–28225.
Zhu J, Davidson TS, Wei G, Jankovic D, Cui K, Schones DE et al. Down-regulation of
Gﬁ-1 expression by TGF-beta is important for differentiation of Th17 and CD103+
inducible regulatory T cells. J Exp Med 2009; 206: 329–341.
Spooner CJ, Lesch J, Yan D, Khan AA, Abbas A, Ramirez-Carrozzi V et al. Speciﬁcation
of type 2 innate lymphocytes by the transcriptional determinant Gﬁ1. Nat Immunol
2013.
Martins G, Calame K. Regulation and functions of Blimp-1 in T and B lymphocytes.
Annu Rev Immunol 2008; 26: 133–169.
Martins GA, Cimmino L, Liao J, Magnusdottir E, Calame K. Blimp-1 directly represses
Il2 and the Il2 activator Fos, attenuating T cell proliferation and survival. J Exp Med
2008; 205: 1959–1965.
Kallies A, Hawkins ED, Belz GT, Metcalf D, Hommel M, Corcoran LM et al.
Transcriptional repressor Blimp-1 is essential for T cell homeostasis and selftolerance. Nat Immunol 2006; 7: 466–474.
Martins GA, Cimmino L, Shapiro-Shelef M, Szabolcs M, Herron A, Magnusdottir E et
al. Transcriptional repressor Blimp-1 regulates T cell homeostasis and function. Nat
Immunol 2006; 7: 457–465.
Salehi S, Bankoti R, Benevides L, Willen J, Couse M, Silva JS et al. B lymphocyteinduced maturation protein-1 contributes to intestinal mucosa homeostasis by limiting
the number of IL-17-producing CD4+ T cells. J Immunol 2012; 189: 5682–5693.
O'Carroll D, Scherthan H, Peters AH, Opravil S, Haynes AR, Laible G et al. Isolation
and characterization of Suv39h2, a second histone H3 methyltransferase gene that
displays testis-speciﬁc expression. Mol Cell Biol 2000; 20: 9423–9433.
Rea S, Eisenhaber F, O'Carroll D, Strahl BD, Sun ZW, Schmid M et al. Regulation of
chromatin structure by site-speciﬁc histone H3 methyltransferases. Nature 2000;
406: 593–599.
Allshire RC, Nimmo ER, Ekwall K, Javerzat JP, Cranston G. Mutations derepressing
silent centromeric domains in ﬁssion yeast disrupt chromosome segregation. Genes
Dev 1995; 9: 218–233.
Aagaard L, Laible G, Selenko P, Schmid M, Dorn R, Schotta G et al. Functional
mammalian homologues of the Drosophila PEV-modiﬁer Su(var)3-9 encode
centromere-associated proteins which complex with the heterochromatin
component M31. Embo J 1999; 18: 1923–1938.
Bannister AJ, Zegerman P, Partridge JF, Miska EA, Thomas JO, Allshire RC et al.
Selective recognition of methylated lysine 9 on histone H3 by the HP1
chromo domain. Nature 2001; 410: 120–124.
Lachner M, O'Carroll D, Rea S, Mechtler K, Jenuwein T. Methylation of histone H3
lysine 9 creates a binding site for HP1 proteins. Nature 2001; 410: 116–120.

