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The histone demethylase UTX regulates the
lineage-specific epigenetic program of invariant

natural killer T cells

Semir Beyaz!»2?, Ji Hyung Kim>?, Luca Pinello*®, Michael E Xifaras®, Yu Hu?, Jialiang Huang*, Marc A Kerenyil>>9,
Partha P Das!2, R Anthony Barnitz!7, Aurelie Herault®, Rizkullah Dogum?, W Nicholas Haining!-7,
Omer H Yilmaz®, Emmanuelle Passegue®, Guo-Cheng Yuan?, Stuart H Orkin'>10 & Florian Winau>1?

Invariant natural killer T cells (/NKT cells) are innate-like lymphocytes that protect against infection, autoimmune disease and
cancer. However, little is known about the epigenetic regulation of /INKT cell development. Here we found that the H3K27me3
histone demethylase UTX was an essential cell-intrinsic factor that controlled an iINKT-cell lineage-specific gene-expression
program and epigenetic landscape in a demethylase-activity-dependent manner. UTX-deficient /INKT cells exhibited impaired
expression of INKT cell signature genes due to a decrease in activation-associated H3K4me3 marks and an increase in repressive
H3K27me3 marks within the promoters occupied by UTX. We found that JunB regulated /NKT cell development and that the
expression of genes that were targets of both JunB and the /INKT cell master transcription factor PLZF was UTX dependent.

We identified /INKT cell super-enhancers and demonstrated that UTX-mediated regulation of super-enhancer accessibility was

a key mechanism for commitment to the /NKT cell lineage. Our findings reveal how UTX regulates the development of /INKT cells

through multiple epigenetic mechanisms.

Invariant natural killer T cells (iNKT cells) are a subset of T lymphocytes
with a limited T cell antigen receptor (TCR) repertoire that recognizes
lipid antigens presented by CD1d molecules on the surface of antigen-
presenting cells'2. The prototypical lipid antigen is the glycosphingoli-
pid o-galactosylceramide derived from a marine sponge3, which can be
loaded onto CD1d tetramers for the detection of iINKT cells through
binding to their invariant TCR. Following antigen recognition, iNKT
cells respond rapidly in an innate-like fashion and secrete inflamma-
tory cytokines, including interferon-y (IFN-y) and interleukin 4 (IL-4),
in copious amounts!2. This early response influences the outcome of
downstream immunological reactions and endows iNKT cells with
regulatory properties. Due to the diversity of their effector functions,
iNKT cells are involved in many pathological processes. Accordingly,
they are important in host defense against infections, prevent autoim-
mune disorders and protect against cancer».

Delineating the molecular mechanisms that control specification
to the iNKT cell lineage is essential for the development of potential

therapeutic applications that target iINKT cells. Commitment to the
iNKT cell lineage involves positive selection of precursors of iINKT
cells by CD4*CD8* double-positive (DP) thymocytes that express
CD1d-glycolipid complexes®. After positive selection, TCR signal-
ing activates a pathway of calcineurin and the transcription factor
NFAT that induces expression of the transcription factor Egr2 (ref. 6).
Following that induction, Egr2 activates the iINKT cell master regu-
lator PLZF (encoded by Zbtb16) and the common B-subunit of the
IL-2-1L-15 receptor (CD122; encoded by Ii12rb), which leads to the
subsequent steps of iINKT cell development, composed of cytokine
expression and proliferation in response to the IL-15-CD122 axis”~10.
T-bet (encoded by Thx21) is a key transcription factor that regu-
lates the differentiation of iNKT cells and their acquisition of NK cell
traits during terminal maturation. After egressing from the thymus,
iNKT cells reside mainly in the liver and spleen to perform their
effector functions!!. Although published reports have contributed
to an understanding of how key transcription factors establish iINKT
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cell identity in a stepwise process'?13, it is unclear how a multitude of
transcription factors are orchestrated within an epigenetic framework
that controls lineage-specific gene expression in iNKT cells.

During development, cell-fate determination relies on the activation
of cell-type-restricted transcription factors that act at promoters and
enhancers of genes. This requires epigenetic programming to ensure
the establishment of proper chromatin organization. Stretch-enhancer
elements (‘super-enhancers’) have a critical role in the control of cell
identity!®!>. Dynamic regulation of the histone-methylation state at
promoters or enhancers by histone-modifying enzymes is a key epi-
genetic mechanism that affects lineage-specific gene expression!6-18,
The polycomb repressive complex PRC2 catalyzes the trimethylation
of histone H3 on lysine 27 (to produce H3K27me3) that is associated
with poised or repressed states of promoters and enhancers!7-1%20, In
contrast, demethylation of H3K27me3 by the histone demethylases
UTX and JMJD3 correlates with active chromatin states that facilitate
gene expression?!-2%, UTX and JMJD3 serve important roles in early
development?!-2329, epigenetic reprogramming?’, cellular differentia-
tion?428-30 and cancer31:32. The role of UTX in various T lymphocyte
subsets has been addressed?3-3>; however, the underlying mechanisms
of its effects remain to be elucidated.

In this study, we assessed the epigenetic mechanisms by which UTX
controls the development of iNKT cells. Deficiency in UTX resulted in
the downregulation of iNKT cell signature genes, including Tbx21, Il2rb
and Klrd1, and blocked iNKT cell development. We demonstrated that
the abundance of H3K27me3 was greater and that of H3K4me3 was
lower around the promoters of downregulated signature genes in UTX-
deficient iNKT cells than in UTX-sufficient iNKT cells. We found that
UTX partnered with PLZF, and that UTX-deficient iNKT cells failed to
activate PLZF target genes and harbored more H3K27me3 around their
gene promoters than did UTX-sufficient INKT cells. Moreover, we dis-
covered a role for the AP-1 transcription factor JunB in the generation
of iNKT cells. By delineating the super-enhancer landscape of iNKT
cells, we demonstrated that UTX was required for the accessibility of
the super-enhancers of genes encoding products that mediate speci-
fication to the iINKT cell lineage. Thus, we found that UTX engaged
multiple gene-regulatory mechanisms to facilitate the lineage-specific
gene expression and development of iINKT cells.

RESULTS

Requirement for UTX in /INKT cell development

Initially, we assessed the requirements for UTX and JMJD3 broadly
in the hematopoietic system. For this purpose, we generated mice
with JoxP-flanked alleles encoding UTX or JMJD3, then interbred
those with mice expressing Cre recombinase from the Vav allele for
conditional gene inactivation in the adult hematopoietic system, to
generate mice with such conditional deficiency in UTX (UTX-KO) or
JMJD3 (JMJD3-KO) (Supplementary Fig. 1a—e). We observed that
the number of iINKT cells was much lower in the thymus, spleen and
liver of UTX-KO or JMJD3-KO mice than in that of UTX- and JMJD3-
sufficient mice (which served as controls throughout), with a more
pronounced effect for mice with UTX deficiency (Fig. 1a). Mice with
deficiency of both UTX and JMJD3 in the adult hematopoietic system
(DKO mice) had a phenotype similar to that of UTX-KO mice (Fig. 1a),
which suggested that ablation of JMJD3 had no additive effects. We
confirmed the deletion of transcripts encoding UTX or JMJD3 in the
blood, DP thymocytes and iNKT cells of UTX-KO or JMJD3-KO mice,
respectively, by quantitative PCR (Supplementary Fig. 1f). Through the
use of molecular markers to distinguish the stages of iINKT cell devel-
opment3®, analysis of the remaining thymic iNKT cells in UTX-KO
or JMJD3-KO mice revealed a maturation block that prevented iNKT

cells from fully entering into stage 3, with relative accumulation in
stages 1 and 2 (Fig. 1b-d). These results indicated a selective role for
UTX and JMJD3 in iNKT cells during blood-cell differentiation. Since
the altered iNKT cell phenotype proved to be predominant in UTX
deficiency, we focused our subsequent analyses on UTX.

