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Abstract

Differentiation toward CD4* regulatory T (Treg) cells is essentially dependent on an epigenetic program at
Treg signature genes, which involves remodeling of the Treg-specific demethylated regions (TSDRs). In
particular, the epigenetic status of the conserved non-coding sequence 2 of Foxp3 (Foxp3 TSDR) determines
expression stability of the master transcription factor and thus Treg lineage identity. However, the molecular
mechanisms controlling the epigenetic remodeling at TSDRs in Treg and conventional T cells are largely
unknown.

Using a combined approach of DNA pull-down and mass spectrometric analysis, we report a novel
regulatory mechanism in which transcription factor Wiz recruits the histone methyltransferase Ehmt1 to Foxp3
TSDR. We show that both Wiz and Ehmt1 are crucial for shaping the region with the repressive histone
modification H3K9me2 in conventional T cells. Consistently, knocking out either Ehmt1 or Wiz by CRISPR/
Cas resulted in the loss of H3K9me2 and enhanced Foxp3 expression during iTreg differentiation. Moreover,
the essential role of the Wiz—Ehmt1 interaction as observed at several TSDRs indicates a global function of

Ehmt1 in the Treg differentiation program.

© 2019 Published by Elsevier Ltd.

Introduction

Tolerance toward self and innocuous foreign anti-
gens is crucial for immunological homeostasis.
Among the CD4 " T cell populations with regulatory
functions, a subset characterized by the expression of
the master transcription factor forkhead box P3
(Foxp3; further referred to as Treg cells) plays a
central role in tolerance by suppression of misdirected
immune reactions of effector T-cell subsets. Treg cells
comprise about 10% of the CD4 * T-cell pool and are
mainly generated during a selection process in the
thymus (thymus-derived Treg, or tTreg) due to auto-
antigen specificity [1]. Alternatively, Treg cells differ-

0022-2836/© 2019 Published by Elsevier Ltd.

entiate from naive CD4" T cells in the periphery to
ensure tolerance toward foreign antigens (peripheral
induced Treg, or pTreg). pTreg differentiation is
regulated via TGF-p [2]. Accordingly, Foxp3 expres-
sion and other Treg-specific characteristics can be
induced during culture of naive cells in the presence of
TGF-B in vitro [3]. These in vitro induced Treg (iTreg)
cells have been widely used as models to study Treg
differentiation. However, iTreg cells do not completely
recapitulate the full Treg phenotype of naturally
occurring Treg cells (nTreg; i.e., the entirety of tTreg
and pTreg cells) in terms of epigenetic remodeling and
an unstable expression pattern of nTreg signature
genes [1,4,5].
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The Treg differentiation program is guided by
distinct axes of regulation, such as (i) a network of
five core transcription factors that robustly lock in
the program, (ii) expression control by the master
transcription factor Foxp3, and (iii) Foxp3-indepen-
dent epigenetic remodeling at regulatory regions of
signature genes involving DNA hypomethylation
(i.e., Treg-specific demethylated regions; TSDRs)
[4,6—10]. Strikingly, expression of Foxp3 itself is
tightly regulated by all three mechanisms
[7,10—13].

Stable and heritable expression of Foxp3 is an
essential prerequisite for Treg differentiation and
suppressive function and thus is crucial for balanced
immune responses and immunological tolerance. In
addition to its promoter, the Foxp3 locus comprises
three highly conserved non-coding sequences
(CNS; Fig. 1a). These fulfill distinct module-like
functions in the expression control of Foxp3 acting
as a pioneer element for the expression initiation
(CNS3), as a TGF- sensor during pTreg (and iTreg)
differentiation (CNS1), and as a regulator of the
maintenance of expression in homeostasis and in
inflammatory environments (CNS2), respectively
[4,5,11,17—20].

CNS2 harbors a CpG-enriched element that is
epigenetically regulated by differential DNA methy-
lation, which is also referred to as Foxp3 TSDR [4].
This region is hypermethylated in naive and con-
ventional T (Tcon) cells. Only in Treg cells is
complete demethylation actively catalyzed by
methylcytosine dioxygenases of the ten—eleven
translocation (Tet) family [13,20—22]. This mechan-
ism appears to be guided by IL-2 and is implemented
with stage-dependent kinetics during tTreg differ-
entiation [21,22]. Of the 14 CpG residues within the
region, CpGs 9, 12, 13, and 14 are demethylated
early and are located in the downstream half of the
region indicating an initiation function for the
epigenetic opening of the TSDR within this part
[22] (Fig. 1a). Hypomethylation of the TSDR allows
for the binding of activating transcription factors,
among them v-ets erythroblastosis virus E26 onco-
gene homolog 1 (Ets1), cAMP-responsive element
binding protein 1 (Creb1)/activating transcription
factor 1 (Atf1), and Foxp3 itself [11,14,15]. Most
importantly, the hypomethylated status is mandatory
for stable Foxp3 expression and therefore Treg
lineage identity, especially in a pro-inflammatory
environment [5,23,24].

