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Summary
Study of the development of distinct CD4+ T-cell subsets from naive precursors continues to
provide excellent opportunities for dissection of mechanisms that control lineage-specific gene
expression or repression. Whereas it had been thought that the induction of transcription networks
that control T-lineage commitment were highly stable, reinforced by epigenetic processes that
confer heritability of functional phenotypes by the progeny of mature T cells, recent findings
support a more dynamic view of T-lineage commitment. Here, we highlight advances in the
mapping and functional characterization of cis elements in the Ifng locus that have provided new
insights into the control of the chromatin structure and transcriptional activity of this signature T-
helper 1 cell gene. We also examine epigenetic features of the Ifng locus that have evolved to
enable its re-programming for expression by other T-cell subsets, particularly T-helper 17 cells,
and contrast features of the Ifng locus with those of the Il17a–Il17f locus, which appears less
promiscuous.
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Introduction
The differentiation of multipotent naive CD4+ T cells into distinct effector and regulatory
lineages provides a central mechanism for linking the innate and adaptive arms of immunity.
The pattern of antigen-driven CD4+ T-cell differentiation is controlled by cytokine cues that
emanate from microbe-sensing innate immune cells and defines the course of the adaptive
immune response, in large part through the release of effector or regulatory cytokines that
are characteristic of distinct T-cell lineages. The recognition that clonal populations of
mature CD4+ T cells produce distinct cytokine profiles formed the basis for the T helper 1
(Th1)–Th2 cell paradigm nearly 25 years ago (1) and has been expanded in the intervening
years by discovery of additional T-cell subsets, including regulatory T cells (Tregs) and a
third major effector lineage, Th17, which produce its own characteristic profile of cytokines
(Reviewed in 2–4). Additional CD4+ T-cell subsets, including Th9 and T-follicular helper
(Tfh) cells (5–8), have also been described, although they remain less well characterized.
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Findings over the past two decades have elucidated contributions of cytokines and the
lineage–specifying transcription factors they induce in the generation of helper CD4+ T cell
diversity (Fig. 1). Although the complexity of CD4+ T-cell subsets continues to grow, a
common theme is that a limited set of transcription factors induced early during T-cell
activation guides the differentiation of individual effector or regulatory lineages in the
context of rapid cell cycling that accompanies clonal expansion. Notably, each of the
lineages described to date is linked to one or more members of the signal transducer and
activator of transcription (STAT) family of transcription factors, which, as their name
implies, act both as proximal signal transducers activated by different cytokine receptors and
DNA-binding proteins that regulate transcriptional activation or repression of target genes in
differentiating CD4+ T cells. The Th1 pathway is thus linked to IFN-α, β or γ−STAT1,
IL-12–STAT4 and T-bet; the Th2 pathway is linked to IL-4–STAT6 and GATA3. The Th17
pathway is linked to TGF-β plus IL-6/IL-21/IL-23–STAT3 and RORγt/RORα. STAT5 and
FoxP3 contribute to Treg differentiation, and the Th9 and T follicular helper (TFH) subsets
have been recently linked to STAT6/PU.1 and STAT3/Bcl6, respectively (Fig. 1). Whereas
other transcription factors also contribute to these lineages, including those already defined
and those yet to be discovered, the factors listed above have been best characterized and
appear essential to each of their respective lineages.

A key cell-intrinsic mechanism by which transcription factor networks stabilize T-lineage
commitment is through epigenetic effects on target genes (9). Through histone or DNA
modifications that activate or repress cis elements in target gene loci, T-lineage
differentiation is accompanied by epigenetic imprinting such that the transcriptomes of
mature T cells become stabilized and their functional phenotypes transmitted to their
progeny. The identification of key trans-acting factors that specify T-cell fate decisions has
enabled delineation of the cis elements with which these factors interact to coordinate
lineage–specific regulation of multiple gene loci. With the advent of post-genomic
technologies for more efficiently mapping of cis elements, our understanding of the
regulatory complexities of cytokine genes has accelerated.

In this review, we will focus on the Ifng locus as a model for T-lineage-specific control of
cytokine genes. Several excellent reviews have covered the identification of distal elements
that regulate Ifng transcription and the importance of differentiation-dependent
modifications of the chromatin architecture of the Ifng locus in regulating transcriptional
competence (9–11). Here we will examine recent advances in understanding the interactions
between cis elements and trans-acting factors that regulate T-lineage-specific remodeling of
the Ifng locus and the role of acute trans-acting factors in driving stimulus-dependent
transcription of Ifng in differentiated T effectors. Additionally, we consider the basis for
plasticity of cytokine expression phenotypes that has been the subject of recent reports of
non-Th1 cells transitioning into IFN-γ-competent effectors (12–15).

Cytokine and transcription factor networks that regulate Th1 differentiation
The temporal development of Th1 cells has been well scrutinized, giving rise to a sequential
model of cytokine signaling and transcription factor utilization in commitment to this
lineage. At least three transcription factors — STAT1, STAT4 and T-bet — play essential
roles in programming naïve CD4+ T cells into IFN-γ–competent Th1 effectors. STAT1 is
activated downstream of the type I (IFN-α, β) and type II (IFN-γ) interferon receptors, and
STAT4 is activated downstream of the IL-12 receptor. Although Type 1 IFNs appear to be
important in Th1 development in humans, their role in mice is limited due to a minisatellite
insertion in the Stat2 gene (16). Here, we will limit subsequent discussion to IFN-γ-induced
STAT1 activation, which has been more extensively studied.
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Naive CD4+ T cells express the constitutive component of the IL-12 receptor (IL-12Rβ1),
but low or undetectable levels of the inducible component of the IL-12 receptor (IL-12Rβ2),
conferring efficient responsiveness to IL-12 only after upregulation of IL-12Rβ2.
Concurrently with TCR signaling, IFN-γ activation of STAT1 drives initial up-regulation of
the Th1-specifying transcription factor, T-bet (encoded by Tbx21). T-bet, a member of the
T-box family of transcription factors, was originally cloned as a repressor of IL-2, but it was
subsequently demonstrated that ectopic expression of T-bet conferred Ifng expression and
that CD4 T cells lacking T-bet had a profound impairment in their ability to differentiate
into Ifng competent Th1 cells (17). The expression of T-bet induces transcription of Il12rb2,
expression of which generates a functional IL-12 receptor composed of IL-12Rβ1 and
IL-12Rβ2, thereby enabling IL-12 signaling via activation of STAT4 (18, 19).

Recent kinetic and mathematical modeling of Th1 development has substantiated this
developmental progression, showing that differentiating Th1 cells pass through at least two
phases: an early TCR–IFN-γ–STAT1 dependent programming, which induces low levels of
T-bet and induction of IL-12Rβ2, followed by a late IL-12–STAT4–T-bet–dependent
commitment driven by STAT4-enhanced T-bet expression and heightened Ifng gene
expression (20). In addition to activating increased competency of the Ifng locus, T-bet and
STAT4 activate a number of additional genes that contribute to the Th1 differentiation
program. STAT4 and T-bet act coordinately to induce the Th1-specific transcription factors
Hlx and Runx3 (21–23). Whereas STAT4 plays a significant role in the upregulation of Etv
5 (ERM), a member of the Ets family, it remains to be seen whether T-bet is involved in this
process (24). Thus, Runx3, Hlx and Ets family members cooperate with STAT4 and T-bet to
confer Th1 identity, albeit through mechanisms that are not yet well defined.