Next we assessed the influence of loss of UTX on the functional
properties of iINKT cells. After stimulation with o.-galactosylcera-
mide, IFN-y production was lower in thymic iNKT cells of UTX-KO
mice than in those of control mice (Supplementary Fig. 2a), reflective
of a lack of fully mature cells. However, the synthesis of IL-4 in the
thymus and production of IFN-y by the few remaining liver iNKT
cells in UTX-KO mice was unaltered relative to that in control mice
(Supplementary Fig. 2a). A published classification, although not
mutually exclusive with the maturation model, has categorized iNKT
cell development into the subtypes ‘NKT1’, ‘NKT2’ and ‘NKT17" on
the basis of cytokine profile and specific transcription factors”.
We observed considerably fewer T-bet-dependent NKT1 cells in
UTX-deficient mice than in control mice (Supplementary Fig. 2b).
To exclude the possibility that the impaired development of iNKT cells
was a consequence of failure of antigen presentation or rearrange-
ment of the V;14-J,18 TCR, we demonstrated equivalent expression
of CD1d and abundance of transcripts encoding V14-J,18 in
UTX-deficient DP thymocytes and control DP thymocytes
(Supplementary Fig. 2¢,d). Thus, UTX did not affect mainly the func-
tion of iINKT cells but instead affected mainly their development.

Control of iINKT-cell-lineage-specific gene expression by UTX
To elucidate the molecular mechanism by which UTX contributed
to the development of iNKT cells, we sorted thymic iNKT cells from
UTX-KO or control mice and performed gene-expression analysis
(Supplementary Fig. 3a). Genes downregulated in UTX-KO iNKT
cells relative to their expression in control iNKT cells comprised those
induced during iNKT cell maturation and included those encoding
the critical transcription factor T-bet (Tbx21)!!, the NK cell recep-
tor NKG2D (Klrk1), the chemokine and cytokine receptors CXCR3
(Cxcr3) and CD122 (112rb)°, as well as the cytokine IFN-y (Ifng) and the
calcium regulator calcyclin (§100a6)!3 (Fig. 2a). Gene-set-enrichment
analysis (GSEA) of the genes downregulated in UTX-deficient iNKT
cells revealed enrichment, among the downregulated genes, for genes
encoding products involved in INKT cell differentiation as well as in sig-
naling pathways, including IL-12 and NFAT, which have been reported
to have important roles in iNKT cells®!3 (Fig. 2b and Supplementary
Fig. 3b). Using quantitative PCR, we confirmed the expression of a sub-
set of signature genes whose downregulation depended on UTX and
observed substantial downregulation of Tbx21, S100a6, Klrd1 and Klrk1
(which encode NK cell receptors), Cxcr3 and II2rb in UTX-deficient
thymic iNKT cells relative to their expression in control thymic iNKT
cells (Fig. 2¢). Correspondingly, iNKT cells from UTX-KO mice had
lower protein expression of the products of those genes than that of
iNKT cells from control mice (Fig. 2d). In contrast, UTX deficiency
resulted in the upregulation of genes encoding products involved in the
cell-cycle, DNA-replication and DNA-repair pathways (Supplementary
Fig. 3¢). We confirmed loss of transcripts encoding UTX and UTX-
dependent downregulation of signature genes in UTX-KO iNKT
cells at various stages of development (Supplementary Fig. 3d,e).
These findings indicated that iNKT cell development required a UTX-
mediated lineage-specific gene-expression program.

Regulation of the epigenetic landscape of INKT cells by UTX

UTX-mediated demethylation of H3K27me3 and concomitant
catalysis of the trimethylation of H3K4 by the methyltransferase
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Figure 1 H3K27 demethylases are essential for the maturation and development of /INKT cells. (a) Flow cytometry (left) of INKT cells from the thymus,
spleen and liver (left margin) of UTX-sufficient (control) mice (Ctrl; n = 3), UTX-KO mice (n= 6 (thymus) or n = 3 (spleen and liver)), JMJD3-KO

mice (n = 3) and DKO mice (n =5 (thymus) or n = 3 (liver and spleen)), detected by staining with antibody to the TCR invariant chain CD3 (anti-CD3)
and a-galactosylceramide-loaded CD1d tetramers (CD1d-tet); right, absolute number of /NKT cells in mice as at left. Numbers above outlined areas
(left) indicate percent CD1d-tet*CD3* /INKT cells (mean + s.e.m.). (b) Flow cytometry of /INKT cells from mice as in a (n = 4 per group). Numbers above
outlined areas indicate percent CD1d-tet*CD24+ cells (stage O; right) or CD1d-tet*CD24~ cells (stages 1-3; left). (c) Expression of NK1.1 and

CD44 by thymic /INKT cells as in b (gated as CD1d-tet*CD24-). Numbers in quadrants indicate percent NK1.1-CD44- cells (stage 1; bottom left),
NK1.1-CD44+ cells (stage 2; bottom right) or NK1.1+CD44+ cells (stage 3; top right). (d) Absolute number of thymic /NKT cells as in b,c. Each symbol
(a,d) represents an individual mouse. *P < 0.05, **P < 0.01 and ***P < 0.001 (one-way analysis of variance (ANOVA) and multiple comparisons).

Data are from three independent experiments (mean £ s.e.m. in a,d).

MLL2 around gene promoters correlates with active gene expres-
sion?3. Therefore, we hypothesized that during iNKT cell develop-
ment, transcriptional activation of genes specific to the iNKT cell
lineage involves UTX-dependent chromatin regulation. To address
this hypothesis, we examined the epigenetic landscape of iNKT cells
from UTX-KO or control thymi by genome-wide chromatin immuno-
precipitation followed by deep sequencing (ChIP-Seq) for H3K4me3
marks and H3K27me3 marks, which correlate with activation
or repression, respectively. We applied a model-based analysis of
ChIP-Seq (MACS2) to identify distinct peaks in each condition.
Although genome-wide H3K4me3 peaks were largely shared by
control iNKT cells and UTX-KO iNKT cells (Fig. 3a), genome-wide
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H3K27me3 peaks were much more abundant in the absence of UTX
(Fig. 3b), consistent with the role of UTX in the demethylation of
H3K27me3. In addition to that accumulation of global H3K27me3
content in UTX-KO iNKT cells (9,645), we observed that some
regions exhibited control-cell-specific H3K27me3 peaks (4,250)
(Fig. 3b). While the chromosomal distribution of control-cell-specific
H3K27me3 peaks was similar to that of UTX-KO-cell-specific
H3K27me3 peaks (Supplementary Fig. 4a,b), control-cell-specific
H3K27me3 peaks were more abundant in distal intergenic regions
than were UTX-KO-cell-specific peaks (33.5% (control) versus 24.7%
(UTX-KO); Supplementary Fig. 4c,d). Notably, we detected a greater
abundance of UTX-KO-cell-specific H3K27me3 peaks (13.4%) than
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Figure 2 UTX is required for the lineage-specific expression of signature genes in /INKT cell development. (a) Gene expression in thymic iINKT cells,
showing genes upregulated (red) or downregulated (blue) in UTX-KO cells relative to their expression in UTX-sufficient (control) /INKT cells; results

are presented as robust multi-array average (RMA) (normalized fluorescence units of probes on array). (b) Gene-set-enrichment analysis of genes
downregulated as in a, encoding products related to /INKT cells (left) or IL-12 signaling (right); results are presented as enrichment score (ES),
normalized enrichment score (NES) and false-discovery rate (FDR). (c) Quantitative RT-PCR analysis of genes downregulated as in a (horizontal axis);
results were normalized to those of the control gene Actb. (d) Flow cytometry of thymic control or UTX-KO /INKT cells (key) gated on CD3+CD1d-tet*
cells and stained for products of genes in the /INKT cell expression signature (horizontal axes); results are presented as fluorescence intensity. Isotype,
isotype-matched control antibody. Data are from two experiments with five mice (control) or four mice (UTX-KO) (a,b), or five independent experiments

(c; mean + s.d.) or are representative of three independent experiments (d).

control-cell-specific H3K27me3 peaks (10.4%) in proximal promot-
ers (Supplementary Fig. 4c,d). Analysis with the Genomic Regions
Enrichment of Annotations Tool (GREAT) demonstrated that regions
with loss of H3K27me3 peaks in UTX-KO iNKT cells showed enrich-
ment for bivalent genes with both H3K27me3 and H3K4me3 in their
promoters, as well as genes encoding products involved in erythrocyte
development (Supplementary Fig. 5a). Notably, regions that gained
H3K27me3 peaks in UTX deficiency showed enrichment for genes
that require MLL for their transcription, as well as genes induced in
memory T cells (Supplementary Fig. 5b).

