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The fidelity of T cell immunity depends greatly on coupling T cell receptor signaling with
specific T cell effector functions. Here, we describe a chromatin-based mechanism that
enables integration of TCR specificity into definite T cell lineage commitment. Using natu-
ral killer T cells (iNKT cell) as a model of a T cell subset that differentiates in response to
specific TCR signaling, we identified a key role of histone H3 lysine 27 trimethylation
(H3K27me3) in coupling iNKT cell TCR specificity with the generation of iNKT cells. We
found that the Zbtb16/PLZF gene promoter that drives iNKT cell differentiation possesses a
bivalent chromatin state characterized by the simultaneous presence of negative and
positive H3K27me3 and H3K4me3 modifications. Depletion of H3K27me3 at the Zbtb16/
PLZF promoter leads to uncoupling of iNKT cell development from TCR specificity and is
associated with accumulation of iNKT-like CD4+ cells that express a non-iNKT cell specific
T cell repertoire. In turn, stabilization of H3K27me3 leads to a drastic reduction of the
iNKT cell population. Our data suggest that H3K27me3 levels at the bivalent Zbtb16/PLZF
gene define a threshold enabling precise coupling of TCR specificity to lineage commitment.
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The development of functionally distinct T lin-
eage cells from early T cell progenitors and the
differentiation of peripheral naive T cells into
specialized effector cells are governed by dif-
terentially composed gene transcription networks
(Collins et al., 2009; Koch and Radtke, 2011;
Constantinides and Bendelac, 2013; van der
Veeken et al., 2013). In turn, the composition
and operation mode of these networks are de-
termined greatly by signals derived from the
cell surface expressed TCR, as well as by other
receptors (Moran et al., 2011; Seiler et al., 2012;
Gottschalk et al., 2013; Zarin et al., 2014). The
multitude of phenotypes, which could be at-
tained by a developing or activated naive T cell,
suggests the existence of gene regulatory mech-
anisms that enable the highly calibrated yet swift
conversion of multiple signaling events into a
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definitive transcriptional state of genes that serve
as master regulators of distinct T cell lineages.
The described mode of gene regulation
matches the chromatin mechanism that contrib-
utes to the activation of the lineage-specifying
genes during pluripotent embryonic stem (ES)
cell differentiation (Azuara et al., 2006; Bernstein
et al., 2006; Voigt et al., 2012, 2013; Hu et al.,
2013). In ES cells, the simultaneous presence
of permissive and suppressive histone modifica-
tions at gene promoters keeps lineage-specific
gene expression at a quasi-stable silent state that
could be readily shifted to an active state dur-
ing ES cell differentiation into various lineages
(Azuara et al., 2006; Bernstein et al., 2006). One
of the best-studied combinations of permissive
and suppressive histone modifications that co-
occupy lineage-specific genes in ES cells involves
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trimethylation of lysine 4 (H3K4me3) and lysine 27 on his-
tone H3 (H3K27me3).The genes associated with these mod-
ifications are considered bivalent (Bernstein et al., 2006).

H3K27me3 and H3K4me3 are broadly distributed among
different loci in T lineage cells (Chang and Aune, 2007; Wel
et al.,, 2009). The locus-specific changes in relative abun-
dance of H3K27me3 and H3K4me3 pointed to the possible
role of chromatin bivalency in the regulation of gene expres-
sion during T cell differentiation (Wei et al., 2009). How-
ever, the role of bivalency in coupling TCR signal specificity
and/or strength to the specific differentiation outcome has
not been established.

In this study, we discuss how bivalency at the promoter
of the transcription factor PLZF, which drives T cell differ-
entiation into the iNKT lineage, contributes to the coupling
of TCR specificity to iNKT cell development.