Both STAT4 and T-bet play non-redundant roles in Th1 specification (22). STAT4-deficient
CD4+ and CD8+ T cells fail to respond to IL-12 and are unable to undergo Th1 and Tc1
differentiation, respectively (25, authors’ unpublished findings). In contrast, T-bet–deficient
mice have profoundly impaired Th1 responses, yet CD8+ T cells that lack T-bet readily
acquire Ifng competence in an IL-12–dependent, T-bet–independent manner (26). Studies to
understand this differential requirement of T-bet led to the identification of another T-box
family member, Eomesodermin (Eomes), which mediates T-bet–independent acquisition of
Ifng competence (27). Despite the availability of mice carrying a floxed Eomes allele, a
possible role for Eomes in Th1 differentiation has not been directly evaluated. However,
CD8+ T cells that lack both T-bet and Eomes fail to express Ifng and aberrantly express
IL-17 in response to viral challenge. Thus, while acquisition of Ifng competence in cytotoxic
T cells may be T-bet–independent, at least one T-box family member (Eomes) is required
(28).

More recent studies have also demonstrated an important role for Runx3 that accounts for
the disparity in T-bet requirement between CD4+ and CD8+ T cells. Although acquisition of
Ifng competence is dependent on Runx3 in both CD4+ and CD8+ T cells, the availability of
Runx3 in these two cell types differs significantly (23, 29). While CD8+ T cells upregulate
Runx3 during thymic selection, generation of CD4 single-positive (CD4SP) cells requires
downregulation of Runx3, leading to different levels of this factor in naive CD4+ and CD8+

T cells.

While STAT4 activates Th1-specific induction of Etv5, and cooperates with Etv5 to induce
IFN-γ expression in Th1 cells (24), it remains to be seen whether STAT4 or T-bet play
important roles in induction of another key Ets family member, Ets1. STAT4 appears to
cooperate with Ets1 to sustain T-bet expression. Consequently, Ets1−/− T cells that are
cultured under Th1 polarizing conditions upregulate T-bet transiently, but fail to sustain its
expression (30). Notably, over-expression of T-bet in Ets1−/− T cells fails to restore Ifng
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transcription, indicating that Ets1 also contributes to Th1 differentiation through
mechanisms that are independent of its effects on maintenance of T-bet expression (30).
While Ets-1 and T-bet may cooperate to activate Ifng directly, it is also plausible that their
function in regulating Ifng transcription is indirect through the activation of Runx3 and Hlx1.
Studies on the role of Ets1 in thymocyte development suggest that the latter is more likely
(31).

An emerging theme in our understanding of peripheral regulation of T-cell fates is the
appreciation of shared attributes between Th1 differentiation and the generation of CD8SP
cells in the thymus. Ets-1 and Runx3 are pitted against Gata3 and ThPOK in the latter, while
in IL-12 driven polarization of CD4+ T cells, STAT4 and T-bet upregulate Ets-1 and Runx3
to silence GATA-3 and confer Th1 fate. It remains to be examined whether ThPOK, which
cooperates with GATA-3 to facilitate generation of CD4SP thymocytes, contributes to Th2
development as well (32–34). Thus, in addition to activating the Th1 developmental
program, Th1 specific transcription factors block the expression of several genes expressed
by alternate T cell lineages. Repression of GATA-3 and IL-4 in particular is essential for
Th1 commitment; accordingly, Tbx21−/− T cells have higher levels of Gata3 transcripts (23,
35). In recent years, the roles of several other families of transcription factors involved in
early hematopoietic development including Ikaros, Notch, IRF, and mediators of β-catenin
signaling have been ascribed roles in T-cell subset development as well (36).

Mapping of cis regulatory elements in the Ifng locus and their epigenetic
modifications during effector T-cell differentiation

Though multiple transcription factors have been identified that regulate Th1 cell
specification and Ifng expression, we are early in our understanding of sites in the Ifng locus
to which these factors are recruited, the additional factors with which they complex, and
how their binding influences transcriptional activity. Mapping of cis elements in the Ifng
and IFNG loci began about 20 years ago with identification of intronic DNase I
hypersensitive (HS) sites contained within an 8.6 kb fragment of human IFNG gene (37–39).
While these intronic HS sites behaved as enhancers in vitro, a transgene containing the
8.6kb fragment of the IFNG locus was insufficient to direct Th1/Tc1 specific expression in a
transgenic mouse model system (40, 41). Similarly, transgenic mice that included a 3.4 kb
fragment of the Ifng promoter also lacked appropriate lineage- and activation-dependent
expression (42). In contrast, mice carrying a human IFNG BAC transgene that contained
∼90kb of upstream and downstream flanking sequence recapitulated lineage-specific
expression of IFNG in effector T cells, indicating that distal cis elements were required to
direct appropriate expression of IFNG (40). This correlates well with the recently identified
boundary elements that indicate spans of ∼180 kb and ∼140 kb for the IFNG and Ifng loci,
respectively (43, 44)(see below).

Regulatory DNA elements tend to be conserved across species, enabling database searches
for homologous stretches of DNA in the Ifng locus. We and others have identified at least
nine conserved non-coding sequences (CNSs) that contribute regulatory functions in the Ifng
locus, and it is likely that additional elements will be identified. A CNS is defined as a non-
coding region of at least 100 bp that retains sequence homology of 70% or greater across
multiple species (45, 46). Initial studies that identified CNS1 and CNS2 (subsequently
renamed CNS-6 and CNS+17, respectively) (47, 48) and later CNSs-22, −34 and −55 (49),
relied on conventional DNase I mapping and chromatin immunoprecipitation (ChIP)
analyses of histone modifications. Newer technologies that couple ChIP and DNase I
hypersensitivity with massive parallel sequencing (ChIP-seq and DNase-seq) or microarray
(ChIP-chip and DNase-chip) approaches allow for unbiased and more comprehensive
mapping of chromatin structure (reviewed in 50–53) and have accelerated discovery of
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candidate cis elements. Using these techniques, we and others have demonstrated that in the
Ifng locus both distal elements and proximal elements are subject to considerable lineage-
specific epigenetic modifications that act to either facilitate or limit recruitment of key trans-
acting factors.

In our own studies, DNase-chip was employed to compare accessibility of multiple gene loci
in naïve CD4 T cells and Th1, Th2 and Th17 effector populations (54, 55). In general,
DNase I HS sites coincided remarkably well with conserved non-coding sequences (CNSs).
The Ifng locus was found to contain a surprising number of HS sites in naïve CD4+ T cells,
although the number and sensitivity of sites was greatly increased upon Th1 differentiation
and was diminished upon Th2 differentiation (Fig. 2). Intriguingly, with a few notable
exceptions, the HS map of the Ifng locus in Th17 cells is remarkably similar to that of Th1
cells (55), consistent with the ability of Th17 cells to acquire high-level Ifng expression late
in their development (discussed below).