Since UTX-mediated alterations to histone marks around promot-
ers affect gene expression, we investigated the average abundance of
histone marks at gene promoters in iNKT cells (Fig. 3c-e). In UTX-
KO iNKT cells, we observed significant accumulation of H3K27me3
around the transcription start sites (TSSs) and promoters of down-
regulated genes (Fig. 3d and Supplementary Fig. 5¢). Moreover, we
observed a much lower abundance of H3K4me3 in the downregulated
genes in UTX-KO iNKT cells than in control cells (Fig. 3d). While
there was less significant accumulation of H3K27me3 around the
promoters of upregulated genes than around those of downregulated
genes in UTX-KO iNKT cells (P = 9 x 107* (permutation test);
Supplementary Fig. 5d), there was no notable difference in the abun-
dance of H3K4me3 in this comparison (Fig. 3e). GREAT analysis of
the promoter regions of downregulated genes revealed enrichment
for genes encoding products involved in iNKT cell development

(Supplementary Fig. 5¢), while similar analysis of upregulated genes
demonstrated an association with the cell-cycle and DNA-repair path-
ways (Supplementary Fig. 5f). These results suggested that UTX con-
trolled iNKT cell development by regulating the chromatin landscape
around the promoters of downregulated genes encoding products
involved in iNKT cell differentiation.

Regulation of INKT-cell-signature-gene promoters by UTX

To identify the various patterns of chromatin state and to explore
promoters with substantial UTX-dependent chromatin regulation, we
identified clusters on the basis of the distribution of H3K4me3 and
H3K27me3 around the promoters of the downregulated (Fig. 3f-i
and Supplementary Fig. 6a) and upregulated genes (Supplementary
Fig. 6b,c) identified above. For the downregulated genes, cluster 1
included promoters with a similar abundance of H3K4me3 in control
iNKT cells and UTX-KO iNKT cells and a slightly greater abundance
of H3K27me3 in the absence of UTX (Fig. 3f). Cluster 2 included
promoters with a very low abundance of H3K4me3 and similar
abundance of H3K27me3 in control iNKT cells and UTX-KO iNKT
cells (Fig. 3g). Notably, promoters in cluster 3 (Fig. 3h) and cluster 4
(Fig. 3i) had a much lower abundance of H3K4me3 and accumulation
of H3K27me3, especially around the TSS, which suggested that these
promoters were affected by UTX-dependent chromatin regulation.
Integration of gene-expression data with chromatin state revealed
that the genes most downregulated were in cluster 3 (Fig. 3h), which
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Figure 3 UTX regulates the chromatin landscape of /INKT cells. (a,b) Genome-wide peaks of the histone marks H3K4me3 (active) (a), and H3K27me3
(repressive) (b) in UTX-sufficient (control) and UTX-KO (KO) /NKT cells. (c—e) Abundance of H3K4me3 (left) and H3K27me3 (right) around the promoters
of all INKT cell genes (all; ¢), downregulated genes (down; d) or upregulated genes (up; e) in UTX-KO iNKT cells (key); results are presented as average
z-score in reads per million (RPM). O, TSS. (f-i) Integration of gene expression (top row; log, fold values) with abundance of H3K4me3 (middle row) or
H3K27me3 (bottom row) around gene promoters (presented as in c—e), for genes downregulated in UTX-KO /NKT cells, categorized as clusters C1 (f),

C2 (g), C3 (h) and C4 (i) according to histone mark pattern. Top row: boxes extend from the lower to upper quartile values; small horizontal line indicates
the median (whiskers, 1.5 inter-quartile range, with outliers (symbols) beyond). P< 1 x 105 (H3K4me3 and H3K27me3 in d,h,i), P=0.16 (H3K4me3
ine)or P=9 x 104 (H3K27me3 in e) (permutation test with 100,000 permutations). Data are from two independent experiments.

indicated that UTX-mediated removal of H3K27me3 around these
promoters was critical for activation of transcription. We identified
the promoters in cluster 3 and cluster 4 (Supplementary Table 1)
with significant UTX-dependent chromatin regulation by GREAT
analysis. We found that cluster 3 and cluster 4 showed significant
enrichment for genes encoding products involved in the immune
response and signature genes encoding products involved in iNKT
cell differentiation (the ‘KIr’ family, Cxcr3 and S100a6 (cluster 3)
and Tbx21 (cluster 4); Supplementary Fig. 6d). Cluster analysis of
the upregulated genes showed that the abundance of H3K4me3 and
H3K27me3 was largely similar in UTX-KO iNKT cells and control
iNKT cells (Supplementary Fig. 6b,c). These results emphasized that
deficiency in UTX affected the chromatin state specifically around the
promoters of a subset of downregulated genes, which constituted the
iNKT cell signature in cluster 3 and cluster 4, without a robust effect
on the chromatin state of other genes.

Binding of UTX to iINKT-cell-signature-gene promoters

To assess specific alterations in the abundance of H3K4me3 and
H3K27me3 around the promoters of genes with UTX-dependent
transcriptional and chromatin regulation, we generated overlay tracks
of ChIP-Seq data from control and UTX-KO iNKT cells using the
Integrative Genomics Viewer visualization tool. We found a much
lower abundance of H3K4me3 and an accumulation of H3K27me3
around the promoters of the signature genes $100a6, I112rb, Klrdl,
Kirkl, Cxcr3 and Tbx21 in UTX-KO iNKT cells relative to their
abundance at those genes in control cells (Fig. 4a—e). To determine
whether UTX was physically recruited to those promoters, we ana-
lyzed UTX in sorted control iNKT cells by ChIP followed by PCR
(ChIP-PCR). We detected significantly greater occupancy of UTX at
the promoter regions of the representative genes Tbx21, II2rb, S100a6
and Klrd] relative to its occupancy at the housekeeping (control)
gene encoding B-actin (Actb), which was not regulated by UTX,
on the basis of gene expression and ChIP-Seq data (Fig. 4f).
These results suggested that UTX directly controlled the epigenetic
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landscape around the promoters of iINKT cell lineage-specific genes
to facilitate their transcription.

Requirement for UTX enzyme activity in iINKT cell development

Although the data above indicated a critical role for UTX in regulat-
ing iNKT-cell-lineage-specific gene expression and development, it
was important to assess whether UTX acted directly in iNKT cells.
A ‘peculiarity’ of iNKT cells is that they originate from and con-
comitantly are selected by DP thymocytes3®. This feature allows the
use of mixed-bone-marrow chimera to distinguish whether a gene
defect is intrinsic to iINKT cells or if extrinsic antigen presentation
and selection by CD1d-expressing DP thymocytes is responsible for
an observed phenotype. We transferred bone marrow cells from con-
trol and UTX-deficient mice (at a 1:1 ratio) into immunodeficient
Rag2~'~ host mice and subsequently determined the contribution of
each genotype of donor bone marrow to the overall iNKT cell pool
in the recipients. In the thymus, the population of stage 0-1 iINKT
cells of UTX-deficient origin predominated over that of control cells
(Supplementary Fig. 7a,b), due to the relative accumulation of imma-
ture iNKT cells in UTX deficiency. Accordingly, the majority of INKT
cells at stage 3 were of control origin (Supplementary Fig. 7a,b),
again indicative of a block of maturation in the absence of UTX. In
the liver, most iNKT cells were control cells, and few UTX-deficient
cells contributed to the peripheral iNKT cell pool (Supplementary
Fig. 7c). Conventional T cells displayed a balanced mixed chimerism
(Supplementary Fig. 7c), which highlighted a specific effect of UTX
on iNKT cells. Thus, the block in maturation reflected an intrinsic
defect in iNKT cells imposed by loss of UTX that was not ‘rescued’
by the presence of control DP thymocytes.

Next we sought to determine whether the downregulated gene-
expression program and developmental block of iNKT cells could be
‘rescued’ by in vivo reconstitution with UTX and whether its demethy-
lase activity was required for this. To investigate this, we used lenti-
viral transduction of bone marrow cells, followed by transplantation
of the cells into Rag2~/~ host mice. UTX-deficient bone marrow
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Figure 4 UTX occupies the promoters of /INKT cell signature genes that exhibit UTX-dependent chromatin regulation. (a—e) ChIP-Seq overlay tracks of
H3K27me3 and H3K4me3 marks for the /INKT cell signature genes S100a5 and S100a6 (a), 112rb (b), Kird1 and Kirk1 (c), Cxcr3 (d) and Tbx21 (e)
in UTX-sufficient (control) and UTX-KO /NKT cells (key) (data from Fig. 3); below plots, gene structure and direction of transcription (*, promoter).

