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Abstract
Helper T cell differentiation occurs in the context of the extracelluar cytokine milieu evoked by
diverse microbes and other pathogenic stimuli along with T cell receptor stimulation. The
culmination of these signals results in specification of T helper lineages, which occurs through the
combinatorial action of multiple transcription factors that establish distinctive transcriptomes. In
this manner, inducible, but constitutively active master regulators work in conjunction with factors
like the signal transducer and activator of transcriptions (STATs) that sense the extracellular
environment. The acquisition of distinctive transcriptome is also dependent upon chromatin
modifications that impact key cis elements as well as the changes in global genomic organization.
Thus, signal transduction and epigenetics are linked in these processes of differentiation. In this
review, recent advances in understanding T helper lineage specification and deciphering the action
of transcription factors are summarized with emphasis on comprehensive views of the dynamic T
cell epigenome.

Introduction
CD4+ T cells can differentiate into an array of effector, helper and regulatory T cells, and
the range of possibilities for a CD4+ T cell seems to keep expanding(1, 2). These
differentiation processes are critical for host defense and immunoregulation, but also
represent a remarkably simple and tractable model system for understanding basic principals
in cellular specification and gene regulation. While CD4+ T cell subsets have elements of
stability and have been referred to as distinct lineages, there are increasing examples of
flexibility among them. This raises fundamental questions as to what factors control stability
and permit plasticity in cellular phenotype.

For all cells, the process of differentiation represents the integration of intrinsic and extrinsic
factors that control cell fate commitment. In the case of differentiating CD4+ T cells, much
has been learned about the trans acting factors that drive lineage commitment. The major
players will be discussed briefly, but we refer readers to the many excellent reviews on this
subject (1-3). In addition, much effort over a number of years has given us a great deal of
information on the cis elements that control the expression of key lineage-defining genes,
principally the Il4 (3) and Ifng (1) genes. Again, the interested reader is referred to
outstanding, detailed reviews on structure of these key immunologic genes and we apologize
in advance that we are unable to cite the many seminal studies that have led to our present
understanding.
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In this review our focus will be on epigenetics and helper T cell differentiation. However,
this is also not a new topic; as will be discussed, the concept of epigenetics comes from the
mid 20th century.and there are already several well-written reviews on this topic as it relates
to T cells (1, 2). What is rapidly changing is our biochemical understanding of epigenetic
process and our ability to map global, genomewide changes in the epigenome. In other
words, we have begun to characterize the epigenome of differentiating helper T cells. Since
this topic was last reviewed in Annual Reviews of Immunology (2, 4), many technological
advances have become commonplace that permit comprehensive views of the “epigenetic
landscape” rather than snapshot views of portions of single genes. Consequently, we will
focus on the technologies that provide these new ways of looking at helper T cells along
with the evolving information that has been provided.

What elements define T helper lineages?
Naïve CD4+ T cells differentiate into distinct T helper lineages, whose phenotypes are
commonly defined by the signature effector cytokines produced, the master transcription
factors expressed and the type of microbial pathogens controlled. Specifically, T helper 1
cells (Th1) express interferon-γ (IFN-γ) and the transcription factor T-bet and serve to
control intracellular pathogens. Th2 cells express interleukin-4 (IL-4) and Gata3 and limit
helminth infestations. Th17 cells produce IL-17, express Rorc and protect against
extracellular bacteria and fungi.

In addition to selective expression of cytokines, another critical aspect of the biology of
differentiating helper T cells is the silencing of lineage-inappropriate cytokines.
Consequently, as Th1 are fully polarized to become efficient IFN-γ producers, their ability
to produce IL-4 and IL-17 is effectively repressed. Beyond their ability to become effector
cells, CD4+ T cells can become FoxP3-expressing regulatory T cells (Treg) that regulate
immune homeostasis.

Less well defined than the class Th subsets are follicular helper cells (Tfh). This subset of
cells localize to B cell follicles and are critical for providing B cell help, meaning they have
essential functions in promoting class switching of B cells. Their signature cytokine is IL-21
and they express the transcriptional repressor, Bcl-6. However, IL-21 and Bcl-6 are not
uniquely expressed by Tfh cells and the relationship between Tfh and other Th subsets is
still an area of intense investigation (5). Other T cell subsets include Th22 and Th9 cells,
which preferentially express IL-22 and IL-9 (6, 7). It appears that the transcription factor Pu.
1 is important for Th9 cells (8). The extent to which we should be viewing these subsets as
lineages, per se, remains debatable.

While this simple scenario (expression of lineage defining master regulator and signature
cytokine) has proven useful, it has become increasingly clear that CD4+ T cells can express
more than one master regulator. Illustrative examples include Foxp3+/T-bet+ and Rorc+/T-
bet cells (9). Historically, the definition of what it is to be a Th1 or Th2 is also a bit
tautologic argument: A Th1 cell makes IFN-γ. How do we know it’s a Th1 cell? It makes
IFN-γ. The work of Hegazy and colleagues make the problem of such a definition clear.
They showed that committed Gata-3+Th2 cells that are adoptively transferred into virally-
infected mice are reprogrammed to adopt Gata-3+T-bet+ and IL-4+IFN-γ+ phenotypes (10).
So what do we call a Gata-3+T-bet+ and IL-4+IFN-γ+ cell? In the present nosology there is
no simple solution and the present reality is that CD4+ T cells exhibit rather substantial
plasticity. In fact, this may be advantageous in terms of host defense.

In the same vein, it also not a simple task to understand exactly what the extended
phenotype of Th cell is. In some cases, expression of particular chemokines and chemokine
receptors are associated with different Th subsets; however, there are also good examples of
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such factors being more promiscuously expressed. As discussed in more detail below, there
is not a simple correlation between cytokine, master regulator and a precise cassette of other
lineage-defining genes. In this regard, it will be quite informative to more carefully define T
helper lineage not only by a small number of cytokine/transcription factor expression, but
also with more comprehensive transcriptome signatures. There is no shortage of microarray
studies of different Th subsets; however, the transcriptomes obtained offer glimpses at the
global state of RNA expression at very limited times. Highly dynamic global gene
expression will require many of transcriptome snapshots to permit a complete understanding
of kinetics of transition to different states of differentiation.

Transcription factors as drivers of T helper differentiation
In general terms, cell phenotype is often the result of expression of master regulator
transcription factors. In non-T cells, vivid examples include master regulators such as MyoD
or Pax family transcription factors (11). Expression of such transcription factors is necessary
and sufficient for cell fate determination and those factors bind directly to target genes
involved in specification.

The differentiation of naïve T cells into specific helper lineages require cues from
extracelluar environment and this comes in the form of antigen, co-stimulatory molecules,
adhesion molecules as well as various cytokines. Extrinsic instructions received by naive
CD4+ T cells during initial engagement with antigen-presenting cells are then converted into
cell-intrinsic changes. There are several combinations of transcription factors that contribute
to establish each T helper subset.