The cis elements that show the most stringent Th1-specific hypersensitivity include the
promoter, which is uniquely accessible in unstimulated Th1 cells, and the activation-induced
proximal upstream element, CNS-6. The restriction of the promoter to unstimulated Th1
cells is consistent with global genome analyses that identify DNase I HS at proximal
upstream elements of genes that are poised for transcriptional activity (56). In this regard, it
is notable that the promoter and CNS-6 are not accessible in unstimulated Th17 cells,
despite widespread HS at distal sites (55). In contrast to the restricted accessibility of the
promoter and CNS-6, sites in CNS-22, the first intron (CNS+1.5), as well as the upstream
boundary element at −70 kb (a non-conserved element), show lineage-unrestricted DNase I
hypersensitivity, consistent with possible roles for these elements in early structural
organization of the Ifng locus. Alternatively, these regions may be important in maintaining
contacts with Th2 and Th17 loci to facilitate coordinated induction or silencing during
effector differentiation (57). In Th1 cells, all of the Ifng CNSs characterized to date have
been shown to interact with the Ifng gene using chromosome conformation capture (3C),
suggesting that these distal elements are coordinately recruited to the promoter to regulate
transcription of Ifng (44).

Although a number of distal elements in the Ifng locus are hypersensitive to DNase I
digestion in naive CD4+ T cells, only two distal elements, CNSs −22 and −34, appear to be
in an ‘active’ state as assessed by histone methylation (H3K4 ) status. Although accessible
in naive CD4+ T cells, distal elements downstream of the Ifng gene (e.g. CNSs +17, +40,
+46) appear to be kept in check by a preponderance of EZH2–mediated H3K27
trimethylation (H3K27me3). Upon Th1 differentiation, permissive H3K4 methylation marks
are detected at all Ifng CNSs. T-bet and STAT-4 are critical in inducing these changes.
Further, removal of repressive H3K27me3 marks from the Ifng locus also appears to be
dependent on T-bet. Although recruitment of histone-modifying enzymes is a conserved
function of T-box factors, whether T-bet is directly responsible for mediating these changes
is currently unclear (58, 59). While our studies support this hypothesis, it is also plausible
that T-bet–dependent induction of other trans-factors, including Runx3 and Hlx, may
indirectly regulate permissive remodeling of the Ifng locus, and will require further study.

Stat4−/− CD4+ T cells are resistant to IL-12–dependent Th1 polarization and therefore fail to
up-regulate T-bet. In addition to impaired Th1 specific remodeling observed in the absence
of T-bet, Stat4−/− cells also are deficient in long-range acetylation (60, authors’ unpublished
findings}. In contrast, Tbx21−/− T cells cultured under Th1 conditions acquire acetylation
marks across the extended Ifng locus, resembling those of cells derived from wild type mice
(54). Although IL-12–dependent maturation of naïve CD4+ T cells leads to acquisition of
both H4 hyperacetylation and H3K4 methylation across the extended locus, the relative
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contributions to accessibility of the Ifng locus remain to be defined. Nevertheless, IL-12–
dependent differentiation of CD4+ and CD8+ T cells leads to extensive permissive
remodeling of the Ifng locus, allowing these cells to efficiently transcribe Ifng upon
reactivation.

Transcription factor recruitment to cis elements in the Ifng locus
As stated previously, CNSs tend to be regulatory in nature and this is primarily achieved by
their ability to recruit DNA-binding proteins that either enhance or inhibit transcriptional
activity of nearby genes when they are “accessible.” Each CNS in the Ifng locus that has
been studied contains multiple transcription factor binding motifs that likely recruit various
trans-factors, and nearly all CNSs have been shown to bind at least one transcription factor
in Th1 cells (Fig. 2). Over the course of Th1 differentiation, the binding of trans-acting
factors to each CNS is likely to be a dynamic process, although relatively little is known
regarding the spatiotemporal utilization of these sites as Th1 development proceeds.

Our current understanding of the mechanisms that contribute to the transcriptional state of
the Ifng locus have come from analyses of recruitment of three trans factors — STAT4, T-
bet, and Runx3 (Fig. 2). Often these factors appear to be co-recruited, consistent with a role
for cis elements in facilitating the assembly of multi-component transcriptional complexes
that regulate gene expression (49, 60, 61). Based on their accessibility in naive CD4+ T
cells, we speculate that CNSs −34 and −22 function as pioneering elements that initiate
chromatin reorganization of the Ifng locus in developing Th1 and Tc1 cells, likely through
the recruitment of both T-box (T-bet or Eomes) and STAT family members, for which each
element contains consensus binding sites. Although multiple CNSs in the Ifng locus recruit
STAT4 downstream of IL-12–driven acute activation of mature Th1 cells, constitutive
association of STAT4 in resting Th1 cells is restricted to only two of these sites: CNSs −22
and +46 (54). T-bet binding, on the other hand, is readily detected at multiple Ifng CNSs
prior to reactivation, including −34, −22, +30, +46 and the Ifng promoter (49). Recruitment
of T-bet to CNS-6 is highly dependent on acute reactivation (47, 48). Although Runx3
recruitment to the Ifng locus has not been examined directly, recruitment of its partner CBFβ
has provided insight into the role of Runx3 (61). Consistent with earlier predictions that
Runx3 cooperates with T-bet, CBFβ recruitment closely overlaps with recruitment of T-bet,
with the sole exception of CNS+46. Collectively, these studies support the view that CNSs
−34, −22, +30 and +46 are key regulatory hubs that recruit multiple trans factors to
facilitate Th1-specific remodeling of the Ifng locus.

While the roles of several key trans-acting factors, including STAT4, T-bet and Runx3,
have been examined by gene-targeted deletion, few studies have interrogated the functions
of cis elements through this approach. In the only such study of the Ifng locus, we evaluated
the role of CNS-22, which serves as a recruitment site for STAT4, T-bet and Runx3, using a
BAC-transgenic system (49). Deletion of CNS-22 from the transgenic locus resulted in
marked ablation of transgene reporter expression in Th1 and Tc1 cells, as well as NK cells,
suggesting that CNS-22 plays an important role in regulating Ifng gene transcription. As
noted above, this element is highly DNaseI sensitive in naive T cells and all effector
lineages, and in addition to its clustering of consensus binding sequences for several positive
regulators of Ifng transcription, it also contains potential binding sites for negative
regulators, including GATA-3 and STAT6 (55). Thus, although deletion of CNS-22 in this
model did not induce aberrantly enhanced expression of the transgene that might result from
loss of silencing in non-Th1 cells, the global deletion of both positive and negative
regulatory functions within this element likely precluded this result. Additional studies in
which selected mutation or deletion of specific trans-factor binding sites is performed will
be necessary to parse out the functions of individual binding sites within this, and other,
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composite CNS elements. Other cis elements whose function would merit testing either by
direct deletion or by careful transgenic analyses include CNSs −34 and +30 and +46.