(f) ChIP-PCR analysis of UTX occupancy around the promoters of signature genes as in a—e and Actb (negative control), presented as enrichment for
promoter sequences relative to that obtained by ChIP with isotype-matched control antibody (IgG). * P < 0.05 (unpaired t-test). Data are from three

independent experiments (mean = s.d. in f).

transduced with empty virus failed to produce a substantial population
of iNKT cells in the thymus (Fig. 5a). Notably, UTX-KO bone mar-
row reconstituted with full-length UTX exhibited substantial iINKT
cell development, whereas reconstitution with mutant UTX lacking
enzymatic activity failed to generate a sizeable iINKT cell population
(Fig. 5a). Upon analysis of the various maturation stages of iINKT
cells, we observed that the few UTX-KO iNKT cells that developed
from bone marrow transduced with empty virus or virus encoding
mutant UTX lacking enzymatic activity were unable to fully mature

to stage 3 (Fig. 5b). In contrast, reconstitution with full-length UTX
facilitated the complete development of iNKT cells in the thymus
(Fig. 5b). We found that liver iNKT cells were almost completely absent
from the UTX-KO mice transduced with empty virus (Fig. 5¢,d).
Reconstitution with full-length UTX ‘rescued’ this phenotype via the
generation of a sizable liver iNKT cell population, whereas only a very
minor iNKT cell fraction developed in the presence of mutant UTX
lacking enzymatic activity (Fig. 5¢,d). We demonstrated that expres-
sion of the gene encoding UTX was similar in mice reconstituted

ADVANCE ONLINE PUBLICATION NATURE IMMUNOLOGY
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Figure 5 The demethylase activity of UTX is required for the generation

of iINKT cells. (a) Frequency of thymic iNKT cells in Rag2-~ host mice

12 weeks after transfer of UTX-sufficient (control) bone marrow cells
transduced (—) with lentivirus containing empty vector (EV) or UTX-KO
bone marrow cells transduced with lentivirus containing empty vector or
vector encoding full-length UTX (UTX fl) or UTX lacking enzymatic activity
(UTX ed), assessed by flow cytometry. (b) Frequency of thymic iINKT cells
from mice as in a (key) in stages 1-3 (horizontal axis; as in Fig. 1b,c).

(c) Flow cytometry of liver INKT cells from mice as in a. Numbers adjacent
to outlined areas indicate percent CD1d-tet*CD3* cells. (d) Frequency

of liver INKT cells as in c. (e) Quantitative RT-PCR analysis of Utx and
signature genes (horizontal axis) in thymic /NKT cells from mice as in a;
results were normalized to those of Actb. Each symbol (a,b,d) represents
an individual mouse. NS, not significant (P> 0.05); *P < 0.05,
**P<0.01, ***P<0.001 and ****P < 0.0001 (one-way ANOVA and
multiple comparisons). Data are from two independent experiments

with four mice per group (mean £+ s.e.m. in a,b,d,e).

with full-length UTX and those reconstituted with mutant UTX lack-
ing enzymatic activity (Fig. 5e), which indicated no difference in
reconstitution efficiency. In parallel, we analyzed the expression of
signature genes in iNKT cells from the thymus of reconstituted mice.
Notably, reconstitution with full-length UTX restored expression
of the iNKT cell gene signature, including Tbx21, KlrdI and Cxcr3
(Fig. 5e). In contrast, mutant UTX lacking enzymatic activity failed to
restore signature-gene expression, although an enzyme-independent
contribution was observed for Tbx21 (Fig. 5e). Together these data
demonstrated that the enzymatic demethylase function of UTX was
essential for the proper generation of iNKT cells by establishing the
iNKT cell gene-expression program.

Regulation of /INKT cell development by JunB

To gain further mechanistic insights how UTX regulates gene expres-
sion in iINKT cells, we performed motif-enrichment analysis (using the
analysis tool Haystack) and identified potential transcription factors
that might work together with UTX on the promoters of iNKT cell
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signature genes. We found significant enrichment for target motifs for
the AP-1 transcription factors JunB and JunD in cluster 3, as well as
those for the transcription factor RAR-RXR in cluster 4, around the
promoters of genes that showed UTX-dependent chromatin and tran-
scriptional regulation (Fig. 6a). To determine whether JunB directly
regulates UTX-dependent iNKT cell genes, we performed ChIP-PCR
analysis of JunB. JunB bound to the promoters of signature genes
from cluster 3 that showed enrichment for JunB motifs (I12rb and
KlrdI) (Fig. 6b and Supplementary Table 2). To determine whether
UTX acted together with this putative iNKT cell transcription factor,
we immunoprecipitated proteins from lysates of INKT cells and dem-
onstrated that UTX interacted with JunB (Fig. 6¢). Notably, UTX was
also able to specifically bind to the iNKT cell transcription factor
PLZF (Fig. 6¢). Furthermore, JunB expression was induced ‘prefer-
entially’ in iNKT cells relative to its expression in other thymocyte
subsets (Fig. 6d), indicative of a potential role for JunB in the genera-
tion of iNKT cells. To test that hypothesis, we analyzed JunB-deficient
(JunB-KO) mice and found that the frequency of conventional CD4*
T cells and CD8" T cells, as well as that of CD4-CD8~ (double-
negative) and DP thymocytes, was similar in JunB-KO mice and
JunB-sufficient (control) mice (Fig. 6e). However, the frequency of
thymic and peripheral iNKT cells was significantly lower in JunB-KO
mice than in control mice (Fig. 6f,g). To investigate whether JunB
regulated the transcription of iNKT cell signature genes with UTX-
dependent transcriptional and chromatin regulation in cluster 3, we
performed quantitative PCR analysis of sorted thymic iNKT cells
from control and JunB-KO mice. We found that the signature genes
I12rb and Kird1 (whose promoters were both bound by JunB; Fig. 6b)
were significantly downregulated in JunB-KO iNKT cells relative to
their expression in control iINKT cells (Fig. 6h). Together these results
showed that UTX interacted with transcription factors such as JunB
to establish lineage-specific gene expression in iNKT cells.

UTX-deficient /INKT cells fail to activate PLZF target genes
Given the finding of a physical association of UTX with PLZF, we
sought to determine whether UTX regulated the PLZF-mediated acti-
vation of gene expression in iINKT cells. Through the use of a PLZF
ChIP-Seq data set that defined PLZF-activated genes in iNKT cells*’,
we determined that loss of UTX in iNKT cells led to impaired activa-
tion of the expression of PLZF target genes (Fig. 7a). PLZF-activated
target genes were significantly downregulated in UTX-KO iNKT cells
relative to the expression of randomly selected (control) genes (Fig. 7b).
To assess whether that downregulation was accompanied by accu-
mulation of H3K27me3 at the promoter of those genes in UTX-KO
iNKT cells, we compared the average abundance of H3K27me3 around
the promoters of PLZF-activated target genes and those of randomly
selected (control) genes. We found that the abundance of H3K27me3
around the promoters of PLZF-activated genes was significantly greater
in UTX-KO iNKT cells than in control cells, but its abundance around
the ‘random’ (control) genes was not (Fig. 7c). Overlay tracks for PLZF
target genes, including 111871, I112rbl and Eya2, demonstrated dis-
tinct UTX-dependent accumulation of H3K27me3 and a concomitant
decrease in H3K4me3 around the promoter regions that PLZF occupied
(Fig. 7d-f). Accordingly, we confirmed that the expression of 1/18r1,
I112rb1 and Eya2 was significantly lower in UTX-KO iNKT cells than
in control cells (Fig. 7g). These data indicated that UTX controlled the
epigenetic landscape and transcription of PLZF-activated genes.

UTX facilitates accessibility of iINKT cell super-enhancers
Because super-enhancers bestow lineage specificity!*!1> and iNKT
cells are vulnerable to the effects of the loss of UTX, we hypothesized
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that another mechanism by which UTX controls commitment to the
iNKT cell lineage might be through regulation of super-enhancer
accessibility. First, we delineated the super-enhancer landscape
of iNKT cells by genome-wide ChIP-Seq analysis of histone H3
acetylated at Lys27 (H3K27ac) and defined super-enhancers as large
enhancer elements with a substantial abundance of H3K27ac!415.
We identified 396 super-enhancers that included elements proximal
to genes encoding known regulators of the iNKT cell lineage, such
as Tbx21, Zbtb16 and II2rb, as well as those encoding regulators not
previously characterized in iNKT cells, including the transcription
factor JunB (Fig. 8a,b, Supplementary Fig. 8a,b and Supplementary
Table 3). To reveal potential pathways associated with genes proxi-
mal to the super-enhancers identified in iNKT cells, we performed
GREAT analysis of the super-enhancer elements. We found significant
enrichment for the AP-1 pathway in our analysis (Supplementary
Fig. 8c), which confirmed the identification of JunB as a crucial,
previously unknown regulator of the iNKT cell lineage.