Factors that promote Th1 differentiation
For Th1 cells, Stat1 and Stat4 are both important factors, receiving signals from interferons
(IFN) and IL-12 respectively. Stat1 and Stat4 can both induce T-bet, which works in
conjuction with Hlx, Runx3, and Ets family members to promote IFN-γ production and
repress IL-4 transcription. T-bet also inhibits the function of Gata3 and Rorc, thereby
antagonizing Th2 and Th17 differentiation. T-bet is phosphorylated by Itk, and
phosphorylated T-bet binds and repress Gata3, thereby interfering with the Gata3’s function
(12). It should be noted, however, that Th1 differentiation can occur in the absence of the
cognate master regulator T-bet or Stat4 through other pathways. In CD8 cells, a different T-
box family member, Eomes, is the major regulator of IFN-γ production.

Factors that drive Th2 differentiation
For Th2 cells, Stat5 or Stat6 can initiate specification by induction of Gata3, but Notch
signaling can also induce Gata3 in a Stat6-independent manner (13). GATA3 in turn
induces c-Maf, which promotes Th2 differentiation; however, c-Maf deficiency does not
abrogate production of Th2 cytokines other than IL-4, suggesting a selective role of c-Maf in
regulating IL-4 transcription (14). Additionally, STAT3 has been found to be a contributor
to Th2 differentiation (15).

Factors important for Th17 differentiation
Cytokines like IL-6 and IL-23 activate Stat3, which induce Rorc, the master regulator for
Th17 cells. In addition, other transcription factors including aryl hydrocarbon receptor, Batf,
IkappaBzeta, IRF-4 and Runx1 are reported to promote IL-17 expression. In contract,
Foxp3, Gfi-1 and Ets-1 are reported to inhibit Th17 cell differentiation. Tcf-1 is another
repressor of Th17 that acts by directly binding and repressing the Il17 gene. Tcf-1 also
negatively regulates IL-7R on Th17 cells and constrains the survival of inflammatory Th17
cells (16).
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Factors involved in Treg cell differentiation
IL-2 plays a pivotal role to maintain Treg population. Activated by IL-2, Stat5 binds the
Foxp3 gene and induces its expression and Foxp3, in turn, directly regulates many genes
involved in the program of Treg cells. FoxP3 can bind Rorγt and interfere with Th17-cell
development (17). Runx1 affects the balance between Th17 and Treg through its ability to
interact with Rorc and Foxp3. Rorc and Runx cooperate to induce its expression of IL-17,
whereas Foxp3-Runx1 interactions inhibit Th17 differentiation (18). Runx proteins can also
regulate the expression of Rorc (18) and FoxP3 (19). Nrfa2 is yet another factor that
positively regulates FoxP3 expression (20). Foxo family members, Foxo1 and Foxo3, also
participate in specifying Treg developmental pathway (21). Treg cell specific deletion of a
transcription factor critical for other effector lineage, namely IRF4 for Th2 and Stat3 for
Th17 cells, suggests that Treg cells elicit effector response-specific suppression by using
components of the transcriptional machinery important for the “target” effector lineage (22,
23). Of note, in response to IFN-γ, some Treg cells can express T-bet which promotes
expression of CXCR3 and promotes trafficking of Treg cells to sites of Th1-associated
inflammation (24). Recently, it was reported that one key role of FoxP3 is to repress the
genome organizer protein, SATB1. This constrains chromatin remodeling at cytokine loci
for other effector lineages and thereby maintains functionality of Treg (25).

Common factors that regulate cytokine production
In addition to promotion of lineage commitment, transcription factors influence helper T cell
function by directly affecting the acute production of cytokines. After differentiation to a
particular subset, effectors become activated by secondary engagement of the TCR and co-
stimulatory molecules, with or without cytokines. Transcription factors such as NF-κB
family members, NFAT proteins, AP-1, and STAT proteins can drive acute induction of
cytokine transcription following stimulation.

What elements define the epigenome?
Gene expression is not simply dependent upon presence or absence, and/or the state of
activation of a transcription factor, and other factors determine whether a genomic segment
can be subject to regulation by transactivating factors. For many years, even before we knew
many of the details of physical nature of genes, it was appreciated that phenotype of progeny
cells is preserved through multiple cell divisions and preservation of phenotype occurs over
time and in various environments. Despite the vast differences in phenotype of all the
various cells in tissues and organs, the underlying DNA sequence remains the same. So what
explains the differences and what preserves stability of phenotype?

Historical views on epigenome
Waddington in the mid 20th century first used the term “epigenetics” as a manifestation of
genetic activity (26). At this time though, Waddington did not have an appreciation of what
a gene really was. With time the term epigenetics has come to describe heritable changes in
phenotype or gene expression without changes in DNA sequences itself. It has been
recognized that terminally differentiated cells can autonomously maintain their distinctive
features through mitotic divisions even in the absence of exogenous signals or the action of
transcription factors that initially induced the phenotype. Thus the term epigenetics refers to
underlying mechanisms that preserve cellular memory and maintain distinctive
transcriptional profiles and cellular identity. More recently the term epigenetics has come to
have a more biochemical meaning. Some of the elements that constitute epigenetic
information that include: (1) histone tail modifications and histone variants, (2) DNA
methylation, (3) nucleosome compaction and (4) chromatin interaction/chromosome
conformation. Broadly speaking the term can also refer to other mechanisms such as the
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action of long non-coding RNAs and microRNAs. We will discuss each of these topics
individually.

Histone tail modification
Posttranslational modifications of histones, particularly at N-terminal tails, present myriad
patterns of epigenetic information through enzyme-mediated acetylation, methylation,
phosphorylation, ubiquitination, sumoylation etc. Enzymes that add or remove those
modifications have also been identified and in some cases, targeted genetic perturbation of
those enzymes result in alterations of phenotype related to T cell function (Table 1). While
numerous differential combinations of histone marks could potentially exist, it has been
noted that a few select combinations of marks are quite useful and powerful enough to
profile functionality of histone epigenome. Such representative marks include: H3K4 mono/
di/trimethylation associated with permissive active conformation, H3K27 trimethylation
associated with repressive conformation, and H3K36 trimethylation associated with actively
transcribed coding regions. In particular, two histone methylation marks at H3K4 and
H3K27 represent opposite functions, active chromatin versus silenced chromatin, and they
are associated with trithorax (27) and polycomb (28) complexes, respectively, that are
responsible to “write” those marks through the catalytic subunit, methytransferases MLL
and Ezh2, respectively. There are also demethylases (LSD1 and Jumonji C domain family
proteins) that erase those marks (29). As will be discussed, genome-wide mapping of those
key histone marks and subsequent combinatorial analyses can distinguish the status of
chromatin as 3 different stages: silent, poised, and active (1). “Poised” status represents an
intermediate state between active and silent, and is defined by either null histone mark or by
simultaneous presence of both active and repressive marks called as bivalent. Similar
combinatorial analysis of histone marks can be successfully used to predict regions that
actively transcribing non-coding RNAs (30). Histone acetylation is also important for
chromatin function and gene transcription, and two classes of antagonizing enzymes
contribute to creating and removing these marks, namely histone acetyltransferases (HATs)
and deacetylases (HDACs), respectively (31). The classic view relates HAT activity and
acetylated chromatin to active transcription and HDAC activity with repressed transcription.
However, the genome-wide distribution of HATs and HDACs provided a more complex
picture pointing to an involvement of both HATs and HDACs with active transcription (32).
Thus dynamic interplay between HATs and HDACs on the same loci seems to be a key for
maintaining the state of histone acetylation and active transcription (31). As canonical
histone (H2A, H2B, H3 and H4) are packed into nucleosomes to form building blocks for
chromatin, variant histones can perform additional specialized functions in transcriptional
regulation and beyond including DNA repair, chromosome segregation and others (33).