The significance of the epigenetic remodeling at
the Foxp3 TSDR is reflected most clearly during
iTreg differentiation. Here, DNA demethylation
remains incomplete, correlating with the loss of
Foxp3 expression after restimulation [5]. Most
recently, supplementation of differentiation cul-
tures with vitamin C has been found to mediate
DNA demethylation and, correspondingly, stable

Foxp3 expression in iTreg cells, even in a transfer
model of alloantigen-induced iTreg cells
[22,25,26]. This effect of vitamin C was dependent
on Tet enzyme activity and appears to be Treg
specific, since cells cultured under ThO conditions
maintained the hypermethylated status [22,25].
However, the underlying mechanisms guiding the
remodeling of the Foxp3 TSDR are largely
unknown, and other levels of epigenetic modifica-
tions have not yet been rigorously addressed. In
addition, signals and kinetics that drive Treg-
specific epigenetic remodeling at other TSDRs
are far from being completely understood. Indeed,
previous reports presented partially conflicting data
about the role of vitamin C on DNA demethylation
at these regions [22,25].

Euchromatic histone-lysine N-methyltransferase 1
(Ehmt1; also GLP, Kmt1b) and Ehmt2 (also G9a,
Kmt1c) play important roles in the epigenetic control
at euchromatin. They preferentially heterodimerize,
thereby forming the key methyltransferase to cata-
lyze mono- and dimethylation of lysine 9 at histone 3
(H83K9me1/me2) [27—30]. In the course of differ-
entiation programs, Ehmt1/2 have been shown to
regulate alternative splicing, transcriptional termina-
tion, the establishment of proviral silencing and
facultative heterochromatinization via selective
deposition of epigenetically repressive H3K9me2 at
target sites [31—35]. In addition, an interaction of the
Ehmt enzyme complex with DNA methyltrans-
ferases Dnmt1, Dnmt3a, and Dnmt3b, and thus an
interconnection of DNA methylation and H3K9
methylation, has been demonstrated at several
shared target sites in embryonic stem (ES) cells
[36—38]. In detail, Ehmt2 deficiency resulted in
alterations of the DNA methylation pattern as well
as promiscuous gene expression during imprinting
of ES cells and embryonic development, thereby
highlighting an essential role of Ehmt enzymes
within these epigenetic programs [36,39—42].

Here, we reveal differential H3K9me2 deposition
as a determining level of epigenetic regulation at the
Foxp3 TSDR and characterize the underlying
molecular mechanism. Using an unbiased DNA
pull-down approach, we identified transcription
factor Wiz to be crucial for the recruitment of the
Ehmt enzyme complex to maintain H3K9me2 at
Foxp3 TSDR in Tcon cells as well as iTreg cells
cultured without vitamin C. We further demonstrate
co-regulation of H3K9me2 and DNA methylation at
the Foxp3 TSDR during Treg differentiation and
discuss that these epigenetic marks cooperate to
create a repressive epigenetic landscape at the
region. Remarkably, the observed dependency of
H3K9me2 at the Foxp3 TSDR and other TSDRs on
the action of Wiz and Ehmt1, but less significant on
Ehmt2, suggests a specialized role for Ehmt1 in the
Treg differentiation program.
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Results

Histone methyltransferases Ehmt1/Ehmt2 are
recruited to a sequence of Foxp3 TSDR

Epigenetic remodeling at the Foxp3 TSDR is of

particular importance for the stability of Foxp3
expression in Treg cells [5,23,24]. To discover

(a)

epigenetic modulators, we used an unbiased strat-
egy for identifying so far unknown protein—DNA
interactions at the TSDR by application of DNA pull-
down with mass spectrometric analysis (PD-MS)
[43]. PD-MS experiments were restricted to an oligo
sequence length of 40 bp to allow for comparative
analysis with reliable scrambled control sequences.
We focused on a functional element of the murine
Foxp3 TSDR, which harbors CpGs 10—12 as well as
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binding sites for Ets1 and Creb1/Atf1 and which is
located within that half of the region exhibiting early
DNA demethylation during tTreg cell differentiation
[14,15] (Fig. 1a and b). First, classical DNA pull-
down followed by Western blot (PD-WB) with the
respective 37-bp oligonucleotide Tsdr(10—12) and
nuclear extracts from the murine CD4" CD8~
lymphoma cell line RLM-11 confirmed sequence-
specific and methylation-sensitive binding of both
Ets1 and Creb1 [14,15] (Fig. 1b).