Defining boundaries of the Ifng locus
The Ifng and IFNG genes in mouse and human share a common nearest gene neighbor
downstream (Dyrk2/DYRK2) that is quite distant: ∼420KB and ∼500kb, respectively. They
differ in their upstream neighbors due to an ancient insertion of repetitive elements in a
common ancestor of the mouse that deleted an ancient IL26 homolog that is preserved in
humans. In humans, the IL26 gene resides between ∼40–65 kb upstream of IFNG, whereas
in mouse, the nearest upstream neighbor is Il22, which resides ∼245 kb upstream of Ifng in a
position orthologous to the human IL22 gene. Because IL-22 and IL-26 are IL-10 family
cytokines that are primarily expressed by Th17 cells, and not Th1 cells, an insulator or
boundary element must separate the two loci to avoid regulatory crosstalk between these
cytokines.

Insulator elements thought to define the boundaries of the Ifng and IFNG loci were
identified recently based on the identification of recruitment of two molecules, the CCTC-
binding factor (CTCF) and a cohesin component (Rad21) to these sites (43, 44). Although
cohesins were originally identified as multi-component complexes that play an important
role in sister chromatid cohesion during meiosis in yeast cells (62, 63), it was recently found
that recruitment of cohesin analogs in mammals is restricted to DNase I HS sites (64, 65),
the majority of which contain CTCF consensus sequence motifs (64). CTCF is a DNA-
binding zinc-finger protein that typically binds to insulator elements that inhibit interactions
between enhancers and promoters (66, 67). It has become apparent that CTCF can target
cohesin complexes to both organize the topology of long-range intra-chromosomal
interactions and serve as both insulator and architectural elements for organizing chromatin
(43). These findings have also provided a new means to screen for insulator or boundary
elements in mammalian genomes, through the identification by ChIP analysis of sites where
CTCF and cohesin components (e.g. Rad21) co-localize.

Boundary elements thought to insulate Ifng from neighboring gene loci were identified
based on recruitment of CTCF/Rad21 to sites −70 kb upstream and +66 kb downstream of
Ifng (44). Homologous sites were identified in the human IFNG locus, where the upstream
site resides within the IL26 gene (43, 44). Interestingly, conserved HS sites within a CNS
within the Ifng and IFNG genes themselves serve as a third CTCF/cohesin recruitment site.
Whereas recruitment of CTCF to site −70 was observed in naïve, Th1 and Th2 cells, CTCF
recruitment to Ifng intron 1 and site +66 was restricted to Th1 cells (44). Our own data
suggest that differential chromatin accessibility of these sites in distinct T lineages might be
responsible for this disparity. While the CTCF recruitment site at −70 shows lineage-
unrestricted DNase I hypersensitivity, both the intron 1 and +66 sites have prominent
hypersensitivity only in Th1 cells (54). In fact, T-bet is recruited to HS sites in the first
intron and at +66 of the Ifng locus in Th1 cells and appears to be responsible for chromatin
reorganization that allows for CTCF-dependent recruitment of cohesins to these sites (44).

In Th1 cells, both the −70 and +66 boundary elements make contacts with the Ifng gene
itself. It is thought that this looping is facilitated by interactions with the intronic CTCF
binding site (44), although this remains to be directly tested. Of note, mapping of these
interactions relied on chromosome conformation capture (3C), which does not discriminate
between inter-chromosomal and intra-chromosomal interactions. Consequently, it is possible
the two Ifng alleles interact with one another, which remains to be addressed. In any case,
these studies suggest that the murine Ifng locus extends from about −70 kb to +66 kb
relative to the transcription start site and that these boundary elements employ CTCF
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dependent recruitment of cohesins to both insulate transcriptional activity at the Ifng gene
locus from neighboring gene loci and provide a mechanism to approximate the distal
upstream and downstream cis elements to the Ifng promoter.

In our study of the Ifng BAC transgenic mouse model described above, while the inclusion
of ∼160 kb of genomic sequence flanking the Ifng locus and conferred lineage–specific
expression in Th1, Tc1 and NK cells (49, 68), expression was limited to ∼40–50% of IFN-γ+

cells, irrespective of transgene copy number or insertion site. Notably, although this
transgene contained the +66 kb downstream CTCF element that was subsequently identified,
it lacked the upstream CTCF element at HS-70, suggesting that the lack of absolute
concordance of reporter and endogenous Ifng expression might be due to poor insulation of
upstream cis-regulatory elements, deficient approximation of these upstream elements to the
Ifng promoter, or both. Whether inclusion of another 10 kb of upstream sequence in the
BAC reporter transgene would produce 100% concordance of reporter expression with the
endogenous locus remains to be determined.

Actions of acute transcription factors at the Ifng locus
While lineage-specific transcription factors play essential roles in conferring transcriptional
competence at cytokine gene loci, acute transcription factors that are often shared by
multiple lineages play equally important roles in acute induction of gene transcription in
mature T effectors. This is particularly true of trans-acting that are factors activated
downstream of TCR signaling, which are largely conserved between T-cell subsets. Indeed,
genes that encode signaling intermediates involved in the TCR signaling cascade are often
expressed prior to expression of a functional TCR, and play important roles in positive and
negative selection of developing thymocytes. Studies to understand the roles of acute
transcription factors in Ifng production have focused on four families of transcription
factors: the NFAT, AP-1, NF-κB and STAT families. Lineage-specific transcription factors
such as T-bet often partner with these molecules both to determine cell fate and to govern
stimulus-dependent acute gene transcription.

In addition to TCR-driven gene expression, Th1, Th2 and Th17 cells have retained TCR-
independent pathways that induce effector cytokine production (69–71). These TCR-
independent pathways are activated by the coordinated actions of two cytokine receptor
pathways: one, an IL-1R family member that activates NF-κB (e.g. IL-1R for Th17 or
IL-18R for Th1), and a second that activates a JAK-STAT signaling cascade (e.g. IL-23 for
Th17 or IL-12 for Th1) (70). Through these TCR-independent pathways, mature effector T
cell cytokine expression can be recruited in a manner analogous to that of innate immune
cells (e.g., NK cells), which utilize the same pathways. Consequently, the cis regulatory
elements of effector cytokine loci must have evolved to accommodate both TCR-dependent
and -independent mechanisms that activate their transcription.

A critical role for NF-κB family transcription factors in activating Ifng
A role for NF-κB family members in activating Ifng transcription was initially recognized
through the identification of NF-κB binding sites in the Ifng promoter (72, 73). Subsequent
studies have extended the importance of NF-κB in Th1 differentiation and Ifng regulation,
and have identified distinct roles for NF-κB family members. The NF-κB family is
comprised of five members that bind DNA as homo- or heterodimers: p50 (NF-κB1), p52
(NF-κB2), p65 (RelA), c-Rel (Rel) and RelB. In addition to an N-terminal Rel homology
domain (RHD) that binds DNA, the three ‘Rel’ members of the NF-κB family also contain a
C-terminal domain that enables these molecules to transactivate gene expression. In contrast,
NF-κB p50 and p52 lack a transactivating domain and act as repressors of transcription
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unless heterodimerized with a family member that contains a transactivating domain
(Reviewed in 74, 75).