DNA methylation
DNA methylation on cytosines in CpG dinucletides is another form of epigenetic
information that can repress transcription when introduced at gene promoters. Through the
action of DNMT1, the pattern of DNA methylation is faithfully copied from one generation
to the next and is thus considered to be the most stable epigenetic mark that confers heritable
epigenetic memory. Global distributions of DNA methylation, collectively called as DNA
methylomes, for several organisms have now been reported. Genome-wide distribution of
DNA methylation pattern revealed methylation on CG as well as non-CG context, and the
former mainly was associated with promoter region and the latter was with gene body region
that was actively transcribed in ES cells (34). Recent comparative profiling of DNA
methylomes between embryonic stem (ES) cells and induced pluripotent stem cells (iPS)
revealed clear epigenetic difference between the cells and raised a question regarding the
reprogramming of iPS cells. The discrepancy in profiles of methylomes suggested
incomplete reprogramming of iPS cells and incomplete erasure of previous phenotypic
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memory of the original cell type (35). While the identities and function of DNA
methyltransferases are well characterized (36), the mechanism to achieve DNA
demethylation remains to be clarified as no single enzyme or mechanism has gained decisive
biochemical and genetic support, and it is plausible that multiple mechanisms exist to carry
out the task depending on specific biological context (37). Recently 5-hydroxymethylation
of cytosine has been reported as a new epigenetic mechanism crucial for regulating
pluripotency and differentiation of ES cells and hematopoietic stem cells. The genome-wide
distribution of 5-hydroxymethylcytosine (5hmC) showed deposition of the mark in
transcribed regions, transcription start sites and a subset of enhancer regions (38, 39). TET
(ten eleven translocation) family proteins are enzymatically responsible for converting 5-
methylcytosine (5mC) to 5hmC but can also convert 5mC to 5-formyl-C or 5-carboxy-C.
This raises the possibility that TET proteins contribute to DNA demethylation reactions
(40).

Nucleosome compaction
Most genomic DNA in eukaryotes is incorporated into nucleosomes and folded in a tightly
compacted fashion(41). Nuclesome positioning, referring to the localization of an individual
histone octamer with respect to a specific DNA sequence, modulates accessibility of
regulatory proteins to DNA and influences eukaryotic gene regulation, thus constitutes
epigenetic information (42). Most transcribed regions have reduced nucleosome occupancy
over the promoter, and these nucleosome-depleted regions (NDRs) are generally flanked by
two well-positioned nucleosomes (43).

ATP-dependent remodeling has been considered as important modulators of chromatin
structure and nucleosome dynamics (44, 45). Various enzymatic machines can perturb
intrinsic histone-DNA interactions. These nucleosome remodelers are multi-protein
complexes that employ ATP hydrolysis to slide or disassemble histone octamers (43). There
are several classes of chromatin remodelers, including the SWI/SNF (BAF), ISWI, INO80,
SWR, and Mi-2/CHD, each specialized for a different function that can positively or
negatively regulate transcription (46, 47). The active ATPase motors of these large
complexes associate with a variety of other proteins that regulate their activity and help
target them to chromatin.

Chromatin interaction and chromosome conformation
Chromatin looping generated by chromosome interaction from distance has been recognized
as another mechanism to affect regional transcription (48). Chromatin looping brings
multiple distal regulatory elements such as enhancers into close contact with the promoter of
the genes that they regulate. Such interactions can occur in cis in a linear fashion on the
same chromosome, as reported for the Th2 cytokine locus and Th2 locus control region
(LCR) in T cells (49). However, interactions can also occurs in trans, meaning that regions
of different chromosomes can interact. For instance the Ifng locus on chromosome 10 and
Il4 locus on chromosome 11 can associate in naïve T cells (50). This results in the formation
of three-dimensional structures that promote efficient enrichment of functional components
for transcription including transcription activators, RNA polymerase II, component of pre-
initiation complexes, etc. Such functional units have been termed transcription factories (51)
and potentially provide a mechanism for co-regulation of diverse genes on different
chromosomes.

Cis Regulatory Elements and Epigenetic Modifications
Cis regulatory elements are the DNA elements that control gene expression and constitute an
integral part of gene structure. Cis regulatory elements usually contain the binding site for
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trans-acting factors and serve as the site of epigenetic modification as well. Functionally
relevant cis-elements may be located 5′ to the coding sequence of the gene it controls (in the
promoter region or further upstream), in an intron, or 3′ to the gene’s coding sequences. In
differentiating Th cells, the focus has been on the structure of lineage-defining cytokine
genes including their distal cis regulatory elements.

Structure of the Ifng gene
The nearest gene neighbor of the Ifng and IFNG genes in mouse and human is
approximately 420 and 500 kb downstream. Upstream, the nearest functional gene is IL26 in
human and Il22 in mouse (due to near complete deletion of IL26 in rodents), which resides
approximately 245 kb upstream of Ifng. IL-22 and IL-26 are IL-10 family cytokines, which
are not expressed in Th1 cells. This implies the existence of an insulator or boundary
element between these genes and the Ifng/IFNG loci. The importance of distant cis
regulatory elements surrounding Ifng/INFG genes was established by the creation of
transgenic mice carrying a human IFNG BAC transgene comprising 90 kb of upstream and
downstream flanking sequence. While mice carrying extended IFNG region recapitulated
normal, regulated IFN-γ expression, including Th0/Th1/Th2 selectivity, the transgenic mice
bearing a construct comprising the Ifng promoter region alone failed to reproduce fidelity in
IFN-γ expression (52). Taken together, the data suggest that the complete IFNG and Ifng
loci appear to encompass 180 and 140 kb in human and mouse, respectively (52, 53).