Subsequently, stable isotope labeling by amino
acids in cell culture (SILAC) [44] and DNA pull-down
combined with mass spectrometric analysis (Sup-
plementary Fig. S1a; see Supplementary Informa-
tion for details) allowed to screen for so far unknown
DNA-protein interactions at Tsdr(10—12). In detail,
we compared DNA pull-down eluates from oligo
Tsdr(10—12) to a scrambled (scr) control as well as
from the non-methylated to the methylated (METH)
oligo Tsdr(10—12) in two independent experiments
(biological replicates; Supplementary Fig. S2; Sup-
plementary Table S1a). Roughly 450—700 proteins
were identified in the individual comparisons with
overall consistency between the forward and reverse
experiments (Pearson correlation coefficient r ran-
ging from -0.51 to —0.75; Supplementary
Table S1b). Of these, 2—17 proteins were enriched
(llog2(H/L)| > 1.0 for both fw and rv samples) by one
condition in experiment 1 and twice this number in
experiment 2 (16—30 hits; Supplementary
Table S1d, e, h, i; Fig. 1c). The second experiment
reproduced 46% or 73% of hits identified in the first
experiment, respectively (Fig. 1c). Furthermore,
proteins that were identified in both experiments
showed overall consistent enrichment ratios (Fig. 1d,
Supplementary Fig. S3a).

When detected adequately, the known interactors
Ets1, Creb1, and Atf1 were enriched specifically for
the non-methylated sequence in comparison to the
methylated oligonucleotide Tsdr(10—12) (versus
METH) and for Ets1 also in comparison to the
scrambled control (versus scr; Fig. 1d). We have to
note that for Creb1, one particular data point within
the comparison to scrambled was divergent between
the respective forward and reverse experiment. In
agreement with the high conservation of the Ets
family binding motif [45], other Ets family members
exhibited a behavior similar to Ets1 (Fig. 1d). More-
over, several other transcription factors and putative
co-factors were enriched by Tsdr(10—12) in the PD-
MS screen (Fig. 1d; Supplementary Fig. S2). With
the exception of the particular divergent Creb1 data
point, subsequent investigation using classical PD-
WB consistently validated the PD-MS data of all
proteins tested (Supplementary Fig. S3b).

However, epigenetic modifiers and readers, such
as Dnmt proteins, typical DNA methylation binders,
histone modifying enzymes, and Tet proteins were
hardly detected or showed no specific enrichment by
Tsdr(10—12) (Supplementary Fig. S1b). Only his-
tone methyltransferase Ehmt2 was enriched com-
pared to the scr control in the PD-MS screen
(Fig. 1d). In addition, both Ehmt2 and its interaction
partner Ehmt1 exhibited moderate preference for the
methylated state (Tcon characteristic; mean |logx(-
METH/non-METH)| =0.55 and 0.61, respectively)
(Fig. 1b, d). In ex vivo isolated “resting” naive and
nTreg cells, Ehmt1 and Ehmt2 protein levels were
found to be low but increased massively after
2—3days of in vitro culture (not on RNA level;
Supplementary Fig. S5a, b). Consistently, DNA pull-
down with nuclear extracts from activated CD4* T