RESULTS AND DISCUSSION
iNKT cell development is associated with changes
in the chromatin state of the PLZF gene
In developing CD4"CD8* double positive (DP) thymocytes,
many of the transcription factor genes that drive T cell dif-
ferentiation possess bivalent chromatin at their promoters.
A genome-wide analysis of H3K4me3 and H3K27me3 distri-
bution in DP thymocytes identified 972 transcriptionally
silent genes (Zhang et al., 2012) that display both H3K4me3
and H3K27me3 at their transcriptional start site (TSS; Fig. 1 A).
14% of the silent bivalent genes in DP cells encode various
transcription factors, including Bellla, Fra-2, and PLZF, that
have been implicated in T cell differentiation into specific
lineages (Liu et al., 2003; Savage et al., 2008; Lawson et al.,
2009; Fig. 1 B; and Table S1). We argue that the bivalent state
of the chromatin-encompassing, lineage-specifying genes in
T cells operates as a switch that couples the TCR-mediated
signaling events to activation of transcription factors that drive
T cell differentiation into specific lineages (Wei et al., 2009).
To address the role of bivalency in T cell lineage decision,
we focused on iNKT cells. The development of iNKT cells
can serve as a bona fide example of TCR-driven activation of
a transcriptional master regulator of T lineage cell differentia-
tion. The development of iNKT cells depends on signaling
mediated by invariant a3 TCR that binds lipids presented by
MHC class I-like CD1d molecules (Godfrey and Berzins,
2007; Godfrey et al., 2010; Alonzo and Sant’Angelo, 2011;
Constantinides and Bendelac, 2013). The signal from the
CD1d-restricted afTCR drives the expression of the tran-
scription factor PLZF that is required for initiation, mainte-
nance, and function of iNKT lineage cells (Kovalovsky et al.,
2008; Savage et al., 2008). The PLZF locus appears as bivalent
in DP thymocytes (Fig. 1 A). In support of genuine PLZF
bivalency, as opposed to a mixture of PLZF alleles that are
marked either with H3K4me3 or H3K27me3, we found both
H3K4me3 and H3K27me3 to be present on the same nu-
cleosome at the transcriptional start site (TSS) of the PLZF
gene by sequential chromatin immunoprecipitation (ChIP;
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Fig. 1 C). Unlike DP cells, the PLZF gene is H3K4me3 mon-
ovalent in developed iNKT cells. The shift of PLZF from
bivalency to monovalency during iNKT cells differentiation is
gene specific and highly significant as revealed by quantitative
PCR-based analysis of H3K27me3 and H3K4me3 levels at
the PLZF promoter in preselection DP and thymic iNKT
cells (Fig. 1 D). Other T cell lineage—determining transcrip-
tion factors, like Smad6 and Sox5, are bivalent both in DP
cells and in iINKT cells (Fig. 1 D). These results suggested the
transition of the PLZF locus from the H3K27me3* K3K4me3™"
bivalent to the K3K4me3* monovalent state as a prerequisite
for iNKT cell differentiation.

Ezh2 deficiency results in increased iNKT cell

numbers and altered iNKT cell development

The role of H3K27me3/H3K4me3 bivalency in iNKT cell
development has been initially addressed by an artificial and
genome-wide shift of the chromatin state from H3K27me3™"
to H3K27me3 ™. This has been achieved by conditional inac-
tivation of the key H3K27me3 methyltransferase Ezh2 selec-
tively in T cells with CD4-cre (Su et al., 2005). The loss of
Ezh2 during T cell differentiation has no obvious impact on
the overall H3K27me3 levels in the thymus, but was associated
with diminished H3K27me3 levels in iNKT cells (Fig. 2 B).
The reduction in Ezh2 levels and ensuing loss of H3K27me3
in Ezh2-deficient iNKT cells as compared with their wild-
type counterparts was apparent as early as stage 0 (CD1d-
Tetramer™, TCR3*, and CD24") of iNKT cell development
and becomes more pronounced at later stages of iNKT cell
differentiation in the thymus (Fig. 2 B, bottom). It is plausible
that selective loss of H3K27me3 in Ezh2-deficient iNKT
cells reflects a higher proliferation rate of iNKT cells as com-
pared with the rest of DP thymocytes. Active division of the
Ezh2-deficient cells facilitates replacement of the histone H3
that has been modified by K27me3 before Ezh2 ablation by
de novo synthesized nonmodified histone H3 in the Ezh2-
deficient cells (Mosammaparast and Shi, 2010; Pedersen and
Helin, 2010).