Mapping of individual cis elements in the Ifng and IFNG loci began about 20 years ago
through identification of conserved non-coding sequences (CNS) combined with DNAse
hypersensitivity assays. Further information on histone epigenetic marks, DNA methylation,
transcription factor binding or chromosome conformation have added accuracy and
functionality to each elements among which CNS-34, CNS-22, CNS-6, CNS+18-20,
CNS-29 have been found to be key regulatory hubs that recruit multiple trans acting factors
to facilitate Th1-specific remodeling of the Ifng locus (54-56)(see also Figure 1).
Comprehensive reviews on the regulatory elements of Ifng/IFNG genes in human and mice
are found in (1, 57).

Structure of the IL4 gene
The Il4/IL4 loci appear to be equally complex, encompassing approximately 200 kb and
comprising the Il4, Il13 and RAD50 genes. Downstream of RAD50 is the Il5 gene.
Transgenic expression of a 30 kb construct encompassing the Il4 and Il3 genes did not
exhibit appropriate regulated expression, whereas a construct containing ~25 kb downstream
of RAD50 revealed the presence of a locus control region (LCR)(58). Like the Ifng locus,
much work has been done to identify important cis elements within and beyond the LCR.
Activation-induced DNA demethylation at the LCR has also been reported (59).
Interestingly, functional deletion analysis also identified a silencer element (HS-IV),
deletion of which derepressed IL-4 expression (3) and subsequently involvement of T-bet
and Runx for the silencer function was revealed (60, 61). Many of the identified elements
(HS-I, II, VA, V), along with each of the Th2-cytokine promoters are direct targets of
NFAT, other TCR-induced transcription factors and Th2 promoting transcription factors
such as STAT6 and Gata3. An extensive review of the regulatory elements in Th2 cytokine
loci can be found in (4).

Cis elements involved in FoxP3 gene regulation
Treg cells do not have a signature cytokine; on the contrary, production of most cytokines is
repressed. However, they do have the master regulatory transcription factor FoxP3. A
conserved CpG rich region denoted as a Treg-specific demethylated region (TSDR) resides
upstream of the FoxP3 exon1 (62) and also another CpG rich region was found in the 1st
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intron(63). This TSDR is demethylated in nTreg cells and is associated with stable
expression of FoxP3 (62, 64). In contrast, there is residual methylation of this region in
iTreg cells, consistent with instability of FoxP3 expression (64). Further fine mapping with
in vivo functional deletion analysis identified 3 major cis elements, CNS-1, CNS-2 (both in
upsteam of exon 1) and CNS-3 (in intron 1) with discrete functions (65). CNS-1 that
contains a TGFβ-NFAT response element is important for iTreg generation in gut. CNS2
recruits FoxP3-Runx/CBFβ complex in a CpG demethylation-dependent manner and serves
as a cellular memory module for Treg lineage stability. CNS3 is a pioneer element that binds
c-Rel homodimer activated downstream of TCR/CD28 and serves to open up the FoxP3
locus early in development and therefore is indispensable for normal thymic and peripheral
Treg generation.

Epigenetics and T cell differentiation – cause or effect?
The first evidence to support epigenetic contribution in gene regulation came with drugs that
affected the status of epigenetic information. The DNA methylation inhibitor, 5-
azacytidine , caused constitutive production of IL-2 (66) and IFN-γ (67) and HDAC
inhibitors enhanced production of Th1 and Th2 cytokines (68-70). These data suggested that
modulation of epigenetic information on DNA or histones could lead to change in cytokine
production.

Genetic approaches by deletion of chromatin modifying/remodeling proteins have added
more evidence for the causal roles of epigenetic modifications in regulating cytokine
expression (Table 1). Conditional ablation of DNMT1 (DNA methyltransferase)(71, 72) or
MbD2 (methyl-CpG binding domain protein 2)(73) led to increased expression of IFN-γ and
Th2-type cytokines and inability of Th1 or Th2 cells to properly silence the expression of
opposing cytokine genes. The importance of cell cycle progression in controlling IFN-γ and
IL4 expression was also noted, suggesting that for removal or establishment of local
epigenetic status, proliferative signals are required in addition to differentiation signals
provided by cytokines (68).

Targeting histone modifying enzymes also led to impairment of T cell development and
function. Haplo-insufficiency of the H3K4 methyltransferase MLL (MLL+/−), the catalytic
subunit of Trithorax group (TrxG), resulted in defective maintenance but not initial
induction of Il4, Il5, Il13 and Gata3 expression in Th2 cell, indicating its crucial role for
memory Th2 cell maintenance (74). Similarly, deletion of menin, another component of
TrxG, showed impairment in maintaining Gata3 expression (75). Also, mice that lack
MEL18, a polycomb repressor complex 1 (PRC1) protein that binds to trimethylated
H3K27, have impaired GATA3 induction and Th2-cell differentiation (76), whereas deletion
of Bmi1, another component of PRC1, impaired memory Th2 cell survival(77). EZH2, a
major H3K27 methyltransferase, binds to and suppresses the Il4/Il13 locus in Th1 cells (78).
In addition though, EZH2 has an extra-nuclear function in that it associates with cytosolic
protein complex and controls T cell receptor-induced actin polymerization (79).

ATP-dependent chromatin remodeling complexes are crucial for both the assembly and
disassembly of chromatin structure (45). Brahma-related gene 1 (BRG1) is a catalytic
subunit of SWI/SNF remodeling complexes and T cell specific deficiency of Brg1 in mice
resulted in both thymic and peripheral abnormalities of T cells (80, 81). Brg1 binds the Ifng
promoter in Th1 cells and knockdown of Brg1 results in decreased IFN-γ production (82).
Targeted mutation of BAF57 (a component of SWI/SNF complex) resulted in dysregulation
of CD4+ gene silencing in T cells (47). Similarly T cell specific deletion of BPTF (a
component of nucleosome remodeling factor NURF) resulted in developmental arrest of
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thymocytes (83). Overall, mounting evidence strongly argues for a causal role of epigenetic
mechanisms in supporting T lineage differentiation and maintaining specification.

How is global epigenetic status evaluated?
Conventional biochemical analyses of epigenetic modifications include chromatin
immunoprecipitation (ChIP), DNAse hypersensitivity (HS) assay, or bisulfite conversion of
cytosines. However, these approaches have undergone a renaissance when coupled with next
generation sequencing technology. Several key techniques that can address an aspect of
global epigenetic information are summarized in Table 2 that include: (1) ChIP-seq, (2)
MNase-seq, (3) DNase-seq, (4) Bisulfite-seq, (5) 4C/5C/Hi-C-seq, and (6) ChIA-PET-seq
(chromatin interaction analysis using paired end tag sequencing). In addition, global mRNA
expression is also profiled with deep sequencing approach (RNA-seq)(84) with many cell
types including T cells (85, 86).