To determine whether the accessibility of super-enhancers in iNKT
cells was affected by the absence of UTX, we performed ATAC-Seq (‘assay

for transposase-accessible chromatin using sequencing’)*? that captured
accessible chromatin regions in sorted control and UTX-KO iNKT cells.
Among the 396 super-enhancers we identified, 109 super-enhancers
had control-cell-specific ATAC-Seq peaks and therefore lost accessi-
bility in UTX-KO iNKT cells (Fig. 8¢ and Supplementary Table 4).
By comparing the ratio of gene expression (log, values) in control cells
to that in UTX-KO cells for these genes to that ratio for all genes, we
found that genes near super-enhancers that showed UTX-dependent
accessibility were downregulated in UTX-KO iNKT cells (Fig. 8d).
To determine whether that loss of accessibility of super-enhancers
and diminshed transcription of nearby genes was accompanied by
accumulation of H3K27me3 in UTX deficiency, we compared average
abundance of H3K27me3 around the defined iNKT cell super-enhancer
regions with that of randomly selected control regions in UTX-KO
iNKT cells. We detected significant accumulation of H3K27me3
around super-enhancer regions in UTX-KO iNKT cells (Fig. 8e). In
control iNKT cells, super-enhancer regions exhibited a lower abun-
dance of H3K27me3 than that of randomly selected (control) regions
(Fig. 8e), consistent with the conclusion that active enhancers are
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Figure 6 JunB partners with UTX to regulate the /INKT cell signature and development. (a) Expression of the AP-1 transcription factors (TF) JunB (left),
JunD (middle) and RXR-RAR (right) plotted against that of their targets (vertical axes), all presented as a ratio of expression in UTX-sufficient cells to
that in UTX-KO cells (Ctrl/KO); above plots, target motif sequence. For motif enrichment, the analysis tool Haystack was used: P=0.006 (JunB and
JunD) or 0.005 (RXR-RAR). The large asterisks indicate the values of the ratios in the plots. (b) ChIP-PCR analysis of JunB or IgG (key) at the promoters
of UTX-dependent genes (horizontal axis) and Actb (negative control) in thymic /INKT cells (presented as in Fig. 4f). (c) Immunoprecipitation (IP) and
immunoblot analysis of the molecular interaction among UTX, JunB and PLZF in /NKT cells (far left, 10% input; middle, immunoprecipitation with an
isotype-matched control antibody (1gG)). (d) Quantitative RT-PCR analysis of the gene encoding JunB (Junb) in thymic DP cells (DP), INKT cells (/INKT),
CD4+ cells (CD4) and CD8* cells (CD8); results were normalized to those of Actb. (e) Frequency of thymic CD4+, CD8*, CD4-CD8~ double-negative
(DN) and DP T cells in JunB-sufficient (control (Ctrl)) and JunB-KO mice (key). (f) Flow cytometry of thymic and liver /INKT cells in control and JunB-KO
mice. Numbers in outlined areas indicate percent CD1d-tet*TCRB* cells. (g) Frequency of thymic and liver /INKT cells as in f. (h) Quantitative RT-PCR
analysis of the UTX-dependent /NKT cell signature genes //12rb and Kird1 in control and JunB-KO thymic /NKT cells (key); results were normalized

to those of Actb. Each symbol (e,g,h) represents an individual mouse; small horizontal lines indicate the mean (+ s.e.m.). *P < 0.05 and **P < 0.01
(unpaired t-test). Data are representative of two independent experiments (a) or three independent experiments (c) or are from three independent
experiments (b,d; mean + s.d.) or two experiments with four mice per group (e-h).
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Figure 7 UTX deficiency impairs the activation of PLZF target genes in /INKT cells. (a) Expression of PLZF-activated genes (right margin) in UTX-
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(c) Abundance of H3K27me3 marks (average values) around the promoters (within 1 kb (upstream or downstream) of the TSS) of PLZF-activated genes
and ‘random’ (control) genes (n = 17 regions per group) in control and UTX-KO /INKT cells (boxes extend from the lower to upper quartile values; small
horizontal line indicates the median (whiskers, 1.5 inter-quartile range)). (d—f) Abundance of H3K4me3 and H3K27me3 around the PLZF-activated
genes /118r1 (d), I/12rb1 (e) and EyaZ2 (f); below, gene structure (as in Fig. 4a—e). (g) Quantitative RT-PCR analysis of the PLZF-activated genes //18r1,

1112rb1 and EyaZ2 in control and UTX-KO thymic /INKT cells; results were normalized to those of Actb. Each symbol represents an individual mouse;
small horizontal lines indicate the mean (+ s.e.m.). *P < 0.05 (Mann-Whitney U test (b,c) or unpaired t-test (g)). Data are from two independent

experiments (a—f) or three independent experiments (g).

devoid of H3K27me3 (refs. 17,41). The randomly selected (control)
regions in control iNKT cells and those in UTX-KO iNKT cells had a
similar abundance of H3K27me3 (Fig. 8e). Notably, super-enhancers
that showed UTX-dependent accessibility were near genes encod-
ing important regulators of iNKT cells, such as Tbx21 (Fig. 8f and
Supplementary Fig. 8a) and II2rb (Fig. 8g and Supplementary Fig. 8b).
Furthermore, GREAT analysis demonstrated enrichment, around
these regions, for genes encoding products involved in lymphocyte
differentiation and IL-2 signaling (Supplementary Fig. 8d). To deter-

NATURE IMMUNOLOGY ADVANCE ONLINE PUBLICATION

mine the transcription factors that bind these super-enhancers, we
performed motif analysis and found enrichment for the transcription
factors RelA and Bhlhe40 (Supplementary Fig. 8e). Bhlhe40 has been
shown to act together with T-bet to control iNKT cell function*2.
Although a small fraction of super-enhancers (13) gained accessibility
in UTX-KO iNKT cells (Fig. 8c and Supplementary Table 4), we did
not detect any gene-set enrichment for these regions (Supplementary
Fig. 8d). Overall, these results suggested that UTX regulated the acces-
sibility of super-enhancers that establish iINKT cell identity.
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n=20,628), genes near all defined /INKT cell super-enhancers (All SEs; n= 396) or INKT cell super-enhancers with accessibility specific to control
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(Ctrl SE), ATAC-Seq analysis of control and UTX-KO /NKT cells (third and fourth rows), and analysis of the distribution of H3K27me3 and H3K4me3
(below) in control and UTX-KO /NKT cells, around the defined super-enhancer regions for Tbx21 (which encodes T-bet) (f) and //2rb (g). P=0.14
(control regions, e); *P=0.002, **P=5.9 x 10-10and ***P = 1.9 x 1014 (Mann-Whitney U-test). Data are from two independent experiments.
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DISCUSSION

Discoveries of key transcription factors®%!! and gene-expression
programs!3 have contributed to the understanding of the iNKT cell
lineage. In this context, a published study has demonstrated the diver-
sity of gene programs in different iINKT cell subsets on the basis of
RNA-sequencing transcriptomics and the description of enhancer ele-
ments*3. However, the epigenetic mechanisms that govern iNKT cell
identity have remained undefined. Here we demonstrated a selective,
cell-intrinsic and catalytic role for the H3K27me3 demethylase UTX in
regulating the epigenetic landscape and lineage-specific gene expres-
sion of iNKT cells. Our data and a published study>? have revealed a
requirement for the H3K27me3 demethylases UTX and JMJD3 in the
development of iINKT cells. We found that this requirement was due
to UTX-dependent regulation of the expression of iINKT cell signature
genes. UTX-deficient iNKT cells exhibited a developmental block and
failed to induce the expression of genes encoding transcription factors
and signaling molecules involved in the terminal maturation of iINKT
cells, such as T-bet (Tbx21)!! and CD122 (I112rb)%:19,

Epigenetic regulation of gene expression by UTX has been studied
mainly in the context of the demethylation of repressive H3K27me3
marks. Moreover, UTX associates with MLL2, which catalyzes tri-
methylation of H3K4 at promoters to facilitate the transcription of
genes encoding lineage-specifying factors?1:2329. Accordingly, in
iNKT cells, the promoters of UTX-dependent signature genes, such
as those in Tbx21 and II12rb, accumulated H3K27me3 and harbored a
lower abundance of H3K4me3 in the absence of UTX.