Loss of Ezh2 and H3K27me3 in iNKT cells was associated
with a major change in iNKT cell differentiation. A detailed
analysis of iINKT cell development revealed a >3-fold increase
in frequency and absolute numbers of Ezh2-deficient thymic
iNKT cells that express the invariant CD1d-restricted TCR
(Fig.2 A).This increase is attributed to a rise in the subpopulation
of developing iNKT cells that matches the stage 2 (CD44h
NK1.17) of the iNKT cell development (Fig. 2 C, middle). No-
tably, the CD44" NK1.1~ cells may not only represent a tran-
sient stage in iNKT cell development, but rather a sub-population
of terminally differentiated iNKT cells defined as NKT?2 subset.
Normally, NKT?2 cells express PLZF at levels higher than NKT1
or NKT17 iNKT cells (Lee et al., 2013) and produce preferen-
tially Th2 cytokines, in response to activation. Consistent with
the NKT2 phenotype, the Ezh2-deficient iNKT cells were
greatly enriched for IL-4—expressing cells and preferentially
produce IL-4 in response to polyclonal in vitro activation with
phorbole-12-myristate-13-acetate (PMA) in combination with
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Development of iNKT cells is associated with changes in the chromatin state of the PLZF gene. (A). Genome-wide distribution of

H3K4me3 and H3K27me3 in developing thymocytes. The levels of H3K4me3 and H3K27me3 at the TSS (+3 kb; units of reads per million mapped reads,
fpkm) were measured by ChIP sequencing of the chromatin derived from ex vivo purified mouse preselection (CD4+, CD8*, TCRB'NT, CD69") double-
positive (DP) thymocytes. Genes were clustered in subgroups according to the levels of H3K4me3 and H3K27me3. The orange color indicates the bivalent
H3K4me4h H3K27me3" genes. (B) Box plots show the mRNA expression levels of bivalent as compared with H3K27me3* or H3K4me3* monovalent, or
genes not modified. The numbers indicate the frequency of nonexpressed genes. (C) H3K4me3+ H3K27me3* bivalency at the indicated gene loci was
assessed by sequential ChIP with anti-H3K27me3, followed by anti-H3K4me3 antibody for the indicated promoters. The reChlIP data are given as fold over
IgG control in the second IP. (D) The transition from bivalent to monovalent H3K4me3" state was assessed by measuring levels of H3K27me3 (red) and
H3K4me3 (green) at the TSS of PLZF and control genes in preselection DP (DP) thymocytes and thymic iNKT cells. The levels of histone modifications were
quantified by ChIP-gPCR from three independent experiments performed in triplicate. Error bars are SEM of independent experiments. Significance was
determined by unpaired Student's t test: *, P < 0.05; ™, P < 0.01; ™*, P < 0.001.

ionomycin (Fig. 2 C, right). The observed phenotype of the
Ezh2-deficient thymic iNKT cells is similar to the pheno-
type of iNKT cells that develop in the absence of the lysine
demethylase-like protein Jarid2 (Pereira et al., 2014). Both Ezh2
and Jarid2 are components of the PRC2 complex that catalyzes
methylation of lysine 27 of histone 3. Collectively, these data
point to the importance of PRC2 in iNKT cell development.

Ezh2 is required for coupling of TCR specificity

to iNKT cell generation

The increase in iNKT cell numbers in Ezh28: CD4-cre mice
was dwarfed by the appearance of thymic and splenic T cells

JEM Vol. 212, No. 3

that express PLZF protein in the absence of the iNKT-specific,
CD1d-restricted TCR (Fig. 3 A). These Ezh2-deficient TCR*
iNKT-like cells accumulate at large numbers in peripheral
lymphoid organs (Fig. 3 A). Similar to iNKT cells that are se-
lected and triggered by MHC class 1-like (CD1d) bound lipid
antigens, the Ezh2-deficient iNKT-like cells express high lev-
els of CD5, which is indicative of antigen-driven T cell selec-
tion (Fig. 3 A).