ChIP-seq for histone modification and transcription factor binding
This method allows for detection of protein-DNA interaction and therefore widely applied
for profiling histone tail modifications, distribution of chromatin associated protein and
binding of transcription factors (87). The technique involves crosslinking of protein to the
contacting DNA and subsequent immunoprecipitation of DNA-protein complex by
antibodies directed at a target protein. The pool of fragmented DNA enriched through
immunoprecipitation is massively sequenced to produce a genome-wide digital map of local
read frequencies that represent both location and strength of DNA-protein interaction.

MNase-seq for nucleosome positioning
This method employs micrococcal nuclease that preferentially cleaves DNA between
nucleosomes (linker region DNA bridging juxtaposed nucleosomes or nucleosome free
regions), thereby generates mononucleosomes preparation of approximately 200 bp DNA
with associated core histones. By reading DNA sequences from the free end, the positions of
individual nucleosomes can be mapped on a reference genome (88). Nucleosome-phasing
surrounding the transcription start site of genes are reproducibly identified with notable
differences between active and silent genes. Signal induced global remodeling of
nucleosome organization was also captured by this analysis. In contrast, there are other
genomic regions where the positioning of nucleosomes is substantially flexible and
reproducibly positioned nucleosomes are seen for a small fraction. Therefore both DNA
sequence-based nucleosome preference and non-nucleosomal factors are in action to
determine nucleosome organization in mammalian cells (42).

DNase-seq for DNA accessibility
This method uses DNAse I to cut DNA within chromatin that is open and accessible for the
enzyme, either away from nucleosome compacted area or not tightly covered by DNA
associated proteins. Conventionally the positions of frequent cutting are referred to as
DNAse hypersensitivity sites, and usually correspond to gene promoters or intronic as well
as intergenic regulatory regions. Genomic sequencing of free ends generated by DNAse-
mediated cutting identified hypersensitivity sites across the genome, in particular for distal
intergenic regulatory elements with open chromosome configuration (89, 90).

Bisulfite-seq(MethylC-seq) to evaluate DNA methylation
This method relies on the nature of bisulfite treatment to selectively convert unmethylated
cytosine to uracil so that subsequent deep sequencing would distinguish differential
methylation status on a given cytosine residue at a single nucleotide resolution (34, 91).
Because of high-resolution as well as lack of procedure-related bias, bisulfite-seq is the gold
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standard to evaluate global methylomes, despite its significantly high costs. Several
alternative methods to profile DNA methylation such as ChIP based MeDIP-seq or
methylated DNA binding domain sequencing are available with less cost but also with some
compromises in resolution, sensitivity or coverage (92). Nevertheless they are useful
applications when the investigation is focused on a selected region of the genome and genes
and/or comparative analysis of multiple samples such as clinical samples (93) is required.

4C-seq and Hi-C-seq to evaluate chromosome conformation
The original technique to evaluate three dimensional chromosome architecture was named
Chromosome Conformation Capture (3C) that generates proximity-based DNA ligation
between 2 contacting chromosomal regions and subsequent quantitative detection of the
ligation product by PCR (94). Original procedure was designed to detect interaction between
a priori selected bait region and target region, but soon the technique has evolved to include
many adaptations such as 4C (Circular Chromosome Conformation Capture)(95)(requiring a
bait, but no prior knowledge on interacting regions), 5C (3C-Carbon Copy)(96)(high
throughput 3C with multiplexed primers to cover ~400 kb wide region of choice), 3C-
DSL(3C with DNA selection and ligation)(97)(5C coupled with IP for increased sensitivity
and specificity) and Hi-C (98)(free of bias without prior selection of bait or target loci).
Among those 3D assays, 4C and Hi-C are capable of providing genome-scale information
when coupled with next generation sequencing. With Hi-C analysis that gives a resolution of
1 megabase, spatial segregation of open versus closed chromatin was observed as separate
compartments, confirming the presence of chromosome territories.

ChIA-PET-seq for chromatin interaction through DNA binding protein
Ruan and colleagues has recently introduced a new strategy for whole genome chromatin
interaction analysis by combining ChIP, chromatin proximity-detection by ligation, paired-
end tag and high throughput sequencing (ChIA-PET; Chromatin interaction analysis using
paired end tag sequencing)(99).

The basis of ChIA-PET is to introduce a linker sequence in the junction of two DNA
fragments during nuclear proximity ligation to build connectivity of DNA fragments that are
tethered together by protein factors (100). Subsequently all linker-connected ligation
products are extracted as tag-linker-tag constructs that can be analyzed by high-throughput
PET sequencing. Since chromatin interactions captured by chromatin proximity ligation are
screened with chromatin IP, and not by any specific bait, ChIA-PET is an unbiased genome-
wide approach for de novo detection of chromatin interactions mediated by a specific
protein, collectively named as interactosome (100).

Using the ChIA-PET technique, the first chromatin interaction network was generated for
the oestrogen receptor α (ER-α) in human genome. It was found that most high-confidence
remote ER-α-binding sites are anchored at gene promoters through long-range chromatin
interactions, suggesting that ER-α functions by extensive chromatin looping to bring genes
together for coordinated transcriptional regulation (99).

Recently, the global CTCF-associated chromatin interactome map with high resolution has
been generated for mouse embryonic stem (ES) cells (101). These results suggest that CTCF
configures the genome into distinct chromatin domains and subnuclear compartments that
exhibit unique epigenetic states and diverse transcriptional activities. Contrary to the
enhancer-blocking model, CTCF-associated interactions potentially promote
communications between functional regulatory elements to regulate gene expression. It was
suggested that individual CTCF loops can function as domain barriers by demarcating
nuclear lamin–chromatin interactions and delineating the chromosomes’ subnuclear
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localizations (101). Chromatin interactome map for T cells and its subsets are not reported
yet.

Impact of epigenomic approaches to the understanding of Th
differentiation
Comparative histone epigenomic profiling of Th subsets

Genome-wide H3K4 (active) and H3K27 (silent) trimethylation maps in naïve CD4+ T cells
and fully polarized Th1, Th2, Th17, induced Treg and natural Treg cells have now been
reported (102). These data allowed mapping of active, silent and poised chromatin states
throughout the genome, and an interesting picture emerged. For genes encoding Th cell
subset signature cytokines, the pattern is what would be expected - active marks are
selectively present in the relevant lineage while silent marks are present in lineages that do
not express the cytokine. In contrast, genes encoding “master regulator” transcription
factors, such as Tbx21 in Th1 cells and Gata3 in Th2 cells, a more complex picture is
evident. They do not exhibit marks associated with complete repression in the lineages in
which they are not expressed but rather have “bivalent poised domains”, meaning both
accessible and repressive marks are present (102). Bivalent domains were also present on
genes encoding other key transcription factors including Runx3, Bcl6 and Blimp1 and
provide a potential mechanism for flexibility in expression (102). Thus, histone epigenetic
analysis provided evidences for both terminal commitment (e.g. cytokine genes) and
plasticity (e.g. master regulators genes) of T helper cells, which coexist in the same lineage.