The participation of NF-κB activation in both TCR- dependent and -independent induction
of Ifng has led several groups to examine the role of individual NF-κB family members in
Th1 differentiation and Ifng expression. CD4+ T cells that lack RelB, which in complex with
p52 is activated via a “non-canonical” mode of NF-κB signaling, are severely impaired in
their ability to undergo Th1 polarization. In addition to impaired proliferation, Relb−/− T
cells show significant defects in upregulation of T-bet and phosphorylation of STAT4,
indicating that RelB acts upstream of T-bet and STAT4 — and making difficult studies of
the possible participation of RelB in acute transcription of Ifng (76). The importance of the
canonical, or ‘classical’, mode of NF-κB activation was documented using a transgenic
mouse that expressed a dominant negative form of IκB [(IκBα(ΔN)] under the control of the
proximal Lck promoter, which restricts transgene expression to T lineages. IκBα(ΔN) is a
mutant of IκBα that can be phosphorylated in response to activating classical NF-κB
activating signals, but does not undergo ubiquitin-mediated degradation, thereby acting as a
cytosolic sink that sequesters NF-κB dimers from nuclear translocation (77). In this model,
both c-Rel– and RelA–mediated signaling are compromised. Under Th1-polarizing
conditions, CD4+ T cells from IκBα(ΔN) mice displayed impaired antigen-driven
proliferation and decreased IFN-γ production. Taken together, these studies established that
both canonical and non-canonical activation of NF-κB could play important roles in Th1
differentiation and IFN-γ production.

Although studies using IκBα(ΔN) transgenic mice established the importance of canonical
NF-κB activation in Ifng transcription, they provided little information on the specific
contributions of c-Rel and RelA. To address a potential role for c-Rel in regulation of Ifng
transcription, c-Rel–deficient mice were examined and were found to have impaired Th1
responses in vivo. However, this is primarily attributed to impaired IL-12 production by
myeloid cells (78–80). Ex vivo, c-Rel-deficient CD4+ T cells cultured under Th1 polarizing
conditions show impaired proliferation and Ifng production, both of which are rescued by
addition of exogenous IL-2, indicating that c-Rel has less of a role in the induction of Ifng
competence or transcription than in driving cell cycling required for Th1 cell differentiation
(79, 81). Thus, analysis of c-Rel-deficient mice established a proximal role for NF-κB
activation in T cell proliferation and suggested that acquisition of Ifng competence in Th1
cells might be independent of direct actions of c-Rel.

In aggregate, these studies hinted at an important role for RelA in acute Ifng induction,
although this has been difficult to examine directly because Rela−/− mice die in utero (82).
Generation of mice with T cell-specific deletion of Rela has recently allowed us to directly
examine the role of RelA in Ifng transcription in both CD4+ and CD8+ T cells (54, 83). We
find that in contrast to naïve c-Rel- and RelB-deficient T cells, naive RelA-deficient T cells
proliferate well in response to antigen, but demonstrate profoundly impaired IFN-γ
production in response to both TCR-dependent and -independent reactivation. These
findings establish that RelA plays an indispensable role in Ifng transcription, leading us to
define cis elements in the Ifng locus that might be targeted by RelA under conditions of
TCR-dependent and -independent activation, and to assess the composition and mechanisms
of recruitment of RelA-containing NF-κB complexes.

TCR-independent transcription of Ifng: roles for multiple distal elements
that coordinately recruit STAT4 and RelA

Upregulation of the IL-18 receptor component IL-18R1 in developing Th1 cells is induced
downstream of IL-12 signaling, conferring on mature Th1 cells the capacity for TCR-
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independent activation of Ifng transcription by concomitant IL-12 and IL-18 signaling.
Originally described in Th1 cells, IL-12 plus IL-18–induced expression of Ifng was
subsequently extended to NK cells, CD8+ T cells and NKT cells (69, 84–87). Like other
IL-1 and Toll-like receptor family members, the IL-18 receptor is a potent activator of NF-
κB, and critical roles for STAT4 and NF-κB in relaying signals downstream of the IL-12
and IL-18 receptors, respectively, were quickly recognized (69, 86, 88). A number of studies
have explored mechanisms by which theses signals converge to activate Ifng gene
transcription. This has led to several key observations, including the identification of de
novo synthesis of GADD45β as a prerequisite for induction of IL-12 plus IL-18-dependent
induction of Ifng (89). While NF-κB activation is a shared requirement for TCR-dependent
and -independent activation of a number of cytokine genes, including Ifng, NFAT activation
is dispensable for cytokine-induced Ifng expression (90). Accordingly, we recently reported
that NF-κB response elements play an essential role in activating Ifng transcription in
response to both these signals. In response to IL-12 plus IL-18, at least four distal elements
— CNSs −34, −22, CNS+46 and CNS+54 — recruit RelA to drive Ifng transcription.

Although IL-12 is dispensable for NF-κB activation in Th1 cells, IL-18 driven Ifng
transcription is quite limited in the absence of IL-12. In recent studies, we found that
coordinate IL-12 signaling was necessary for optimal recruitment of RelA to all NF-κB
targets in the Ifng locus (54). Further, it was shown that STAT4 and RelA are co-recruited to
each of these elements, and that in the absence of IL-12, IL-18-induced activation of NF-κB
was insufficient to induce RelA binding to these sites. Although previously it was assumed
that STAT4 acted indirectly to augment IL-18 driven NF-κB activation, our findings
indicate instead that STAT4 acts directly to enable binding of RelA-containing NF-κB
complexes to multiple distal elements. Thus, the requirement for cooperative signaling
downstream of IL-12 and IL-18 receptors appears due to a requirement for STAT4 to
‘chaperone’ binding of NF-κB to consensus sequences. Although our studies have been
limited to Th1 and Tc1 cells, we believe that this may represent a highly conserved
regulatory mechanism that will likely be extended to other Ifng-expressing cells, such as NK
and NKT cells.

Generation of spliced Ifng transcripts in Th1 cells increases ∼100 fold within 2 hours of
activation by IL-12 plus IL-18 (unpublished observations). Our findings indicate that it takes
a complex consortium of trans-acting factors recruited to multiple distal and proximal
regulatory elements to drive this remarkable increase in the rate of transcription. Although
interactions between STAT and NF-κB family members have been described previously, the
finding of a considerable multiplicity of cis elements that recruit cooperative binding of
STAT4 and RelA suggests that this synergistic interaction might have acted as a driving
force in the evolution of distal elements that regulate Ifng transcription, and might contribute
to the high transcriptional rate that is characteristic of this gene. It remains to be determined
whether STAT4 and RelA complexes further cooperate with GADD45β and other
components of the p38MAPK cascade to augment IL-12 plus IL-18-driven Ifng activation.