The presence of the Ezh2-deficient iNKT-like cells sug-
gested that loss of Ezh2 and H3K27me3 causes an uncou-
pling of TCR specificity and PLZF expression. Consistent
with this model, the TCR Vf3 repertoire expressed by the
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Figure 2.  Loss of Ezh2 results in increased iNKT cell numbers and development into NKT2 cell. (A) iNKT cells in thymus, spleen, and peripheral
lymph nodes of Ezh2//; CD4-cre (Ezh2~/~) and littermate controls were detected as CD1d-Tetramer* and TCRB* cells. (bottom) Percentage (left) or abso-
lute number (right) of CD1d-Tetramer* and TCRB* cells in the thymus. Representative plots of >5 independent experiments with >15 mice in total are
shown. Each dot represents a single mouse. (B) Flow cytometry histograms show levels of H3K27me3 in DP, CD4+ single positive (CD4* SP), and iNKT cells
(top) and Ezh2, H3K27me3, and PLZF in subpopulations of developing iNKT cell stages defined as: stage O (CD1d-Tetramer*, TCRB*, and CD24+); stage 1

(CD1d-Tetramer*, TCRB*, CD24~, CD44"°, and NK1.17); stage 2 (CD1d-Tetram

ert, TCRB*, CD24~, CD44+, and NK1.17); and stage 3 (CD1d-Tetramer*,

TCRB*, CD24-, CD44+, and NK1.1+). Representative plots of three independent experiments with more than five mice in total are shown. Gray shaded

area, WT; red line, Ezh2-deficient cells. (C) Deficiency in Ezh2 leads to altered

iNKT cell development and increased number of IL-4-producing cells. The

subpopulations of developing iINKT cells were defined by expression of CD44 and NK1.1 on CD1d-Tetramer* TCRB* CD24~ cells. (middle) Absolute number of
iNKT cells. (right) Absolute number of IL-4-producing iNKT cells. Representative plots of more than three independent experiments with three or more mice in
total are shown. Each dot represents a single mouse. Significance for all data was determined by unpaired Student's t test: *, P < 0.05; **, P < 0.01. < 0.05.

iNKT-like cells (Fig. 3 B, bottom) was more similar to the di-
verse V[3 repertoire of conventional afTCR-bearing T cells
(Fig. 3 B, top) than to the limited VB (VB2, 7, and 8) reper-
toire of wild-type iNKT cells (Fig. 3 B, middle). Notably,
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Ezh2 deficiency has no impact on the V[ repertoire displayed
by afTCR bearing T cells (Fig. 3 B, top).

The uncoupling between the TCR specificity and iNKT
cell development in the absence of Ezh2 was underscored

Ezh2 ties TCR specificity to iNKT cell development | Dobenecker et al.
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Figure 3.  Ezh2 is required for coupling TCR specificity to iNKT cell generation. (A) The size of the iNKT-like CD1d-Tetramer~ TCRB* PLZF* cell population
was analyzed in thymi and spleens of Ezh2%f; CD4-cre (Ezh2~/~) and Ezh27 control (WT) littermates. Flow cytometry histograms show the expression of CD5

in INKT cells (CD1d-Tetramer* TCRB* PLZF*) and iNKT-like cells (CD1d-Tetramer— TCRB* PLZF*). Gray shaded area, Ezh2/f control [WT], INKT; blue shaded area,
Ezh2f; CD4-cre [Ezh2~/7], INKT; and red shaded area, Ezn2™f; CD4-cre [Ezh2~/~], INKT-like. (bottom) Absolute number and percentage of iNKT-like (PLZF+ CD1d-Tet™)
cells in thymus and spleen of Ezh2™ control (WT, black diamonds) and Ezh2"; CD4-cre (red circles) mice. Representative plots of >5 independent experiments
with 10 or more mice in total are shown. Each dot represents a single mouse. (B) VB-usage of CD4* and CD8* a3T cells, as well as iNKT and iNKT-like cells. (top)
VB-usage of TCRB* CD4* T cells (white bars) or TCRB* CD8* T cells (gray bars) from Ezh27/f control (WT) or Ezh2f/f: CD4-cre (Ezh2~/~) mice. (middle) VB-usage of
iNKT cells from Ezh2f control (WT, white bars) or Ezh2f; CD4-cre (Ezh2 /-, gray bars) mice. (bottom), VB-usage of iNKT-like cells from Ezh2f/f: CD4-cre
(Ezh2~/~) mice. Nine mice per genotype were analyzed in three independent experiments, and the error bars represent SD. (C) Development of iNKT and iNKT-like
cells in the presence of ovalbumin-specific transgenic (OT-I1) TCR. (left) Representative frequencies of CD1d-Tetramer~ PLZF* iNKT-like cells in thymus and spleen
of Ezh2%f; CD4-cre (Ezh2~/~); OT-Il and Ezh2M/f (WT); OT-Il littermate controls are shown out of three independent experiments with five or more mice in total.
(middle) Production of IL-4 and IFN-y measured by intracellular staining of iNKT-like cells after stimulation with PMA/ionomycin. Representative dot-plots of two
independent experiments with more than three mice shown. (right) Representative dot-plots of three independent experiments with more than five mice show
the expression of VB5.1/5.2 and V2 in TCRB* CD4+ SP cells from Ezh2™f (WT); OT-II control mice (left), TCRB*+ CD4+ SP cells from Ezh27: CD4-cre (Ezh2~/7);
OT-II (middle), and iNKT-like cells from Ezh27: CD4-cre mice (Ezh2~/~); OT-Il (right). Numbers indicate the percentage of cells in the corresponding quadrants.
Significance was determined by unpaired Student's ¢ test: *, P < 0.05;*, P <0.01;* P <0.001.
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mice analyzed. Each dot represents a single mouse. Significance was determined for all data by unpaired Student's ¢ test: ™, P < 0.01;**, P < 0.001.