Effect of transcription factors on epigenetics and Th1/Th2 helper fate decision
Gene targeting of transcription factors that control lineage commitment provides the
opportunity to determine how such factors regulate T helper fate, but importantly to also
assess how they impact epigenetic processes (103, 104). While previous approaches have
interrogated the effect of deletion of these transcription factors on specific genomic
segments, global view of their actions can now be obtained.

In the case of STAT4, 4 different categories of STAT4 action can be recognized (Fig.2)
through comparative analysis of wild type- versus STAT4 knock out cells (104). Among the
~4000 genes directly bound by STAT4 (Fig.2 upper left pie chart), a minority (4%) are
dependent on STAT4 for transcription competence and local histone epigenetic marks
(H3K4me3, H3K27me3 or H3K36me3)(Fig.2-A). A subset (11%) is dependent on STAT4
for transcription but not for epigenetic modification (Fig. 2-B), with a larger proportion
(20%) being dependent upon STAT4 for epigenetic modificaiton but not for transcription
(Fig. 2-C). The majority (64%) are neither dependent on STAT4 for transcription nor
epigenetic changes despite that STAT4 binds to the genes (Fig. 2-D). Similar analysis for
STAT6 revealed even more profound global effect of STAT6 on epigenetic marks in Th2
conditions (Fig. 2 upper right pie chart). These observations indicate that there are
multiple different ways a transcription factor can deliver its effect, and that effects on
epigenetic processes represent a significant aspect of its action on a genome-wide scale.

Dual function of transcription factor: activator and repressor
In general, transcription factors drive lineage commitment by both positively and negatively
through promoting the expression of phenotype-defining genes on one hand and repressing
the expression of genes associated with alternative fates on the other hand. Although STATs
were originally discovered as activators of gene transcription, a point that has been well-
confirmed by genome-wide analysis, there have been few indications that STATs can also
function as direct repressors (105, 106). In T cells, STAT4-dependent repressive histone
marks were identified on several Th2 cell-expressed genes, including STAT6 targets, which
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are actively repressed by STAT4 in Th1 cells (104). In total, around 40 genes are identified
as having STAT4-dependent repressive histone marks, and suggesting a role for STAT4 as a
transcriptional repressor as well as its more widely recognized role as a transcriptional
activator. The successful identification of opposing chromatin modifications associated with
STAT binding illustrates the power of genomic approach to evaluate differential mode of
transcription factor, both positive and negative, on the genome-wide scale.

Epigenetic instability of Th17 cells
Analogous to Th1 or Th2 cells, the defining phenotype of Th17 cells relates to the
expression of IL-17 and master regulator Rorc. However, unlike Th1 and Th2 cells, there is
considerable intrinsic instability of Th17. Extended culture of Th17 cells in vitro or upon
adoptive transfer can result in loss of IL-17 production and acquisition of IFN-γ production
(107-109). Upon exposure to IL-12, IFN-γ production can be rapidly induced in Th17
producing cells with down-regulation of Rorc and extinction of IL-17 production (107). It
was noted that significant remodeling of distal enhancers in the Ifng locus was already
present in Th17 cells, even in the absence of Th1-specifying cytokines, a factor thought to
be important in allowing rapid induction of IFN-γ (107). In contrast, the Il17a/f locus in Th1
cells is devoid of signs of remodeling in Th1 cells, suggesting asymmetry in the relationship
between Th1 and Th17 cells. Maintenance of IL-17 production requires continued
expression of Rorc provided through STAT3 activating signals such as IL-6, IL-23 and
IL-21 and inhibition of expression of T-bet and GATA3 (1, 107). In Th17 cells, STAT3
binds not only Rorc but other transcription factors and cytokine receptors associated with the
Th17 phenotype, many of which also carry active epigenetic marks on their promoters (103).

While STAT3 has a direct positive role in promoting Th17 differentiation, it appears that
STAT5 has a direct negative role. It is well established that IL-2 inhibits Th17
differentiation and by acting as IL-2 “sinks” Treg cells can promote Th17 differentiation
(110-112). Using genome-wide ChIP-seq analysis, it has noted that STAT3 and STAT5
bound the same binding sites in the Il-17a-IL17f locus in CD4+ T cells (113). It was found
that IL-2-induced STAT5 binding was associated with a reduction of STAT3 binding and
also a reduction of positive epigenetic marks at multiple sites throughout the Il-17a-Il17f
locus in Th17 cells. This is yet another example in which STAT proteins can repress gene
expression, in this case not just by promoting the accumulation of repressive marks, but also
by directly competing with a positive regulator of gene transcription.

TGF-β is another factor that promotes Th17 differentiation. One way it seems to work is by
dampening expression of T-bet, GATA3, IFN-γ and other factors that allow Th17 cells to
drift to become Th1 cells (109). It should be noted that Th17 cells can be generated in the
absence of TGF-β and cells generated in this manner express Rorc and T-bet (114, 115).

Plasticity of Tfh cells and insights from epigenetic analysis
Tfh cells have recently been proposed as another lineage with specialized function in
promoting B cell mediated antibody responses. Tfh cells are defined by expression of master
regulator Bcl-6 and effector cytokine IL-21, in addition to their localization in germinal
center of lymphoid tissues. A pattern of gene expression unique to Tfh is also reported
which include expression of the following surface receptors: CXCR5, PD-1, ICOS, BTLA,
and CD84. However substantial plasticity between Tfh and other effector cell populations is
also recognized, supporting the concept of reprogramming plasticity of Tfh. Tfh cells may
arise from Treg and Th2 cells and conversely, Tfh may differentiate to become Th1 and
other effector cells (9).
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Global epigenetic profiling of in vitro generated- and in vivo-derived Tfh has provided
additional evidences to support plasticity of Tfh cells and involvement of epigenetic
regulation of Bcl6. Of note was that the Bcl6 locus maintains accessible epigenetic marks,
even in polarized effector subsets to a degree that is comparable to Tfh (Lu et al Immunity in
press). This argues that this key transcription factor may be readily induced – even in cells
that appear to be firmly committed to being Th1, Th2, and Th17 cells.

Recent understanding on genomic structure outside of annotated genes
Enhancers

As illustrated by cytokines, tight regulation of gene expression is controlled by enhancer
elements, which can reside many kilobases distal from the genes they regulate. Until
recently, evidence of enhancer function relied primarily on conservation (and therefore
denoted conserved noncoding sequences or CNS) and DNase hypersensitivity sites (116,
117).