Ifng transcription induced by antigen re-encounter
TCR signaling in Th1 cells initiates several cascades that ultimately activate the NFAT,
AP-1, and NF-κB pathways, each of which appears important in the acute activation of Ifng
transcription induced by antigen re-encounter. As is the case for Ifng transcription driven by
IL-12 plus IL-18, TCR-driven transcription of Ifng is critically dependent on RelA, as its
deletion results in profoundly impaired Ifng expression for which there is little or no
compensation by other NF-κB family members (54). At least two distal elements (CNSs −34
and +40) recruit RelA in response to TCR-driven activation of Th1 cells (54). The
recruitment of RelA to CNS+40 is uniquely induced by TCR-driven activation.
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Although the precise mechanisms by which TCR signaling activates RelA are not fully
understood, an important role for CD28 co-signaling is apparent, as CD28-mediated
costimulatory signals considerably enhance RelA recruitment to the Ifng locus (unpublished
data). This is likely due, at least in part, to the phosphorylation of IκB by phospho-inositol
(PI)-3-kinase. Because TCR and CD28 signaling do not activate STAT4, which is necessary
for binding of RelA induced by IL-12 plus IL-18, TCR-dependent recruitment of RelA must
occur through alternate mechanisms yet to be defined. It is not unlikely that activation of
NFAT or AP-1 family members downstream of the TCR might cooperate with RelA to
effect its binding to target cis elements, analogous to the requirement of STAT4 driven by
IL-12 signaling. Although NFAT1−/− mice show significant impairment in Ifng transcription
upon Th1 differentiation (91), it has not been determined whether NFAT1 is required for
RelA binding. Further, while NFAT1 influences Ifng transcription, direct recruitment of
NFAT has only been demonstrated to the proximal promoter and to one distal element,
CNS-6 (47, 91, 92). Based on the presence of conserved NFAT binding consensus
sequences in several sites of RelA recruitment, we speculate that co-recruitment of NFAT
and NF-κB family members to these elements might be essential for maximal antigen-driven
Ifng transcription.

The role of other signaling cascades activated by TCR signaling that contribute to the
induction of Ifng transcription is also poorly defined. Mitogen-activated protein kinases
(MAPKs) have been shown to function in both TCR and costimulatory signaling cascades
(93) and the p38 MAPK and c-Jun amino terminal kinase-2 (JNK-2) pathways have received
considerable attention for their roles in Th1 differentiation. Jnk2−/− CD4+ T cells are
significantly impaired in their ability to secrete IFN-γ upon Th1 polarization (94).
Pharmacological inhibitors of p38 MAPK specifically inhibited the generation of Th1 cells
and acquisition of Ifng competence (95). Similarly, mice in which expression of a dominant
negative p38 MAPK was restricted to T cells showed impaired Th1 function, and
complementary analyses indicated that expression of a constitutively active form of p38
MAPK enhanced Ifng production (95). Several kinases that act upstream of p38 MAPK and
JNK signaling cascades, including MKK3, GADD45β and GADD45γ, have also been
implicated in the generation of Th1 cells (96–98). Establishing relationships between these
signaling components and the downstream trans-activators they recruit to the Ifng locus will
require more study. A re-evaluation of the impact of deletions of these factors on the Th1
transcriptome and epigenome would be invaluable to gaining a better understanding of
interactions between these convergent signaling cascades that set in motion the Th1
differentiation program and activation of Ifng expression.

Promiscuity of the Ifng locus: implications for T-lineage plasticity
Recent reports have identified plasticity of some committed effector and regulatory T cells
that has led to a reevaluation of the stability of T-cell lineages. Th17 cells and induced Treg
(iTreg) cells in particular appear to have evolved mechanisms that permit their
reprogramming in response to changing environmental cues, with important implications for
host defense and autoimmunity (Reviewed in 99, 100). Whereas epigenetic modifications of
developmentally regulated genes have been thought to reinforce transcription factor
networks as a basis for T lineage specification (9), emerging data indicate that epigenetic
modifications are more dynamic than previously appreciated, enabling shifts in expression
or silencing of ‘signature’ genes that characterize distinct T-cell subsets.

While we are still in the early days of defining rules that regulate T-lineage transitions, a
recent study that performed global ChIP-seq based analyses of H3K4 (permissive) and
H3K27 (repressive) trimethylation in naive, Th1, Th2, and Th17 cells provided interesting
insights (101). Whereas the promoters of cytokine genes tended to show highly constrained,
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lineage-specific histone modifications, promoters of genes that encode key lineage-
determining factors showed a more complex pattern of epigenetic marks. Notably, while the
promoters of Tbx21, Gata3, and Runx3 demonstrated a bivalent state (i.e. both permissive
and repressive histone modifications often associated with genes poised for differential
expression fates) in all lineages other than the canonical lineages with which they are linked,
Rorc and Foxp3 completely lacked permissive modifications in Th1 and Th2 cells. These
findings are consistent with reported transitions observed between iTreg and Th17 cells as
well as the transition of Th17 cells towards Th1 cells but not the reverse.

Recent study of the Th17 to Th1 transition has been particularly informative, as it has
provided a very tractable model for defining both the activation and repression of distinct
effector cytokine gene loci: the Ifng locus and the Il17a–Il17f locus, respectively (55). Our
group and others have demonstrated that Th17 cells derived ex vivo can retain low-level
expression of the IL-12Rβ2 chain, resulting in responsiveness to IL-12 that induces
transition into effectors that share many features with classical Th1 cells (15, 102, 103). The
IL-12–induced transition of Th17 precursors involves the rapid extinction of the Th17 genes
with reciprocal induction of genes associated with the Th1 differentiation program (15), and
appears to be irreversible.

Akin to classical Th1 differentiation from naïve CD4+ T cells precursors, the Th17 to Th1
transition induced by IL-12 is dependent upon both STAT4 and T-bet. The importance of
STAT4 in transcriptional competence of the Ifng gene is reinforced by the finding that over-
expression of T-bet in the absence of IL-12 signaling is insufficient to induce this transition.
As in classical Th1 cells (54), STAT4 recruitment to multiple sites in the Ifng locus of
transitioning Th17 cells, including CNSs −34, −22 and +46, was rapidly detected following
IL-12 signaling. Although, as noted above, the Ifng promoter is epigenetically repressed in
Th17 cells, most of the remaining cis regulatory elements in the Ifng locus are DNase I
hypersensitive and upon IL-12 signaling rapidly undergo histone modifications that closely
resemble those of Th1 cells (55). A notable exception is CNS-6, which contains an
activation-dependent HS site that is conspicuously absent and epigenetically repressed in
Th17 cells prior to the IL-12-induced transition. Interestingly, although this cis element
binds T-bet and NFAT downstream of TCR signaling, it does not bind STAT4 or RelA, yet
appears to be particularly important for high-level Ifng transcription.

The finding that activated Th17 cells especially demonstrate a DNase I hypersensitivity
pattern that is quite similar to that of activated Th1 cells, despite their development in the
absence of Th1-specifying cytokines (e.g. IFN-γ or IL-12) or expression of T-bet, raises
interesting questions as to the requirements for remodeling of the Ifng locus in immune cells.
Indeed, a considerable fraction of IL-17–expressing Th17 cells maintained by continuous
culture in TGF-β — and in the complete absence of Th1-specifying cytokines — acquire a
progressive increase in Ifng co-expression, indicating that substantial Ifng transcription can
result in the absence of typical Th1-promoting factors (15). While our studies of transitioned
Th17 cells reaffirm the importance of STAT4 and T-bet in conferring high transcriptional
competence on the Ifng locus, these factors are clearly not essential for much of the locus
remodeling that accompanies effector T-cell differentiation. Indeed, given the number of HS
sites that are already present in naive CD4+ T cells, and the loss of a number of these sites in
Th2 cells, it would appear that considerable remodeling of the Ifng locus, and thus a highly
‘poised’ configuration, might be the default state of this locus following antigen-driven cell
division unless it actively suppressed, as occurs in the context of Th2 differentiation. This
‘default’ remodeling of the Ifng locus may represent an unusual feature of the Ifng locus, as
it is in stark contrast to the Il17a–Il17f locus in non-Th17 T cells or the Th2 cytokine gene
cluster (Il4-Il13-Il5) in non-Th2 T cells. Indeed, in contrast to Th17 cells, naïve, Th1 and
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Th2 cells show little or no DNase I hypersensitivity across the extended Il17a–Il17f locus
(55) (Fig. 2).