302 Ezh2 ties TCR specificity to iNKT cell development | Dobenecker et al.



VB5. Regardless of the described relative diversity of the
TCR repertoire in the OT-II-TCR mice, the VB5 TCR does
normally not support iNKT cell development. In fact, the
OTII-TCR; Ezh2%f mice have no iNKT cells. As opposed to
the control mice, deficiency in Ezh2 resulted in the genera-
tion of large numbers of CD1d-Tetramer™ and PLZF" iNKT-
like cells that express the transgenic V5 (Fig. 3 C, left). Nearly
all of the iNKT-like cells in the OT-II-TCR; Ezh2; CD4-
Cre mice express V5 and ~40% of the cells co-express V35
and Va2, albeit at levels lower than in control CD4" SP cells
(Fig. 3 C, right; and not depicted). Similar to the wild-type
iNKT cells, the Ezh2-deficient iNKT-like cells derived from
the OT-II-TCR; Ezh2f; CD4-Cre mice were able to pro-
duce large amounts of IL-4 and IFN-vy in response to TCR
stimulation (Fig. 3 C, middle) whereas CD4* SP cells from
either OT-II-TCR; Ezh2%f control mice or OT-II-TCR;
Ezh2/; CD4-Cre mice produced only negligible amounts
(not depicted).

Accumulation of Ezh2-deficient iNKT and iNKT-like cells
promotes development of bystander CD8* T cells

Alteration in iNKT cell development in the absence of Ezh2
led to secondary changes in aBTCR-bearing T cell subpop-
ulations. The increase in the total number of IL-4—producing
iNKT and iNKT-like cells results in elevated IL-4 levels in
the serum of Ezh2%/f; CD4-cre mice (unpublished data). Ac-
cordingly, Ezh2%f; CD4-cre mice display a selective increase
in the number of memory-like (bystander) CD8 cells, which
are known to accumulate proportionally to the IL-4—producing
iNKT cell numbers (Weinreich et al., 2009; Fig. 4 A). Unlike
memory CD8" T cells, which express both T-box transcription
factors Eomes and T-bet (Intlekofer et al., 2005, 2008), by-
stander CD8" T cells express only Eomes but produce IFN-vy
after in vitro stimulation like memory cells (Weinreich et al.,
2009). The CD8* T cells in Ezh2%/8; CD4-cre mice fulfill both
criteria (Fig. 4 C). The abundance of thymic T cell subpopula-
tions, such as CD4* SP and DP, were not affected by Ezh2
deficiency, confirming the accumulation of bystander CD8*
T cells and excluding a generally altered a3 T cell develop-
ment in the absence of Ezh2 (Fig. 4 B).