However, sequence conservation does not provide any information on the tissue(s) where
that enhancer is actually active and also conservation of regulatory function is not always
faithfully associated with the conservation of DNA sequence. The advent of next generation
sequencing has provided an “enhancer signaure” to look for, namely monomethylation of
histone H3 lysine 4 (H3K4me1) in the absence of trimetylation (H3K4me3) (118-120) and
binding of p300 histone acetyltransferase (116, 121-123). The veracity of enhancers
identified in this manner has been established through the construction of transgenic reporter
mice, which successfully reproduced tissue-specific and developmentally timed gene
expression (123). In addition, combinatorial patterns of histone epigenetic marks on
enhancer elements can distinguish the state of enhancer activity as being active, poised or
repressed. That is, acetylation of histone H3K27 in combination with H3K4me1 mark active
enhancers, whereas H3K4me1, in the absence of H3K27 acetylation, mark inactive or
“poised” enhancers (124, 125). Many poised enhancers in ES cells were associated with
repressive H3K27me3, and some were replaced by active H3K27ac upon differentiation to a
neuronal pathway (125). Collectively, H3K4me1 represents a generalized mark for distal
enhancers and additional marks distinguish the state of enhancer activity (116). Until
recently, our understanding of the enhancer structure has been limited to very few genes;
however, these new approaches provide the opportunity to vastly expand our understanding
on the structure and function of regulatory elements. Considering how much of the genome
corresponds to non-coding regions or “gene desert”, it is intriguing that disease-associated
polymporphisms are now being linked to such regions (97, 126). For instance, by connecting
enhancer chromatin signatures and transcription factor binding sites, one noncoding region
(9p21) associated with coronary artery disease was recognized to be functionally related to
impaired IFN-γ signaling. This represents just one example of how new strategies can begin
to decipher biological functions of loci in “gene deserts”.

Insulators
Classically, insulators are defined by the ability to block communication between adjacent
regulatory elements in a position-dependent manner and the capacity to buffer transgenes by
the spread of repressive heterochromatin from adjacent sequences. The binding of CTCF
(CCCTC-binding factor) and its partners is typically associated with the presence of
insulator elements, and the boundaries of the Ifng and IFNG loci are associated CTCF
binding (54, 55). Based on the recruitment of CTCF/Rad21, the murine Ifng locus extends
from −70 to +66 kb relative to the transcription start site (55, 57). Recent work points to
more complex functions of CTCF and its partners (e.g. cohesin). These factors are
recognized as having a role in three-dimensional chromatin conformation and a genome-
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wide role in the organization of developmentally regulated intra- and interchromosomal
contacts (127, 128). In this light, the traditional regulatory functions of CTCF such as
transcriptional activation, repression, insulation, and imprinting, may all be secondary
effects of its primary role as a genome-wide organizer of chromatin architecture (101, 128).

Roles of long and short non-coding RNA
Transcriptional and epigenetic regulation is generally described as dynamic processes
mediated by a protein network. Recently, however, it has become increasingly apparent that
there is an additional layer of regulation mediated not by protein, but by non-protein-coding
RNA (ncRNA). The mammalian genome is pervasively transcribed over a variety of cell
types with the majority of the transcription composed of ncRNA (118, 129) which include
microRNA, enhancer RNA (130) and long non-coding RNA.

miRNA
MiRNAs are small, ~22 nucleotide single-stranded ncRNAs that mediate post-
transcriptional regulation of transcriptional networks. Many reviews have covered this
exciting area (131, 132) and therefore this current review will focus discussion on the
function of miRNA in T cells. Drosha and Dicer are two key components of the machinery
responsible for miRNA generation (133) and with respect to T cells, loss of these factors is
associated with instability of helper T cells and consequently autoimmunity (134-136).

In order to identify critical miRNAs that drive T helper cell differentiation and lineage
commitment, comprehensive atlases of the murine and human lymphocyte ‘microRNome’
were created (137, 138). Using RNA-seq and RT-qPCR to analyze miRNA expression in
over 50 cell types between the two studies, it was found that 49 (of 600 screened; ~8%)
murine and 29 (of 664 screened; ~4%) human miRNAs were preferentially and differentially
upregulated in lymphocytes. Identification of miRNAs whose expression was confined to
specific lineage might imply their unique roles in regulating lineage specificity (139, 140).
Several miRNAs that influence T helper cell function have been reported. miR-125b
contributes to enforcing naïve state of helper T cells (138). miR-182 promotes clonal
expansion (141). miR-326 was reported to enhance TH17 differentiation (142). miR-146a is
important for suppressive function of Treg (143).

With miRNAs as key modulators of RNA stability and lncRNAs emerging as potent
transcriptional regulators, ncRNAs have demonstrated that they are significant regulatory
players within the transcriptional network. This paradigm will likely be underscored even
more in the near future with the recent introduction of enhancer RNAs (eRNAs)(130) and
promoter-associated RNAs (144, 145) to ncRNA repertoire.

Long non-coding RNA (lncRNA)
LncRNAs are a remarkably diverse class of transcripts that together are defined as being
larger than 200 nucleotides and lacking a functional open reading frame. LncRNAs may be
5′ capped, polyadenylated, and originate from intron/exon architecture that may be
alternatively spliced. LncRNAs are found throughout the genome, having been identified
within intergenic regions and intragenically, where they overlap with known protein-coding
genes or other ncRNAs in an anti-sense or sense orientation (146, 147). A large number of
lncRNAs have been identified in a wide variety of cell types using a combination of tiling
arrays, RNA-seq, large-scale cDNA sequencing, and the presence of H3K4me3 and
H3K36me3 histone modifications (148).

While relatively few lncRNAs have been characterized for their function, lncRNAs appear
to play a prominent role forming ribonucleoprotein complexes that mediate epigenetic
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regulation and transcriptional expression of highly specified target genes (149). For instance,
the lncRNA HOTAIR acts as a scaffold for the coordinated recruitment of both PRC2 and
the CoREST/REST repressor complex for coupled induction of H3K27 methylation and
H3K4 demethylation on the HOXD locus (150). Similarly, HOTTIP mediates the
recruitment of WDR5 to target genes driving H3K4 trimethylation and transcriptional
activation (151).

Not only RNA is an integral component of chromatin but also many histone
methyltransferases lack DNA binding properties and instead possessing RNA binding
motifs, indicating that lncRNAs may play a much more pervasive role than currently
recognized (152). In T cells, a few lncRNAs that have been functionally characterized
include: NRON (ncRNA repressor of the nuclear factor of activated T cells)(153, 154),
GAS5 (growth arrest specific transcript 5)(155) and lncRNA from the T early alpha
promoter (TEA)(156, 157). Clearly though, this is an area that will explode over the next
few years.

Immunological disease and epigenetics
The pathological significance of epigenetic gene regulation has been very well appreciated
in oncology, but increasingly such mechanisms are being recognized as contributors to
various immunological disorders. This makes sense insofar as environmental triggers play
an important role in such diseases. Among them, we will highlight emerging data on the
contribution of epigenetic mechanisms to two diseases, systemic lupus erythematosus (SLE)
and asthma.