We found that gene promoters that exhibited UTX-dependent
chromatin and transcriptional regulation were bound by the AP-1
transcription factor JunB. A published report showing that JunB
is part of a gene network ‘preferentially’ upregulated in iNKT cells
relative to their expression in NK cells and conventional T cells!? is
consistent with our findings. While indirect evidence, through over-
expression or deficiency of the negative regulator BATF, has shown
that AP-1 activity promotes generation of iNKT cells*445, lack of the
AP-1 family member Fra2 leads to an increased number of iNKT
cells*®. Interestingly, JunB-AP-1 directly controls expression of the
gene encoding IFN-7, a hallmark cytokine released by mature iNKT
cells?’. Our studies revealed significantly fewer thymic as well as
peripheral iNKT cells in JunB-deficient mice than in JunB-sufficient
mice. Together our data have identified JunB as a previously unknown
regulator that influences iNKT cell development.

UTX can function in a way that is both dependent on and inde-
pendent of its demethylase enzyme activity?>48. We found that the
development of iNKT cells required the demethylase activity of UTX,
indicative of a critical role for the removal of H3K27me3 marks from
the promoters of iNKT cell signature genes. Interestingly, iNKT cells
lacking components of PRC2, which is responsible for the deposition
of H3K27me3, exhibit impaired maturation and increased accumula-
tion in the thymus and spleen3>%°. It has been proposed that the devel-
opment of iNKT cells involves a transition in the promoter of Zbtb16
(which encodes PLZF) from a poised state in DP thymocytes, harbor-
ing both H3K27me3 marks and H3K4me3 marks, to an active state
in iNKT cells, characterized by H3K4me3 and a lack of H3K27me3
(ref. 35). Although we did not observe substantial accumulation of
H3K27me3 around the promoter of Zbtb16 or a robust decrease
in PLZF expression in UTX-deficient iNKT cells, we demonstrated
that UTX regulated the expression and epigenetic landscape of
PLZF-activated genes in iNKT cells.

Published studies have identified super-enhancers on the basis
of elevated abundance of H3K27ac as a hallmark of key genes
associated with cell identity and genetic risk of disease!1530. Our
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study has defined the iNKT cell super-enhancer landscape and has
demonstrated that signature genes, including Zbtb16, Tbx21 and
I12rb, exhibited super-enhancer elements. In addition, we identi-
fied numerous previously unknown regulators of iINKT cell identity,
which should provide an invaluable resource for understanding
the epigenetic control of specification to the iNKT cell lineage and
disease-associated genes in iINKT cells.

UTX interacts with chromatin regulators such as SWI/SNF and
the MLL complex that can affect enhancer activation?32%48, Since
dynamic regulation of the abundance of H3K27me3 and H3K27ac
determines enhancer activity!”4!, another mechanism for UTX-
mediated gene regulation raised by our study involved the control
of the accessibility of lineage-specific super-enhancers by UTX in
iNKT cells. The accessibility of super-enhancers near downregulated
signature genes, such as Tbx21 and II2rb, was lost in UTX-deficient
iNKT cells. That finding suggested that the proper maturation of
iNKT cells requires a dual mechanism that involves UTX-mediated
regulation of the epigenetic landscape around both the promoters of
signature genes and their enhancers. Collectively, our data offer a new
perspective on the transcriptional control of iNKT cell development
and delineate multiple mechanisms that UTX engages to regulate the
lineage-specific gene-expression program of iNKT cells.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Experimental mice. The targeting strategy for generating mice with
loxP-flanked alleles encoding UTX (Kdm6af) or IMJD3 (Kdm6bi'f) is shown
in Supplementary Figure 1. Jmjd3f embryonic stem cells (ESCs) were
generated by flanking exons 17 and 19 of the Jmjd3 locus with loxP sites.
These exons encode the catalytic JmjC domain. The sequence-verified
targeting vector was linearized and electroporated into CJ9 ES cells (129sv
background). Homologous recombination was assessed by Southern blot
analysis by digesting genomic DNA with Nhel (5" probe) or KpnI (3" probe),
using specific external probes. Kdm6at/f ESCs were obtained from EUCOMM.
After sequence and genotype verification, karyotypically normal ESC clones
were injected into blastocysts to generate chimera. Mice were backcrossed
for at least ten generations to the C57BL/6 background. Additionally,
UTX- and JMJD3-deficient animals were crossed to generate doubly deficient
mice. UTX-sufficient (control) mice were derived from littermates. Vav-Cre
mice (expressing Cre recombinase from the Vav allele), CD45.1-congenic mice
and Rag2~/~ mice were purchased from The Jackson Laboratory. JunB-KO
(JunbVIMORE-Cre) mice were generated as previously described®!. Sex- and
age-matched animals between 8 and 12 weeks of age were used for experi-
ments. To estimate proper number of animals, preliminary experiments were
performed. Mice were allocated at random to experimental groups. Mouse
studies were performed in a non-blinded fashion. The Institutional Animal
Care and Use Committee (IACUC) of Boston Children’s Hospital approved
all animal experiments.

Reagents. Phorbol myristate acetate, ionomycin, FBS, and phosphate-buffered
saline (PBS) were purchased from Sigma. Percoll was obtained from GE
Healthcare Life Sciences. Viability Dyes (eFluor-780 and eFluor-450) were
purchased from eBioscience. RPMI media 1640 and propidium iodide (PI)
were purchased from Life Technologies. o.-galactosylceramide (ot-GalCer;
PBS57) was obtained from Enzo Life Sciences. Brefeldin A was acquired
from BioLegend.

Antibodies. For flow cytometry, cells were stained with following antibod-
ies: anti-CD3 (145-2C11, 1:100), anti-CD8 (53-6.7, 1:100), anti-CD4 (GK1.5,
1:100), anti-CD24 (M1/69, 1:100), anti-CD45.1 (A20, 1:100), anti-CD45.2
(104, 1:100), anti-B220 (RA3-6B2, 1:100), anti-NKG2D (CX5, 1:100), anti-
IL-2RB (TM-f1, 1:100), anti-CD94 (18d3, 1:100), anti-IFN-y (XMG1.2, 1:100),
anti-IL-4 (11B11, 1:100), and anti-T-bet (4B10, 1:100) were purchased from
BioLegend. Anti-NK1.1 (PK136, 1:100), anti-TCR (H57-597, 1:100), anti-
CD44 (IM7, 1:100), anti-IgG1 (A85-1, 1:100), anti-CD1d (1B1, 1:100), and
anti-CD90.2 (53-2.1, 1:100) were obtained from BD Biosciences; anti-IL-17
(ebio17B7, 1:100) and anti-Roryt (AFKJS-9, 1:100) were purchased from eBio-
science; anti-PLZF (D-9, 1:500) was obtained from Santa Cruz Biotechnology;
anti-CXCR3 (220803, 1:100) was purchased from R&D Systems; anti-S100a6
(EPNCIR121, 1:100) was obtained from Abcam; and anti-CD16/CD32 (2.4G2,
1 ug/ml) was acquired from Bio-Xcell (Malaysia).

Flow cytometry. Cells were stained with antibodies to surface makers
(identified above) in flow cytometry buffer (PBS supplemented with 0.5%
bovine serum albumin) on ice for 30 min. Subsequently, cells were washed and
analyzed using a FACSCanto II flow cytometer (BD Biosciences). Propidium
iodide was added just before flow cytometry analysis to exclude dead cells.

Tetramer analysis. For staining of iNKT cells, Alexa647- or phycoerythrin
(PE)-conjugated o-GalCer-loaded CD1d tetramers (called simply ‘CD1d
tetramer’ here) were obtained from the Tetramer Core Facility of the NIH.
For blocking non-specific binding of immunoglobulin to Fc receptors, cells
were incubated with anti-CD16/CD32 (identified above) in flow cytometry
buffer for 10 min on ice. After incubation, cells were stained with fluorescence-
conjugated CD1d tetramer and viability dye for 40 min on ice. To perform
molecular studies, CD1d tetramer-positive cells were sorted using a FACSAria
III (BD Biosciences).

Intracellular staining for cytokines and transcription factors. To stain

cytokines intracellularly, cells were fixed and permeabilized with BD Cytofix/
Cytoperm followed by staining with fluorescence-labeled antibodies to IFN-v,
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1L-4 or IL-17 (identified above) in Perm wash buffer (BD Biosciences). To
analyze expression of transcription factors in iNKT cells, thymocytes were
stained with fluorescence-conjugated CD1d tetramer, followed by fixation
and permeabilization using the Foxp3/transcription factor staining buffer set
(eBioscience). Subsequently, cells were incubated with purified anti-PLZF
(identified above), followed by staining with fluorescence-labeled anti-mouse
IgG1 (identified above). Thereafter, cells were stained with antibodies to T-bet
and Roryt (identified above).