The H3K27me3 demethylases Jmjd3 and Utx

are essential for iNKT cell generation

The critical role of H3K27me3 in the regulation of PLZF
gene expression and iINKT cell differentiation has been fur-
ther underscored by the profound impairment in iNKT cell
differentiation caused by the stabilization of H3K27me3 levels.
To prevent the enzymatic removal of H3K27me3 in T cells,
we used conditional inactivation of genes encoding the
H3K27me3-specific demethylases Utx and Jmjd3 (Agger
et al., 2007; Lan et al., 2007; Mosammaparast and Shi, 2010;
Pedersen and Helin, 2010) in developing thymocytes. Defi-
ciency in either of these demethylases had no major effect on
T cell development in the thymus or on the generation of
peripheral afTCR-expressing CD4* or CD8* T cells (Fig.5 A).
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However, lack of Utx or Jmjd3 resulted in reduced expression
of PLZF mRNA (not depicted) and an associated major
reduction in frequencies (Fig. 5 B and not depicted) and total
numbers (Fig. 5 C) of thymic and peripheral iNKT cells that
express a CD1d-specific TCR.

These findings reinforced the model where coupling be-
tween the TCR specificity/signaling and iNKT lineage deci-
sion is determined by a balance between H3K27me3 and
H3K4me3 at the PLZF gene promoter. In turn, this model
predicts that TCR-driven transition of developing DP cells
into iNKT cells requires the selective recruitment of H3K27me3-
specific demethylases to the PLZF or other gene loci, e.g.,
Samd7, which transition from a bivalent to a monovalent state
during iNKT generation from DP cells. Indeed, in iNKT
cells, Utx was more abundant at the PLZF or Smad7 gene
promoters as compared with the same loci in DP cells (un-
published data). Contrary to the bivalent genes, the levels of
Utx at the promoters of H3K4me3 monovalent and consti-
tutively expressed genes, such as B-actin, are similar in DP and
iNKT cells (unpublished data). Although deficiency in Jmjd3
also results in hampered PLZF expression, no specific recruit-
ment of Jmjd3 to the PLZF promoter in iNKT cells could
be detected.

In conclusion, we propose that the bivalent chromatin at
the PLZF promoter operates as a switch that converts signal-
ing cues into an irreversible lineage decision. In ES cells, Utx
is present in multiprotein complexes with the H3K4 methyl-
transferase MLL4 (Cho et al., 2007; Issaeva et al., 2007; Smith
et al., 2011) and the C terminus of MLL4 is responsible for
MLL4’s interaction with the core subunits of the MLL4 complex
(Kim et al., 2014). We propose that accumulation of MLL4, as
well as the associated Utx, can function as a proxy of the TCR.
signal strength. The definitive shift to PLZF gene expression
will happen as soon as MLL4 and, associated with it, Utx,
reach a level that alters the equilibrium between H3K4me3
and H3K27me3. Once expressed, the PLZF proteins will
drive further iNKT cell differentiation by binding to its gene
targets, which are responsible for iNKT cell differentiation
and maintenance. The suggested mechanism is likely to oper-
ate at other transcription factor genes, where distinct levels of
bivalency may contribute to differential TF expression in re-
sponse to TCR signals of varying strength (Leishman et al.,
2002; Baldwin et al.,2004; Zhou et al., 2004; Kronenberg and
Rudensky, 2005).

MATERIALS AND METHODS

Antibodies. The following antibodies were purchased from either BD or
eBioscience: CD3e (145-2C11), CD4 (RM4-5), CD8«a (53—6.7), TCR{
(H57-597), IL4, CD24 (M1/69), CD44 (IM7), CD122 (TM-B1), IFN—y,
Eomes (Danl1mag), and T-bet (4B10). APC-conjugated CD1d-PBS-57
(aGalCer analogue) loaded and unloaded tetramers were provided by the
Tetramer Facility of the US National Institutes of Health. The monoclonal
antibody against PLZF (D-9) was purchased from Santa Cruz Biotechnology,
Inc. The Jmjd3 antibody was provided by Y. Shi (Boston Children’s Hospi-
tal, Boston, MA) and the Utx antibody (A302-374A) was purchased from
Bethyl Laboratories. Anti-H3K4me3 (17-614) and anti-H3K27me3 (07—449)
antibodies for ChIP-seq were purchased from Millipore.
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Figure 5.  The histone H3K27me3 demethylases Jmjd3 and Utx

are required for iNKT cell generation. Thymi and spleens of mice with
T cell-specific deficiency of Jmjd3 (Jmjd3™"; CD4-cre) or Utx (Utx™;
CD4-cre) were examined for the surface expression of CD4 and CD8 (A) and
CD1d-Tet and TCRB (B) by flow cytometry. Numbers indicate the percent-
age of cells in the corresponding gates. Representative dotplots from

two independent experiments with more than three mice are shown.