75 Hwang KK, Eissenberg JC, Worman HJ. Transcriptional repression of euchromatic
genes by Drosophila heterochromatin protein 1 and histone modiﬁers. Proc Natl Acad
Sci USA 2001; 98: 11423–11427.
76 Muchardt C, Guilleme M, Seeler JS, Trouche D, Dejean A, Yaniv M et al. Coordinated
methyl and RNA binding is required for heterochromatin localization of mammalian
HP1alpha. EMBO Rep 2002; 3: 975–981.
77 Peters AH, Mermoud JE, O'Carroll D, Pagani M, Schweizer D, Brockdorff N et al.
Histone H3 lysine 9 methylation is an epigenetic imprint of facultative heterochromatin. Nat Genet 2002; 30: 77–80.
78 Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in life. Nature
2011; 469: 343–349.
79 Sarma K, Margueron R, Ivanov A, Pirrotta V, Reinberg D. Ezh2 requires PHF1 to
efﬁciently catalyze H3 lysine 27 trimethylation in vivo. Mol Cell Biol 2008; 28:
2718–2731.
80 Varambally S, Dhanasekaran SM, Zhou M, Barrette TR, Kumar-Sinha C, Sanda MG
et al. The polycomb group protein EZH2 is involved in progression of prostate cancer.
Nature 2002; 419: 624–629.
81 de Kleer IM, Kamphuis SM, Rijkers GT, Scholtens L, Gordon G, De Jager W et al. The
spontaneous remission of juvenile idiopathic arthritis is characterized by CD30+
T cells directed to human heat-shock protein 60 capable of producing the regulatory
cytokine interleukin-10. Arthritis Rheum 2003; 48: 2001–2010.
82 Kimura T, Morimoto T, Natsuaki M, Shiomi H, Igarashi K, Kadota K et al. Comparison
of everolimus-eluting and sirolimus-eluting coronary stents: 1-year outcomes from the
Randomized Evaluation of Sirolimus-eluting Versus Everolimus-eluting stent Trial
(RESET). Circulation 2012; 126: 1225–1236.
83 Morin RD, Johnson NA, Severson TM, Mungall AJ, An J, Goya R et al. Somatic
mutations altering EZH2 (Tyr641) in follicular and diffuse large B-cell lymphomas of
germinal-center origin. Nat Genet 2010; 42: 181–185.
84 Cao R, Zhang Y. The functions of E(Z)/EZH2-mediated methylation of lysine 27 in
histone H3. Curr Opin Genet Dev 2004; 14: 155–164.
85 Su IH, Basavaraj A, Krutchinsky AN, Hobert O, Ullrich A, Chait BT et al. Ezh2 controls
B cell development through histone H3 methylation and Igh rearrangement. Nat
Immunol 2003; 4: 124–131.
86 Su IH, Dobenecker MW, Dickinson E, Oser M, Basavaraj A, Marqueron R et al.
Polycomb group protein ezh2 controls actin polymerization and cell signaling. Cell
2005; 121: 425–436.
87 Wei G, Wei L, Zhu J, Zang C, Hu-Li J, Yao Z et al. Global mapping of H3K4me3 and
H3K27me3 reveals speciﬁcity and plasticity in lineage fate determination of
differentiating CD4+ T cells. Immunity 2009; 30: 155–167.
88 Avni O, Lee D, Macian F, Szabo SJ, Glimcher LH, Rao A et al. T(H) cell differentiation
is accompanied by dynamic changes in histone acetylation of cytokine genes. Nat
Immunol 2002; 3: 643–651.
89 Wang Z, Zang C, Cui K, Schones DE, Barski A, Peng W et al. Genome-wide mapping of
HATs and HDACs reveals distinct functions in active and inactive genes. Cell 2009;
138: 1019–1031.
90 Miao F, Wu X, Zhang L, Riggs AD, Natarajan R. Histone methylation patterns are celltype speciﬁc in human monocytes and lymphocytes and well maintained at
core genes. J Immunol 2008; 180: 2264–2269.
91 Lehnertz B, Northrop JP, Antignano F, Burrows K, Hadidi S, Mullaly SC et al.
Activating and inhibitory functions for the histone lysine methyltransferase G9a in T
helper cell differentiation and function. J Exp Med 2010; 207: 915–922.
92 Antignano F, Burrows K, Hughes MR, Han JM, Kron KJ, Penrod NM et al.
Methyltransferase G9A regulates T cell differentiation during murine intestinal
inﬂammation. J Clin Invest 2014; 124: 1945–1955.
93 Allan RS, Zueva E, Cammas F, Schreiber HA, Masson V, Belz GT et al. An epigenetic
silencing pathway controlling T helper 2 cell lineage commitment. Nature 2012; 487:
249–253.
94 Koyanagi M, Baguet A, Martens J, Margueron R, Jenuwein T, Bix M et al. EZH2 and
histone 3 trimethyl lysine 27 associated with Il4 and Il13 gene silencing in Th1 cells.
J Biol Chem 2005; 280: 31470–31477.
95 Zhang Y, Kinkel S, Maksimovic J, Bandala-Sanchez E, Tanzer MC, Naselli G et al. The
polycomb repressive complex 2 governs life and death of peripheral T cells. Blood
2014; 124: 737–749.
96 Tumes DJ, Onodera A, Suzuki A, Shinoda K, Endo Y, Iwamura C et al. The polycomb
protein Ezh2 regulates differentiation and plasticity of CD4(+) T helper type 1 and type
2 cells. Immunity 2013; 39: 819–832.
97 Tong Q, He S, Xie F, Mochizuki K, Liu Y, Mochizuki I et al. Ezh2 regulates
transcriptional and posttranslational expression of T-bet and promotes Th1 cell
responses mediating aplastic anemia in mice. J Immunol 2014; 192: 5012–5022.
98 Mosammaparast N, Shi Y. Reversal of histone methylation: biochemical and
molecular mechanisms of histone demethylases. Annu Rev Biochem 2010; 79:
155–179.
99 Giresi PG, Kim J, McDaniell RM, Iyer VR, Lieb JD. FAIRE (Formaldehyde-Assisted
Isolation of Regulatory Elements) isolates active regulatory elements from human
chromatin. Genome Res 2007; 17: 877–885.
100 Guelen L, Pagie L, Brasset E, Meuleman W, Faza MB, Talhout W et al. Domain
organization of human chromosomes revealed by mapping of nuclear lamina interactions. Nature 2008; 453: 948–951.
101 Yokochi T, Poduch K, Ryba T, Lu J, Hiratani I, Tachibana M et al. G9a selectively
represses a class of late-replicating genes at the nuclear periphery. Proc Natl Acad Sci
USA 2009; 106: 19363–19368.
102 Kind J, Pagie L, Ortabozkoyun H, Boyle S, de Vries SS, Janssen H et al. Single-cell
dynamics of genome-nuclear lamina interactions. Cell 2013; 153: 178–192.