Isolation of liver lymphocytes. To isolate liver mononuclear cells, livers were
perfused with PBS through the portal vein, excised, and minced through a
metal mesh. Tissue homogenates were collected in 50 ml of medium (RPMI
supplemented with 2.5% FBS) and incubated for 15 min, before the superna-
tant was obtained. Cells were washed twice, suspended in medium containing
33% Percoll, and centrifuged at 500g at 20 °C without break. Thereafter, cell
pellets were collected to perform further experiments.

Measurement of immune responses to a-GalCer. To test the function of
thymic iNKT cells in vitro, CD8~ thymocytes were selected using anti-CD8
conjugated to magnetic beads and MACS columns (Miltenyi Biotec), according
to manufacturer’s protocol. Subsequently, cells were stimulated with 50 ng/ml
of phorbol myristate acetate and 5 pg/ml of ionomycin in culture medium
(RPMI supplemented with 10% FBS) for 4 h. Brefeldin A was added for the
final 2 h. To measure the in vivo responses to o.-GalCer, mice were given injec-
tion of 250 pug of brefeldin A in 200 ul of PBS, followed 30 min later by intra-
peritoneal injection of 2 ug of a-GalCer in 200 pl of PBS. Mice were sacrificed
2 h after injection of at-GalCer, and livers were excised for the isolation of liver
mononuclear cells and intracellular cytokine staining as described above.

Mixed-bone-marrow-chimeric mice. Bone marrow cells were isolated from
the femurs and tibias of UTX-sufficient (control) B6.SJL (CD45.1%) mice
or UTX-KO (CD45.2%) mice. T cells were depleted using biotinylated anti-
CD90 (identified above), anti-biotin conjugated to magnetic beads, and MACS
columns. Rag2~/~ mice were irradiated with a cesium source (600 rads).
Then, irradiated mice were given intravenous injection of a 1:1 mixture of
bone marrow cells (2 x 10° per mouse) from UTX-KO mice and B6.SJL mice.
Chimera were analyzed 10-12 weeks after bone-marrow-cell injection.

Lentiviral transduction of bone marrow cells and UTX ‘rescue’ experiment.
Bone marrow cells from UTX-sufficient or UTX-KO mice were isolated and
cultured with medium containing the cytokines IL-6, IL-3, IL-7 and SCE After
24 h, cells were counted and spin-infected with lentivirus containing full-
length UTX (pLVX-EFla-IRES-mCherry-UTX-WT), or catalytically inactive
UTX (pLVX-EFla-IRES-mCherry-UTX-ED), and incubated for 3 h at 37 °C.
After 24 h, cells were spin-infected again with the respective lentivirus and
incubated for 3-4 h at 37 °C. Infected cells were collected and injected intra-
venously into irradiated (600 rads) Rag2~/~ recipient mice.

qRT-PCR. Cells were sorted into TRI Reagent (Life Technologies), and total
RNA was isolated according to the manufacturer’s instructions with follow-
ing modification: the aqueous phase containing total RNA was purified using
the RNeasy plus kit (Qiagen). RNA was converted to cDNA with cDNA syn-
thesis kit (Bio-Rad). qRT-PCR was performed with SYBR green master mix
(Bio-Rad) on the Bio-Rad iCycler RT-PCR detection system. Actb was used
as a housekeeping control. To calculate the relative change in expression (fold
values), the 272ACT cycle threshold method was used. The following primer
sequences were used: Actb, forward, 5-TCCAGCCTTCCTTCTTGGGTA
TGGA-3"; Actb, reverse, 5'-CGCAGCTCAGTAACAGTCCGCC-3"; Val4,
forward, 5-GTCCTCAGTCCCTGGTTGTC-3'; Jal8, reverse, 5-CAAAATGC
AGCCTCCCTAAG-3"; Tbx21, forward, 5'-AGCAAGGACGGCGAATGTT-3;
Tbx21, reverse, 5-GGGTGGACATATAAGCGGTTC-3’; S100a6, forward,
5"-GCTCACCATTGGCTCCAAGC-3'; $100a6, reverse, 5'-GGAAGGCGA
CATACTCCTGG-3'; Klrd1, forward, 5-TCTAGGATCACTCGGTGGAGA-
3’; Klrdl, reverse, 5-CACTTGTCCAGGCAAACACAG-3’; Klrkl, forward,
5"-ACTCAGAGATGAGCAAATGCC-3'; Kirkl, reverse, 5'-CAGGTTGACT
GGTAGTTAGTGC-3'; Cxcr3, forward, 5-TACCTTGAGGTTAGTGAACG
TCA-3"; Cxcr3, reverse, 5-CGCTCTCGTTTTCCCCATAATC-3’; II2rb,
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forward, 5-TGGAGCCTGTCCCTCTACG-3’; Ii2rb, reverse, 5'-TCCACAT
GCAAGAGACATTGG-3'; Junb, forward, 5-CGACTACAAACTCCTGAA
AC-3’; Junb, reverse, 5'-CTGTGTCTGATCCCTGAC-3"; Utx-delq, forward,
5’-GGTCACTTCAACCTCTTATTGG-3"; Utx-delq, reverse, 5-CGACA
TAAAGCACCTCCTGA-3’; Jmjd3-delq, forward, 5-ATCCGAGGAACC
AGACAGCACT-3’; Jmjd3-delq, reverse, 5-GAGCATGTTGCCTGTGG
ATG-3"; 1118r1, forward: 5-ACTTTTGCTGTGGAGACGTTAC-3’; 111871,
reverse: 5-CCGGCTTTTCTCTATCAGTGAAT-3"; 1l12rbl, forward:
5-ATGGCTGCTGCGTTGAGAA-3"; 1112rb1, reverse: 5'-AGCACTCATAG
TCTGTCTTGGA-3"; Eya2, forward: 5- ACCGCTGGGCTCTATCAAG-3";
and Eya2, reverse: 5-GGTAGGACGGATAATCCTGGTG-3".

Gene expression microarray. Control or UTX-KO thymic iNKT cells were
sorted into TRI Reagent (Life Technologies), and total RNA was isolated as
described above. RNA was reverse transcribed and amplified using Ovation
Pico RNA Amplification System V2 (NuGEN), biotin-labeled (Encore
Biotin Module, NuGEN), and hybridized to Affymetrix mouse 430A 2.0
arrays. Affymetrix CEL files were normalized using the Robust Multi-array
Average (RMA) method®?, and batch effects were removed using ComBat®3.
Differentially expressed genes were detected by ImFit function in the limma
package®®. Gene-set-enrichment analysis (http://www.broadinstitute.org/
gsea/index.jsp) was conducted on a pre-ranked list of genes expressed differen-
tially in UTX-KO iNKT cells relative to their expression in control iNKT cells.
Furthermore, analysis with the Genomic Regions Enrichment of Annotations
Tool (GREAT; http://bejerano.stanford.edu/great/public/html/splash.php)
was performed on differentially expressed genes in order to identify their
functional annotations®.