(C) Quantification of INKT cell numbers in thymus and spleen of Jmjd3f/f;
CD4-cre, Utx™: CD4-cre, and WT controls, from more than three inde-
pendent experiments with three or more mice. Each dot represents a sin-
gle mouse. Significance was determined by unpaired Student's t test:

* P<0.05;* P<00].
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Mice. Ezh2%f; CD4-cre mice were previously described (Su et al., 2005) and
are on a mixed background of C57BL/6 and 129/Sv. Jmjd3%f; CD4-cre
mice. Utxf; CD4-cre mice are on the C57BL/6 background. Animals were
maintained under specific pathogen—free conditions. All animal experiments
were conducted in accordance with local and institutional guidelines.

Standard ChIP assays and ChIP-seq. ChIP was performed as previously
described (Lee et al., 2006); Goldberg et al., 2010). In brief, 107 cells were
used for ChIP-seq experiments and 10° cell for ChIP-qPCR experiments.
The cells were cross-linked with 0.5% formaldehyde at room temperature
for 10 min. Chromatin was sonicated to 300-500 bp in RIPA buffer with
0.3 M NaCl. 1-10 pg antibodies were preincubated with Dynabead Protein
A/G (Invitrogen) for at least 8 h before incubating with sonicated chroma-
tin overnight. After overnight incubation, beads were washed in modified
RIPA wash buffer (100 mM LiCl [for H3K27me3] or 300 mM LiCl [for
H3K4me3]) and one time in Tris EDTA buffer (10 mM Tris, pH 8.0, and
1 mM EDTA). After overnight cross-link reversal at 65°C, R Nase digestion,
and Proteinase K digestion, ChIP DNA and input DNA were purified using
the QIAquick PCR purification kit (QIAGEN). For regular ChIP and for
validation of ChIP-Seq, ChIP DNA was analyzed via qPCR using SYBR
Green PCR Master Mix and the LightCycler 480 (both from Roche).
Primer sequences are available upon request.

For ChIP-Seq, 30 pl of ChIP DNA were used to generate blunt-ended
DNA using reagents supplied with the Epicenter DNA EndRepair kit
(Epicenter Biotechnologies) according to the manufacturer’s instructions. The
end-repaired DNA was purified using the QIAquick PCR purification kit.
Using Klenow Fragment (3" to 5" exo-, NEB) “A” bases were added to the
DNA. The DNA was purified using the MinElute kit. T4 DNA ligase (NEB)
was used for ligation of Illumina/Solexa adapters to the DNA fragments. The
adaptor-ligated DNA was purified with the MinElute kit. The DNA frag-
ments were subjected to 18 cycles of PCR using the Illumina/Solexa primers
1.0 and 2.0 to generate the ChIP-Seq libraries. The ChIP-Seq libraries were
purified with the MinElute kit.

Samples were sequenced on the Illumina Hiseq2000 platform for 50 cy-
cles, and raw sequencing data were processed using the CASAVA_v1.8.2 soft-
ware to generating fastq files. Sequencing reads were aligned to the mouse
genome (mm9) using Bowtie v0.12.7 (Langmead et al., 2009). Reads were
kept if they aligned with two errors or less and did not align to more than one
location in the genome.A 25-bp density coverage map was created by extend-
ing each read for 100 bp to account for average library fragment length and
mapping the number of reads per 25-bp bin using igvtools (Thorvaldsdottir
et al., 2013).Values in each sample were normalized to fpkm values by calculat-
ing the fraction of mapped reads per bin in 1,000,000 total reads.

For comparative analysis of promoter regions, the number of aligned
reads in the area surrounding the transcriptional start site (£3 kb) of each
gene was used.

Quantitative PCR. Chromatin from 10° FACS-sorted iNKT (TCRB*
CD1d-Tetramer") and psDP (CD4*CD8*, TCR™, and CD69®) cells was
prepared as described above. Quantitative real-time PCR was performed
using SYBR Green (Roche) on a Lightcycler 480 (Roche). Primer sequences
are available upon request. Data are presented as mean £ SD.