Fig. 1. Ehmt1/Ehmt2 are recruited to oligo Tsdr(10—12) in DNA pull-down. (a) The murine Foxp3 locus harbors four
conserved non-coding sequences (CNS) exhibiting regulatory functions in gene expression control (promoter and
CNS1-3; black boxes, top). CNS2, also referred to as Treg-specific demethylated region (TSDR), contains 14 CpG
dinucleotides that are hypomethylated specifically in nTreg cells. Demethylation occurs first at CpGs 9, 11, 13, and 14
(thymic Treg differentiation; red dots, bottom). Transcription factors Creb1/Atf1, Ets1, Foxp3, and others have been shown
to bind to Foxp3 TSDR in Treg cells [11,14—16]. Gene positions are given in bp relative to the transcriptional start site. (b)
For DNA pull-down, a 37-bp sequence within murine Foxp3 TSDR was selected that harbors CpG dinucleotides 10—12
and binding sites for Ets1 and Creb1/Atf1 [Tsdr(10—12); bottom]. Sequences of Tsdr(10—12) and a scrambled control (scr)
are shown in sense. Asterisks mark cytosine residues within CpG dinucleotides that were replaced by 5-methylcytosine in
DNA-methylated variants of the oligonucleotides. DNA pull-down was performed with nuclear extracts of RLM-11 cells
stimulated by PMA/ionomycin for 5 h (top). Eluates pulled down by oligonucleotide Tsdr(10—12), scr, or CpG methylated
variants (METH, all oligos S1 nuclease-treated) were compared to 10% of input nuclear extract (lysate) by WB analysis.
Data are representative of at least four independent experiments. (c and d) DNA pull-down experiments with subsequent
mass spectrometric analysis (PD-MS) were performed with SILAC-labeled nuclear extracts of RLM-11 cells. Eluates of
non-methylated oligo Tsdr(10—12) were compared to scrambled oligo (versus scr) or methylated Tsdr(10—12) (versus
METH) in two independent experiments (biological replicates; exp. 1 and exp. 2). Enrichment of proteins was determined
by the log, of normalized SILAC ratios (heavy/light) of the forward (fw) and reverse (rv) samples. (c) Venn diagrams depict
the overlap of enriched proteins (|logz| > 1.0 for both fw and rv samples) between experiments 1 and 2. (d) The heat map
depicts proteins enriched in at least one comparison/experiment. Hits enriched by scr sequence or associated with single-
strand binding were excluded. Hits were subdivided into categories (transcription factor, or TF). For better comparison,
enrichment values were calculated by logo(non-methylated Tsdr(10—12)/other). Enrichment values of exps. 1 and 2 are
depicted one below the other.
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cells reproduced enrichment of Ehmt1 and Ehmt2 by
oligo Tsdr(10—12) indicating sufficient conditions for
Ehmt recruitment in primary T cells (not shown).

Enzymatic activity of Ehmt enzymes ensures
H3K9me2 at Foxp3 TSDR in Tcon cells

Given the significant role of histone methyltrans-
ferases Ehmt1/Ehmt2 in ES cells [36,39,41,46—438],
we investigated their role by determining H3K9me2
at regulatory regions of the Foxp3 locus in CD4" T
cells. Chromatin immunoprecipitation (ChIP) demon-
strated low levels of H3K9me2 at several Foxp3
regulatory regions in ex vivo isolated nTreg cells,
which were maintained after in vitro culture (Fig. 2a;
Supplementary Fig. S6a). In contrast, naive CD4* T
cells as well as in vitro differentiated Th1, Th2, and
also iTreg cells possessed enriched H3K9me2, in
particular at the TSDR indicating a role for Ehmt1/
Ehmt2 in the epigenetic regulation of Foxp3
(Fig. 2a).

To prove Ehmt enzymatic activity at the Foxp3
TSDR, two selective inhibitors, UNC0638 [49] or
BIX-01294 [50], were applied during in vitro differ-
entiation. Indeed, both inhibitors led to a marked
decrease of H3K9me2 levels especially at the TSDR
and independent of subtype-skewing conditions
resulting in a pattern which was comparable to
nTreg cells (Fig. 2b, Supplementary Fig. S6b).
However, BIX-01294 was excluded from further
analyses due to considerable side effects on
proliferation and cell survival.

To investigate whether H3K9me2 has a direct
effect on other epigenetic marks at the Foxp3 TSDR,
we determined H3K9 acetylation (H3K9ac) and DNA
methylation at the region. However, the activating
histone mark H3K9ac was low at the Foxp3 TSDR
even in nTreg cells indicating no particular role for
this mark in regulating the region’s function (Sup-
plementary Fig. S6c). Furthermore, MeDIP analysis
and bisulfite sequencing revealed no differences of
the DNA methylation status in UNC0638-treated and
untreated iTreg cells, indicating that H3K9me2 itself
is not necessary to maintain DNA methylation
(Supplementary Fig. S6d, e). We cannot exclude
that other H3K9 methyliransferases (e.g., Setdb1)
may partially compensate for the inhibited enzymatic
activity of Ehmt1/Ehmt2 by maintaining H3K9me1.
However, to our knowledge, there are no hints for
activity or recruitment of such enzymes to the Foxp3
TSDR.