It was recently reported that Th2 cells transferred into naive recipients can transition into
Gata-3+T-bet+ progenitors that co-express IL-4 and IFN-γ in response to LCMV infection:
so-called ‘Th2+1’ cells (12). This transition was dependent on type I and II interferons and
IL-12, and suggests an even greater capacity for re-programming of the Ifng locus than is
evident from study of the Th17 to Th1 transition. In contrast to Th17 cells, however, where
multiple cis elements that regulate Ifng transcription are found in a permissive state, the Ifng
locus is largely silenced in Th2 cells (44, 54, 104, 105). Moreover, unlike Th17 cells, Th2
cells suppress expression of IL12Rβ2 early in their development (106), thereby
extinguishing responsiveness to IL-12 and the downstream activation of STAT4 that is
central to Ifng transcription. The mechanism by which Th2 cells can be induced to de-
repress and activate the Ifng locus is unclear, but is consistent with the growing appreciation
that no epigenetic state may be completely irreversible. The extent to which similar
transitions occur during physiological immune responses and their importance to normal
immune regulation remains to be determined.

Looking outside the Ifng locus: lessons from the Il17a–Il17f locus in Th17
cells, before and after Th1 transition

Compared to the rapidly emerging understanding of the functional organization of the Ifng
locus, our understanding of the Il17a–Il17f locus is relatively nascent. While the precise
extent of the Il17a–Il17f locus remains to be defined, DNase-chip analysis has identified
Th17-specific HS sites spanning ∼185kb surrounding Il17a and IL17f genes, extending from
the Pkhd1 gene on one flank to just downstream of the Mcm3 I gene on the other (55,
authors’ unpublished data). Like the Ifng locus, most HS sites in the Il17a and IL17f locus
correlate well with CNS elements, although a number of prominent CNSs in this locus are
not hypersensitive in any of the T-cell lineages analyzed to date (55). Unlike the Ifng locus
and the Th2 gene cluster, the Il17a–Il17f locus is essentially devoid of HS sites in naïve
CD4+ T cells, and the acquisition of HS sites is largely Th17-specific (Fig. 2). A number of
HS sites localize to CNSs in the intergenic region between Il17a and Il17f, consistent with a
role in coordinating expression of both genes in developing Th17 cells.

While the functions of most of the HS sites in the locus remain to be determined, several of
the sites between Il17a and Il17f undergo activation-induced epigenetic remodeling
consisting with their function as acute enhancers (55), and at least two of these sites are also
targeted for transcription factor binding very early in Th17 differentiation (107, authors’
unpublished data). Prompted by the discovery of a defect in Th17 development in mice with
deletion of the AP-1 family factor BATF (108), intergenic CNS elements in the Il17a–Il17f
locus targeted by this factor were identified (107) (Fig. 2). BATF recruitment is also
detectable at the Il17f promoter and at CNS-5 upstream of the Il17a gene in activated Th17
cells, where it appears to bind as a heterodimer with Jun-B in proximity to putative RORγt
and Runx1 binding sites (109). Interestingly, STAT3, which like BATF is required for Th17
development, appears to target the same two intergenic CNSs that bind BATF in Th17 cells
(110), suggesting that these two elements (CNSs +10 and +28) are important cis regulatory
nodes for the Il17a–Il17f locus.

A role for NFAT in driving transcription in the Il17a–Il17f locus has come from studies
using mice deficient in Tec family tyrosine kinase, inducible T-cell kinase (Itk) (111). Itk
regulates phosholipase C-γ (PLC-γ) activation, calcium mobilization and NFAT activation
downstream of TCR signaling (112, 113). Consequently, mice lacking Itk have impaired
calcium flux and dramatically impaired activation of NFAT signaling in response to TCR
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ligation. Itk−/− Th17 cells show a specific defect in transcription of Il17a, while expression
of other Th17 lineage genes (Il17f, Il21 and Il22) remain unaffected (111). A conserved
NFAT2 binding site ∼3kb upstream of the Il17a promoter was partially responsible for
NFAT-driven activation of Il17a transcription (111), implicating a specific role for NFAT2
in Il17a transcription.

While roles for NFAT, STAT, Runx, and AP-1 family members in regulating expression of
Th17 cytokines have become apparent, few studies have examined the role of NF-κB family
members in Th17 cell gene expression. Based on the importance of IL-1 in Th17
differentiation and the TCR-independent induction of IL-17 in concert with IL-23 (71, 114,
115), it is likely that one or more NF-κB family members play essential roles in driving
acute transcription of Th17 cytokines, analogous to their effects on Ifng transcription (114).

In contrast to the Ifng locus, which rapidly acquires additional permissive features in Th17
cells that transition to high Ifng expression, the Il17a–Il17f locus is equally rapidly repressed
downstream of IL-12 signaling (55). And just as the activation of the Ifng locus requires
STAT4 and T-bet, so too does the silencing of the Il17a–Il17f locus. While permissive
H3K4 methylation marks accrue at multiple Ifng CNSs during the transition, there is
corresponding acquisition of silencing H3K27me3 marks across the Il17a–Il17f locus
downstream of IL-12 signaling. Similar epigenetic changes occur in the Rorc locus, and
silencing of the Rorc gene may be the most crucial step underlying Il17a–Il17f locus
repression, since retroviral over-expression of RORγt renders Th17 cells resistant to IL-12-
induced reprogramming. While both STAT4 and T-bet cooperate to silence Rorc, RORγt
induction in Th17 cells does not lead to effective silencing at either Tbx21 or Ifng gene loci
(101). Notably, in addition to its effects to silence the Rorc locus, STAT4 binds at low levels
to the same intergenic CNS elements in the Il17a–Il17f locus that are bound by BATF and
STAT3, suggesting that STAT4 could directly suppress the Il17a–Il17f locus by interfering
with positive trans-activating complexes that contain these factors.