Sequential ChIP. Sequential ChIP was performed as previously described
(Voigt et al.,2012). In brief, preselection DP (psDP) thymocytes were MACS
sorted by depletion with anti-CD3, anti-CD25, anti-CD44, and anti-Ter119.
Chromatin from psDP cells was first [Ped with an anti-H3K27me3 antibody
and the bound material from the first immunoprecipitation was eluted with
30 pl of 0.1% SDS and 30 mM DTT in TE for 1 h at 37°C under constant
agitation. Beads were washed once and volume adjusted to 1.5 ml for the
second IP with anti-H3K4me3 antibody and eluted as described above. To
control for antibody carryover from the first immunoprecipitation, IgG was
used as control in the second immunoprecipitation and the ChIP signals
from the second immunoprecipitation were normalized to this IgG sam-
ple. Sequential-ChIPs were analyzed by qPCR with the following primers:
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Cadm1-E 5'-CTCCTGCTGTTGCTCCTTTC-3'; Cadml-R, 5-TTC-
CATAGCTACGGCTCCTG-3"; Ebf3-F 5'-GGCCAGCTTGGCTA-
CATAGA-3'; Ebf3-R, 5'-TCTTCCTTCCACCCTCACAC-3"; Gapdh-E
5'-TCCCCTCCCCCTATCAGTTC-3'; Gapdh-R, 5'-GACCCGCCT-
CATTTTTGAAA-3"; Tbx3-FE 5'-TGGAACCCGAAGAAGACGTA-3';
Tbx3-R, 5'-ATCTCTGTACCCCGCTTGTG-3'; PLZF-E 5'-AGCCCTT-
GCCTGTACAAAGA-3";PLZF-R,5-TGCCTCACCAACCTTTCTTC-3".

Bivalent genes. Bivalent genes were defined as genes in which the sum of all
fpkm values within the transcriptional start site region (£3 kb) of H3K4me3
and H3K27me3 ChIPs exceeded those of the IgG control ChIP by at least
1.5-fold (Bernstein et al., 2006).

Preparation of reads from RNA sequencing. Fastq reads from the
Rothenberg laboratory (Zhang et al., 2012) were realigned to the mouse ref-
erence genome mm?Y using Tophat (Kim et al., 2013) to account for splicing,
alternative promoter usage, and insertions and deletions. Subsequently, the
cufflinks RNA-seq analysis tool cuffdift (Trapnell et al., 2013) was used to
assess differential gene expression, alternative promoter usage, and splicing
variation between experimental datasets. The resulting fpkm values were used
for further data analysis and visualization.

Flow cytometry. Single-cell suspensions from tissues were prepared. APC-
conjugated CD1d-PBS-57 loaded and unloaded. Tetramers were obtained
from the tetramer facility of the US National Institutes of Health. PLZF
staining was done as previously described (Savage et al., 2008). Cells were
stained for surface markers first, washed, and then fixed with the permeabili-
zation and fixation buffer (Foxp3 Staining Buffer Set; eBioscience). Intra-
cellular PLZF was detected with 2 ug/ml mouse monoclonal antibody D-9
(Santa Cruz Biotechnology, Inc.) and FITC-conjugated rat anti-mouse IgG1
(BD). Cells were stained for 1 h with Eomes (Dan11mag; eBioscience), T-bet
(4B10; eBioscience) followed by secondary antibody staining in Foxp3 Stain-
ing Buffer Set (eBioscience). Data were analyzed by Flow]Jo (Tree Star).

In vitro IL-4 production. Thymocytes were isolated and plated at 10° cells/ml.
The cells were stimulated with 50 ng/ml PMA and 1.5 pg ionomycin
(Sigma-Aldrich) for 5 h with Brefeldin A (Sigma-Aldrich) added for the final
3 h.The cells were surface stained and then stained with anti-IL-4 (BD) via
a fix/perm kit (BD) and analyzed by flow cytometry.

Statistical analysis. Statistical analysis was performed in Prism (GraphPad
Software) with the unpaired Student’s ¢ test for total cell numbers and fre-
quencies. *, P < 0.05; ¥* P < 0.01; *** P < 0.001.

Online supplemental material. Table S1 lists four categories of genes sep-
arated by the epigenetic marks at their TSS. Online supplemental material is
available at http://www.jem.org/cgi/content/full/jem.20141499/DC1.
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