Taken together, naive cells, in vitro differentiated
Tcon cells, and unstable iTreg cells possess high
H3K9me2 levels at Foxp3 TSDR, which are
maintained by the activity of Ehmt enzymes.
Chemical inhibition of the histone methyltransfer-
ase activity, however, was not sufficient to stimu-
late the remodeling of the DNA methylation status
in iTreg cells.

Vitamin C modulates the H3K9me2 status of
Foxp3 TSDR during iTreg differentiation

Most recently, it has been demonstrated that
vitamin C supplementation during iTreg differentia-
tion is necessary and sufficient for complete DNA
demethylation of the Foxp3 TSDR facilitating stable
Foxp3 expression [25]. Therefore, we investigated
the effect of vitamin C on H3K9me2. In line with a
previous report [22], vitamin C increased (i) the
percentage of Foxp3™ cells and the Foxp3 protein
amount on single cell level (Fig. 3a), (i) iTreg-
specific DNA demethylation of the TSDR (Supple-
mentary Fig. S7b), and (iii) stability of Foxp3
expression in an in vitro stability assay (Supplemen-
tary Fig. S7c). Moreover, in accordance with DNA
methylation remodeling, iTreg cells cultured in the
presence of vitamin C also exhibited striking
demethylation of H3K9me2 to a level similar to
nTreg cells at the Foxp3 TSDR (Fig. 3b). Importantly,
vitamin C treatment did not alter the expression of
Ehmt1 or Ehmt2, nor were their protein levels
affected (Supplementary Fig. S7d, e).

In contrast to iTreg cells, vitamin C did not affect
H3K9me2 or DNA methylation at the Foxp3 TSDR
during differentiation toward Th1 cells (Supplemen-
tary Fig. S7b and not shown). Therefore, we asked
whether the H3K9 methylation is crucial for stable
DNA methylation at the TSDR in Th1 cells. Applica-
tion of the Ehmt inhibitor UNC0638 demonstrated
that lack of H3K9me2 did not alter the hypermethy-
lated DNA status of the Foxp3 TSDR, even not under
adequate availability of vitamin C (Supplementary
Fig. S7b).

Next, we studied whether demethylation of both
epigenetic marks is functionally linked during iTreg
cell differentiation. Several histone demethylases of
the Jumoniji C (JmjC)-domain-containing type have
been described to actively erase H3K9me2 (such as
Kdm3a and all members of Kdm4 [51]) and might be
dependent on vitamin C [51,52]. Dimethyloxalylgly-
cine (DMOG) is a competing substitute for 2-
oxoglutarate (20G) and inhibits the activity of JmjC
histone demethylases as well as Tet enzymes
[53,54] as both are members of the class of Fe(ll)
and 20G-dependent dioxygenases. Strikingly,
DMOG not only abrogated the beneficial effects of
vitamin C on enhanced Foxp3 expression, but it also
interfered with both demethylation of H3K9me2 at
the Foxp3 TSDR as well as stability of Foxp3
expression (Fig. 3a, b; Supplementary Fig. S7c).

In summary, our results demonstrate vitamin C-
dependent and iTreg-specific demethylation of
H3K9me2 and DNA at the Foxp3 TSDR. DMOG-
treatment abrogated the epigenetic remodeling and
accordingly prevented iTreg cell stability indicating
the importance of dioxygenases in establishing an
epigenetic landscape that is a prerequisite for the
stable Treg phenotype.
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Fig. 2. Ehmt1/Ehmt2 activity is responsible for differential H3K9me2 at Foxp3 TSDR by maintaining enhanced levels in
Tcon cells. ChIP analyses of H3K9me2 at Foxp3 regulatory regions. FACS-sorted nTreg cells and MACS-purified naive T
cells from male Balb/c mice were compared to in vitro differentiated Th1, Th2, and iTreg cells. (a) Enrichment relative to

input control is depicted for Foxp3 distal promoter, CNS1,

CNS2/TSDR (left) and control regions 1117a promoter, which is

enriched for H3K9me2 in all cell types analyzed, and ll2ra intron 1, that shows decreased H3K9me2 after differentiation
(right). Data are representative of at least three independent experiments. (b) Naive cells were treated with or without
inhibitor UNC0638 (Unc) during in vitro differentiation toward Th1, Th2, and iTreg. Data are representative of at least four

independent experiments.