SLE is an autoimmune disease of unknown etiology with genetic, hormonal and
environmental influences. The idea that epigenetic mechanism plays a role in lupus stemmed
from initial observations that medications that inhibited DNA methylation could trigger the
disease (158). In addition, while studies on twins pointed to genetic factors to this disease,
incomplete concordance pointed to other factors as well. In this regard, it has been
recognized for more than two decades that CD4+ T cells from patients with SLE exhibited
hypomethylated DNA. Importantly, this difference has been found in twins discordant for
lupus. In addition, T cells and monocytes from lupus patients have also been noted to have
alterations in histone modifications (159).

Like SLE, asthma clearly has a genetic component; however, the recent rise in the incidence
of this disease cannot be explained only by genetics. As discussed in detail throughout this
review and others, the expression of cytokine genes and other loci, which are relevant to the
pathogenesis of asthma, are highly influenced by epigenetic mechanisms. Environmental
factors such as tobacco smoke and pollutants also influence DNA methylation and histone
modifications and other chromatin modifications (160).

Conclusion/future perspectives
It should be quite evident that new technologic approaches have vastly expanded our view
on cell phenotype and we now think at the level of “-ome”s - epigenome, transcriptome,
miRNAome, methylome, interactome and proteosome to define cellular phenotype.
Integrating volumes of “omic”-information and making sense of these data will be a real
challenge. Linking such information to GWAS studies and the predisposition to human
diseases has already yielded promising mechanistic clues to better understand their
pathophysiology. Future studies will certainly continue to extract more information hidden
in “gene desert” regions of the genome. Comprehensively understanding the dynamic
interactions between the genome and epigenome will revolutionize our view on how T cell
function in health and disease.
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Equally, the epigenome is recognized as being dynamically shaped by signals in the
microenvironment. In this respect, factors that regulate epigenetic changes are increasingly
recognized as an extension of signal transduction mechanisms. The mechanisms through
which transcription factors recruit chromatin modifying enzymes to organize epigenome
remains poorly understood; however, there is no doubt that we will learn much in the next
few years about how nucleosome biology is linked biochemically with signaling
transduction. This will provide us with a much more sophisticated view of lymphocyte cell
biology, activation and the control of gene expression.
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Fig. 1.
The mouse Ifng locus and surrounding regulatory regions identified by various chromatin
signatures in Th1 cells. CNS denotes the conserved noncoding sequence described
previously (1). DNase hypersensitivity sites (DHS) and T-bet binding sites are depicted from
genome-wide data available from Gene Expression Omnibus (GEO) under the accession
number GSE33802. H3K4me3 denotes trimethylation of lysine 4 on histone 3 that is
regarded as permissive histone modification. Locations of H4K4me3 and STAT4 binding
sites were depicted from genome-wide data in GEO with the accession number GSE22105.
Location of CCCTC-binding factor (CTCF) binding sites was described (1) and also
confirmed by genome-wide data (J. J. O., unpublished observation).
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Fig.2.
How STATs regulate global gene transcription and histone epigenetic modification. Based
on genome-wide analysis of STAT binding, histone epigenetic modifications (H3K4me3,
H3K27me3, H3K36me3) and gene transcription, the consequences of STAT binding to the
target genes are classified into 4 different patterns:

A. Both transcription and local epigenetic status are dependent on STAT

B. Transcription is STAT-dependent but local epigenetic status is not

C. Epigenetic status is STAT-dependent but gene transcription is not

D. Neither transcription nor epigenetic status are STAT-dependent

pie charts on top: Among all the genes bound by STAT proteins (STAT4 bound genes in
Th1 condition (left) and STAT6 bound genes in Th2 (right)), proportions of genes that
belong to categories A to D are shown; A(red), B(orange), C(yellow), D(gray).
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Table 1

Immunological phenotypes for mice deficient in various chromatin modifying/remodeling proteins in T cells.

Protein/Inhibit
or

Species details phenotype Reference

BRG1 Murine
(knock out mice)

the ATPase subunit of the
SWI/SNF complex

Abnormal T cell development and
IFN-γ production

Gebuhr (JEM, 2003),
Chi (Immunity 2003)

MLL Murine
(heterozygous mice)

Trithorax component
(H3K4 methyltransferase)

Defect in maintenance of Gata3,
Il4, Il5, and Il13

Yamashita (Immunity, 2006)

MENIN Murine
(knock out mice)

Trithorax component Impaired the maintenance of
Gata3 expression

Onodera (JEM, 2010)

BMI1 Murine
(knock out mice)

PRC1 component Enhanced expression of Noxa gene
and reduced
memory T cell subsets

Yamashita (JEM, 2008)

MEL18 Murine
(knock out mice)

PRC1 component Impaired Gata3 induction Kimura (Immunity, 2001)

EZH2 Murine
(knock out mice)

PRC2 component Defect in actin polymerization-
dependent processes
such as antigen receptor signaling
in T cells

Su (Cell, 2005)

BPTF Murine
(knock out mice)

NURF component Defects in thymocyte development Landry (Gene and Dev. , 2011)

BAF57 Murine
(dominant negative
mutation transgenic)

BAF component Impaired T cell development Chi (Nature 2002)

DNMT1 Murine
(knock out mice)

DNA methyltransferases Increased Th1 and Th2 cytokine
production

Makar (NI, 2003), Lee
(Immunity, 2001)

MBD2 Murine
(knock out mice)

Methyl-DNA binding
protein

Ectopic IL-4 expression Hutchins (Mol Cell, 2002)
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Table 2

Genome-wide approaches to analyze global epigenetic status

Biological
information

Sequencing
format

Pre-sequencing
sample preparation

Description of genome-wide data T cell data

Histone tail
modification

ChIP-seq Chromatin
immunoprecipitation

Histone epigenome Barski (Cell, 2007),
Wei (Immunity, 2009, 2010),

Transcription
factor binding

ChIP-seq Chromatin
immunoprecipitation

Transcription factor binding map Wei (Immunity, 2010)
Durant (Immunity 2010)

Nucleosome
positioning

MNase-seq Micrococcal nuclease
digestion

Nucleosome landscape Valouev (Nature) 2011,
Schones (Cell, 2008)

DNA accessibility DNase-seq DNase digestion Chromatin accessibility map Boyle (Cell, 2008)

DNA methylation BS-seq
MeDIP-seq,
MBD-seq,
MetylCap-
seq

Bisulfite conversion
of cytosine
Immunopresipitation
Methy-CpG-binding
domain

DNA methylome

Deaton (Genome Research, 2011)

RNA expression RNA-seq mRNA transcriptome Barski (Nature Struct. Bio., 2010),
Hebenstreit (Mol. Sys. Bio. 2011)

miRNA
expression

miRNA-seq miRNA miRNAome Kuchen (Immunity, 2010),
Rossi (Nature Immunoloty, 2011)

Chromosome
conformation

4C-, 5C-,
Hi-C-seq

Chromatin proximity
ligation

Chromatin looping, globule, compartment NA

Chromatin
interaction
through DNA
binding protein

ChIA-PET-
seq

ChIP + chromatin
proximity ligation +
paired end tags

interactome NA
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