Genome-wide ChIP-Seq analysis. ChIP-Seq for histone marks H3K4me3 and
H3K27me3 was performed as described previously®®. 1 x 10 flow-cytometry-
sorted thymic iNKT cells were fixed with 1% formaldehyde (EMS) for 5 min
at 25 °C. Cells were lysed in 120 pl of ChIP buffer (0.5% SDS, 50 mM Tris, pH
8,10 mM EDTA, 1 x complete protease inhibitor cocktail, Roche) and were
sonicated with an E210 Ultrasonicator (Covaris) in microtubes (Covaris) with
the following sonication conditions: intensity, 5; duty cycle, 10%; 200 cycles per
burst for 60 s and repeated six times. Sonicated chromatin was collected and
diluted with four parts of ChIP dilution buffer (1.25% Triton X-100, 12.5 mM
Tris, pH 8, 187.5 mM NaCl, 1x complete protease inhibitor cocktail). Input
samples were collected and stored at —20 °C. Dynabeads Protein G (Life
Technologies) coupled to specific antibodies were used for overnight immu-
noprecipitation using anti-H3K4me3 (ab8580, Abcam, 5 ug per ChIP) or anti-
H3K27me3 (07-449, Millipore, 5 pug per ChIP). Subsequently, samples were
washed and the ChIP immune complexes were eluted from the beads twice,
using elution buffer (1% SDS and 0.1 M NaHCO3) under constant agitation
for 30 min. Samples were pooled and incubated overnight at 65 °C for reversal
of the formaldehyde crosslinks. The samples were then treated for 2 h at 37 °C
with 200 ug RNase A (Qiagen) and 40 pg proteinase K (Life Technologies).
ChIP DNA fragments were purified with a MinElute Reaction Cleanup kit
(Qiagen). ChIP DNA was prepared for high-throughput Illumina sequenc-
ing with a NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina kit
(New England BioLabs) and NEBNext Multiplex Oligos for Illumina (Index
Primers 1-12) according to a modified manufacturer’s protocol. For each ChIP,
the ends of DNA fragments were repaired, dA-tailed and ligated to Illumina
adaptors according to the kit instructions. DNA fragments 150-600 bp in
length were then selected with Pippin Prep 2% Agarose Gel Cassettes and
the Pippin Prep DNA Size Selection System (Sage Science). After each step,
DNA was purified with a MinElute Reaction Cleanup Kit or a QIAquick PCR
Purification Kit (Qiagen). The DNA obtained by ChIP was then amplified by
15 cycles of PCR with NEBNext Multiplex Oligos. Amplified DNA was purified
with DNA to Agencourt AMPure XP beads (Beckman Coulter) at a ratio of 1:1.
The ‘multiplexed’ DNA libraries were sequenced on the Illumina HiSeq2000.
Chip-Seq raw reads were aligned using the Bowtie2 aligner®” on the mouse
genome assembly mm9 (National Center for Biotechnology Information), and
peaks were called using MACS2°8 with the default parameter. To compare the
average profiles, the different tracks were down-sampled to the same number
of reads, and duplicate reads were removed using the PICARD tool (http://
broadinstitute.github.io/picard/). To assess the significance of differences
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between two average profiles in a given region, we computed empirically, using
100,000 permutations, the distribution of the differences between two profiles
using random assignment.

Cluster analysis of H3K27me3 and H3K4me3. Cluster analysis was per-
formed on the promoter regions of various sets of genes. The promoter region
was defined as transcription start site (TSS) —2 kb and TSS +2 kb. The number
of clusters was determined using a Silhouette metric®®, and K-means was
performed thereafter using the Euclidean distance.

UTX and JunB ChIP-PCR. ChIP was performed as described with modi-
fications®. 2 x 10° flow-cytometry-sorted iNKT cells were fixed with 1%
formaldehyde (EMS) for 5 min at 25 °C. Anti-UTX (Bethyl, A302-374,
5 ng per ChIP) and anti-JunB (CST, C37F9, 5 ug per ChIP) were incubated
with beads for 3-5 h before incubation with sonicated chromatin overnight.
ChIP DNA was purified and quantified by real-time PCR using the iQ SYBR
Green Supermix (Bio-Rad). The following primer sequences were used:
§100a6 promoter, forward, 5-GAAGGTTCAGCACACAAGCC-3'; $100a6
promoter, reverse, 5'-CCCAAAGGAGACCAGTGCAA-3’; [12rb promoter,
forward, 5-TAAGATCTCCTCCTACGCCCA-3"; II2rb promoter, reverse,
5’-ATGTGTGAGATGTAGCGGGG-3'; Tbx21 promoter, forward, 5-TGAA
ACTTCACTGGAGCGGG-3'; Tbx21 promoter, reverse, 5-TTCATAAAGCC
ACAGCAAAGGC-3’; Klrdl promoter, forward, 5-TGCATCTGTGTC
CCACCAAC-3’; Klrd1 promoter, reverse, 5'-CCAAGGATGGTGCAGAGAT
GT-3'; Actb promoter, forward, 5-TGCCCCATTCAATGTCTCGG-3"; and
Actb promoter, reverse, 5’-CCACACAAATAGGGTCCGGG-3'.

Immunoprecipitation and immunoblot analysis. Cell lysates were incubated
with 5 pg anti-UTX (Bethyl, A302-374) or the control antibody anti-rabbit
IgG (Santa Cruz, sc-2027) overnight at 4 °C followed by 2 h of incubation with
Dynabeads Protein G for immunoprecipitation. Protein complexes bound to
antibody and beads were washed five times and eluted with Laemmli sample
buffer. Samples were resolved by SDS-PAGE. Protein interactions were ana-
lyzed by immunoblot with the primary antibodies anti-PLZF (R&D, AF2944,
1:500) or anti-JunB (CST, C37F9, 1:500), and the secondary antibody goat
anti-rabbit IgG-HRP (Santa Cruz, sc-2030, 1:5,000), followed by visualization
using the Western Lightning Plus ECL detection kit (PerkinElmer).

Transcription factor (TF) target motif enrichment using Haystack. To
identify potential TFs that mediate the observed gene expression changes, we
scanned gene promoters for enriched TF motifs using the haystack_motifs util-
ity from the Haystack Pipeline (https://github.com/lucapinello/Haystack)*!.
For analysis, we used the default parameters for the mouse genome: the mm9
genome assembly and the JASPAR motif database®?. Subsequently, to remove
potential false positives, we further integrated gene-expression data to assess
their specificity and concordance with gene-expression changes. In particu-
lar, we filtered TF motifs on the basis of visual exploration of the ratio of the
expression of TFs and their targets in control cells to that in UTX-KO, using
the haystack_tf_activity_plane utility.

Super-enhancer analysis. To call super-enhancers, we used the ROSE
algorithm, version 0.1 (https://bitbucket.org/young_computation/rose)!. In
particular, we first considered as enhancers peaks of H3K27ac obtained by
the software MACS2, and then called ROSE with default parameters to define
the super-enhancers. Using these settings, peaks closer than 12.5 kb were
stitched together and then ranked based of the H3K27ac intensity. To assign
super-enhancers to genes, we used again ROSE with default settings.

Genome-wide ATAC-Seq. ATAC-Seq was performed as previously described*2.
Control and UTX-KO thymic iNKT cells were sorted by flow cytometry and
were lysed in lysis buffer containing 10 mM Tris-HCI pH 7.4, 10 mM NaCl,
3 mM MgCl,, 0.1% IGEPAL CA-360. The transposition reaction was carried
out for 45 min using the Illumina Nextera DNA preparation kit (FC-121-1030).
DNA was purified using the Qiagen MinElute PCR purification kit.
Subsequently, library amplification was performed using Nextera primers
and NEBNext high-fidelity PCR master mix. Quantitative PCR side reaction
was done to determine optimum library amplification to diminish GC and
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size bias in the library. The amplified library was purified using the Qiagen
PCR purification kit and sequenced on the Illumina Hi-Seq 2500. Paired reads
were aligned to the reference genome using Bowtie2 in paired end mode and
with the parameter -X2000 (fragments up to 2kb). ATAC-Seq peaks were
called using MACS2 with the following parameters: macs2 callpeak -nomodel
—shift -100 —extsize 200. Super-enhancers more accessible in control cells were
defined as control super-enhancer regions containing unique control ATAC-
Seq peaks, while super-enhancers less accessible in control cells were defined
as control super-enhancer regions containing unique KO ATAC-Seq peaks.

Integrative analysis of SE regions, ATAC-Seq, H3K27me3 and gene expres-
sion. To study the potential connection between the level of H3K27me3
and chromatin accessibility profiled by ATAC-Seq, we used the defined
super-enhancers based on the unique ATAC-Seq peaks in control or UTX-KO
and profiled the average abundance of H3K27me3 reads per million (RPM)
in those regions. As a control set, we used random regions in the genome.
To correlate chromatin accessibility in super-enhancers with gene expression,
we used the average gene expression of the genes mapped with the ROSE
pipeline in each group (closest genes and overlapping genes). As control
sets, we used all the genes and the genes mapped to all the UTX-sufficient
super-enhancers in iNKT cells.

Statistical analysis. Data are presented as mean * standard error or standard
deviation. All samples represent independent experiments with biological
replicates. Sample size was determined based on the results of preliminary
experiments. No blinding was applied in this study. The two-tailed unpaired
t-test, Mann-Whitney U-test and one-way ANOVA with post multiple-
comparisons were applied as indicated, and the P values are shown for
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each figure. If not otherwise indicated, the P value was not statistically
significant (P> 0.05). All statistical analyses for animal studies were calculated
using Prism software (GraphPad).

Data availability. Data that support the findings of this study have been
deposited in the Gene Expression Omnibus (GEO) database under accession
numbers GSE84238 and GSE84015.
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