Closing remarks and future directions
Twenty years since the identification of intronic hypersensitive sites in the Ifng gene, the
Ifng locus has emerged as an important model for understanding T-lineage-specific gene
regulation. Whereas mapping of important cis-elements in the Th2 cytokine cluster has long
received considerable attention, the delineation of cis-elements that control the Ifng locus
have made it useful as a counterpoint for defining principals of gene regulation during T-
lineage differentiation. Study of the Ifng locus has helped establish CTCF-dependent
recruitment of cohesins as a hallmark for the identification of chromatin structural elements
that function in long-range chromatin interactions and as locus boundary elements (43, 44),
has exposed the modular nature of cis-element utilization induced by differential modes of T
cell activation and the interplay of STAT and NF-kB family members in this process (54),
and has identified features of its epigenetic ‘promiscuity’ that render it particularly flexible
for expression in the context of T-lineage plasticity (55, 102, 103). While a number of
aspects of cis regulation of the Ifng locus remain elusive, including possible identities of
silencer elements or a locus control region (LCR), the availability of more powerful tools for
characterizing functional genomic elements promises rapid advances in this area. In this
regard, bioinformatics-based analyses indicate that a number of cis elements are likely to
have dual roles enhancers and silencers of Ifng transcription, as exemplified by CNS-22
(49). On the other hand, whether or not the Ifng locus utilizes a LCR is less clear. As
previously alluded to, independent transgenic lines of mice that carried a BAC transgenic
Ifng reporter showed no overt differences in expression despite significant differences in
transgene copy numbers, raising speculation that the Ifng locus may not have a conventional
LCR. Finally, while delineation of a surprisingly large number of distal elements that bind
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STAT-NF-κB complexes in the Ifng locus suggest considerable functional redundancy,
whether there is a hierarchical utilization of these elements or whether they function to
enable graded rates of gene transcription regulating Ifng transcription remains to be
determined. Targeted deletion or mutation of these elements will be needed to definitively
establish functional relevance of these elements, and here much work remains to be done.

It is anticipated that physical interactions between gene loci that encode cytokine genes and
genes that encode key lineage-specific trans-acting factors will be an area of accelerated
discovery in the near future. Until recently, mapping of interactions between gene loci relied
almost entirely on the conventional 3C technique, whereas recent studies have employed
more unbiased, high-throughput assays to examine chromosomal interactions (57, 116–119).
These new approaches have corroborated the view that active and inactive genes are
segregated into distinct nuclear compartments; active genes tend to co-localize with other
active genes, while inactive genes tend to co-localize as well (119). The introduction of Hi-
C (3C coupled to sequencing) and 4C (3C followed by hybridization on microarrays) to
study of naive and differentiated T-cell populations is bound to provide invaluable insights
into the role of nuclear sub-localization and formation of complex chromatin topologies in
regulating T-lineage-specific transcription of genes. Our increased understanding of
interactions between trans-acting factors and the cis elements they bind to effect lineage-
specific remodeling at these gene loci will be immensely useful in interpreting the data
generated from these experiments.

Given the propensity of differentiated T cells to transition in the course of an immune
response, we anticipate that inter-chromosomal interactions will play an extremely important
role in this process as well. In this respect, the Ifng locus is particularly fascinating, since
multiple T lineages retain the ability to turn on Ifng transcription post-differentiation.
Whether the Ifng locus is retained in an ‘active’ nuclear sub-domain upon Th2, Th17, and
iTreg differentiation, or transition of these cells into IFN-γ+ T effectors is facilitated by
relocation of the Ifng locus from an inactive to an active intranuclear compartment remains
to be seen. We anticipate that key lineage-specific transcription factors act in concert with
CTCF-driven cohesin recruitment to facilitate these inter-chromosomal interactions so as to
confer distinct spatial compartmentalization of chromatin in distinct T effector subsets. In
any case, chromosomal interaction studies to understand the role of three-dimensional
chromatin architecture in regulating T-lineage decisions is likely to be a productive and
exciting area in the near future, and should change considerably the way we perceive helper
T-cell differentiation.

While the study of cis regulation at multiple gene loci has led to an appreciation of the
importance of distal regulation, the precise mechanisms employed by cis elements to
modulate transcription at the proximal promoter still remain poorly understood. Clearly,
distal elements facilitate trans factor-mediated activation or repression of gene transcription
and distal elements often directly interact with the proximal promoter to modulate
transcription rates. However, there is relatively sparse information as to precisely how trans
factor recruitment to a distal site impacts transcription at the proximal promoter. Since RNA
Polymerase II (Pol II)-dependent transcription is ubiquitous in eukaryotic cells, there must
be universal mechanisms that allow enhancers to control Pol II transcription rates. Inducible
recruitment of p300 and CBP is often used to predict enhancer function, although how
recruitment of these molecules confers enhancer activity remains to be understood (120).
More importantly, not all enhancers are thought to act in a CBP/p300-dependent fashion.
Studies of the γ-globin locus have fostered the idea that transcriptional activation complexes
assembled at enhancers serve as chaperones that recruit Pol II to the proximal promoter
(121). More recent studies to identify enhancers that are responsive to neuronal activity have
established that at least a subset of enhancers recruit RNA Poll II and initiate transcription of
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non-coding transcripts at these enhancers (eRNA) (122). Indeed, Pol II recruitment to
multiple enhancers that impact Ifng transcription has been observed (123, authors’
unpublished data), although whether or not this associated with initiation of eRNA synthesis
remains to be seen. Enabled by the rapid advances in identification of multiple functional
elements in the Ifng locus that are likely to contribute to its transcriptional regulation, we
speculate that this locus will emerge not only as a model to understand cytokine regulation,
but also to explore more universal mechanisms that regulate lineage- and activation-
dependent transcription in eukaryotes.
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Fig. 1. Developmental pathways of effector CD4+ T-cell subsets that can lead to Ifng expression
Following exposure to foreign antigen, naive CD4+ T cells are directed towards distinct
developmental programs by cytokines that differentially induce lineage-specifying
transcription factors (see main text for details). In addition to classical Th1 cells, Th17,
iTreg, and Th2 cells can be induced to express IFN-γ under certain conditions. The broken
lines associated with the Tfh pathway represent the possibility that these cells branch from
developing Th1, Th2, and Th17 precursors rather than directly from naive precursors (123).
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Fig. 2. DNase I hypersensitivity profiles of CD4+ T cells
At the top of each figure a schematic displays the extended Ifng locus (A) or the Il17a–Il17f
locus (B) composed of the gene(s), their associated promoter (P) and numeric descriptions
(based on distance from the transcriptional start site) of identified conserved non-coding
sequences (CNS). Regions of DNase I hypersensitivity, as determined by DNase-chip, are
designated by colored peaks when corresponding to a CNS from resting naive or resting
primary Th1, Th2, or Th17 cells. A downward arrow identifies a hypersensitive site that is
not within a conserved region. CTCF-binding boundary elements are in red. Transcription
factors that are recruited to the indicated conserved elements of each locus are listed. Paler
peaks indicate activation-dependent HS sites within CNS elements (e.g. CNS-34 in Naive
cells, A) or less intense HS peaks (e.g., +66 site in Naive cells, A)
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Fig. 3. DNase I hypersensitivity profiles of IL-12–transitioned Th17 cells
As in Fig. 2, DNase I hypersensitive sites are identified in the Ifng locus (A) and the IL17a–
IL17f locus (B) in Th17 cells and in Th17 cells exposed to IL-12 (Th17/IL-12) that exhibit a
Th1-like phenotype. Paler peaks indicate activation-dependent HS sites within CNS
elements (e.g. CNS-6 in the Th17/IL-12 cells, A).
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