Immunology and Cell Biology

Repressive methylation in TH cells
F Antignano and C Zaph
8
103 Kind J, van Steensel B. Genome-nuclear lamina interactions and gene regulation. Curr
Opin Cell Biol 2010; 22: 320–325.
104 He S, Xie F, Liu Y, Tong Q, Mochizuki K, Lapinski PE et al. The histone
methyltransferase Ezh2 is a crucial epigenetic regulator of allogeneic T-cell responses
mediating graft-versus-host disease. Blood 2013; 122: 4119–4128.
105 Powrie F, Coffman RL, Correa-Oliveira R. Transfer of CD4+ T cells to C.B-17 SCID
mice: a model to study Th1 and Th2 cell differentiation and regulation in vivo. Res
Immunol 1994; 145: 347–353.
106 Cliffe LJ, Grencis RK. The Trichuris muris system: a paradigm of resistance and
susceptibility to intestinal nematode infection. Adv Parasitol 2004; 57: 255–307.
107 Cormier SA, Taranova AG, Bedient C, Nguyen T, Protheroe C, Pero R et al. Pivotal
Advance: eosinophil inﬁltration of solid tumors is an early and persistent inﬂammatory
host response. J Leukoc Biol 2006; 79: 1131–1139.
108 Chaturvedi CP, Somasundaram B, Singh K, Carpenedo RL, Stanford WL, Dilworth FJ
et al. Maintenance of gene silencing by the coordinate action of the H3K9
methyltransferase G9a/KMT1C and the H3K4 demethylase Jarid1a/KDM5A. Proc
Natl Acad Sci USA 2012; 109: 18845–18850.
109 Lee GR, Fields PE, Flavell RA. Regulation of IL-4 gene expression by distal regulatory
elements and GATA-3 at the chromatin level. Immunity 2001; 14: 447–459.
110 Lee DY, Northrop JP, Kuo MH, Stallcup MR. Histone H3 lysine 9 methyltransferase
G9a is a transcriptional coactivator for nuclear receptors. J Biol Chem 2006; 281:
8476–8485.
111 Kubicek S, O'Sullivan RJ, August EM, Hickey ER, Zhang Q, Teodoro ML et al. Reversal
of H3K9me2 by a small-molecule inhibitor for the G9a histone methyltransferase. Mol
Cell 2007; 25: 473–481.

Immunology and Cell Biology

112 Vedadi M, Barsyte-Lovejoy D, Liu F, Rival-Gervier S, Allali-Hassani A, Labrie V et al. A
chemical probe selectively inhibits G9a and GLP methyltransferase activity in cells.
Nat Chem Biol 2011; 7: 566–574.
113 Purcell DJ, Jeong KW, Bittencourt D, Gerke DS, Stallcup MR. A distinct mechanism
for coactivator versus corepressor function by histone methyltransferase G9a in
transcriptional regulation. J Biol Chem 2011; 286: 41963–41971.
114 Kumar RK, Herbert C, Foster PS. The 'classical' ovalbumin challenge model of asthma
in mice. Curr Drug Targets 2008; 9: 485–494.
115 Greiner D, Bonaldi T, Eskeland R, Roemer E, Imhof A. Identiﬁcation of a speciﬁc
inhibitor of the histone methyltransferase SU(VAR)3-9. Nat Chem Biol 2005; 1:
143–145.
116 Copeland RA, Solomon ME, Richon VM. Protein methyltransferases as a target class
for drug discovery. Nat Rev Drug Discov 2009; 8: 724–732.
117 Arrowsmith CH, Bountra C, Fish PV, Lee K, Schapira M. Epigenetic protein families: a
new frontier for drug discovery. Nat Rev Drug Discov 2012; 11: 384–400.
118 Verma SK, Tian X, LaFrance LV, Duquenne C, Suarez DP, Newlander KA et al.
Identiﬁcation of potent, selective, cell-active inhibitors of the histone lysine
methyltransferase EZH2. ACS Med Chem Lett 2012; 3: 1091–1096.
119 Sweis RF, Pliushchev M, Brown PJ, Guo J, Li F, Maag D et al. Discovery and
development of potent and selective inhibitors of histone methyltransferase g9a. ACS
Med Chem Lett 2014; 5: 205–209.
120 Hojfeldt JW, Agger K, Helin K. Histone lysine demethylases as targets for anticancer
therapy. Nat Rev Drug Discov 2013; 12: 917–930.
121 Kruidenier L, Chung CW, Cheng Z, Liddle J, Che K, Joberty G et al. A selective jumonji
H3K27 demethylase inhibitor modulates the proinﬂammatory macrophage response.
Nature 2012; 488: 404–408.