DNA methylation and H3K9me2 are individually
regulated at Treg-specific demethylated regions

Next, we studied the impact of vitamin C on the
epigenetic remodeling at other TSDRs during iTreg

differentiation. We investigated the core set of
TSDRs (as defined by Ohkura et al. [10]) and exon
6 of Ikzf2 (encoding transcription factor Helios)
(Fig. 3c—e). Previous reports have been inconsistent
about the role of vitamin C on DNA demethylation at



3612 Ehmt1 counteracts Treg cell differentiation

(a) % Foxp3+ (b)

d2 d5 H3K9me2

2.5
2.0
1.5

Foxp3+

Foxp3+

w
b
promoter
CNS1
CNS2/
TSDR

A -]
il =
A £
iTreg k) \ x
| : N\
GeoMean (Foxp3)/ ® 1.0 = {2\ -
Foxp3* \\ , ‘V
HitC 169 0.5
14 — —— — .
+itC / 1. v 1000 2000 4000 5000

count

Foxp3 (bp to TSS)

-= nTreg ~¥- Treg (+vitC)
iTreg -o- Treg (+vitC/+DMOG)
®
(C) MeDIP (d) H3K9me2 (e) & ,*g“" A e (\é\
) - H3K9me2 F & @ E S
T e, Msssssnbananss -VitC nTreg | | - | |
) N 2 [iTreg I
o 081 § 8 [iTreg (+vitC) b= = @ U
E 06 v £ Llitreg(+Unc) L L - (1) |
s . o 24 I
- - o
F v : 0
s 041 v ® ‘= | DNA methylation
- - 14 I [nTreg ) 1 1 |l |
|—F| S iTreg - - - - -
N '3" . Ctiad  Ikzf2  Ikzf4 Tnfrsf18 Foxp3 ll17a T e oo
& ~‘<°+Q TSDR prom iTreg (+Unc) -
<&

Fig. 3. Vitamin C supplementation mediates epigenetic remodeling at the Foxp3 TSDR and other Treg-specific
demethylated regions during iTreg differentiation. FACS-sorted naive cells from male Foxp3-IRES-GFP mice were
differentiated in vitro toward iTreg in the absence or presence of vitamin C (4vitC). In addition, the cells were treated with the
inhibitor DMOG (or DMSO). (a) Foxp3 was monitored using anti-Foxp3 antibody on days 2 and 5 by flow cytometric analysis
(gated on CD4*/alive). Data are depicted exemplarily for one experiment (left) and summarized in scatter plots for day 5 in
relation to iTreg cells cultured without vitamin C (left; see Supplementary Fig. S7a for day 2 data). Foxp3 protein levels are
presented as geometric mean of Foxp3 intensities in the Foxp3™ fraction. Statistical analysis was performed in relationto iTreg
(—vitC) using Student’s two-tailed, paired t test [* p < 0.05; ** p <0.01; n =2 (d2), n =4 (d5)]. (b) At the end of culture (d5),
iTreg cells were sorted for Foxp3 expression (GFP ") and H3K9me2 deposition was determined in comparison to nTreg cells
at Foxp3 regulatory regions (see Fig. 3d for control region I117a promoter). Data are representative of 2 (nTreg, iTreg +vitC/
+DMOG) or 3 (iTreg, iTreg +VvitC) independent experiments. (c) The bar plot depicts DNA methylation levels of TSDRs in
iTreg cells cultured in the presence of vitamin C relative to the hypermethylated status in iTreg cells cultured without (— vitC;
dashed line) as determined by MeDIP analysis (n = 3). (d) ChIP analysis of H3K9me2 at TSDRs and the control region l117a
promoter. Data are representative of two to three independent experiments as indicated for Fig. 3b. (e) Observations on the
epigenetic regulation of DNA methylation and H3K9me2 at TSDRs are summarized and are always in comparison to naive
(arrow marks decrease, — no change). The effects of UNC0638-treatment on epigenetic markers H3K9me2 and DNA
methylation were included (Supplementary Fig. S6e and f).

these regions [22,25,26]. In our hands, TSDRs Similarly, H3K9me2 was individually regulated at

exhibited individual behavior in response to vitamin
C supplementation. Foremost, MeDIP analysis con-
firmed nTreg-specific hypomethylation at all TSDRs
investigated and the preserved hypermethylated
status in iTreg cells cultured without vitamin C
(Supplementary Fig. S6e). In the presence of vitamin
C, however, TSDRs of Ctla4 and Ikzf4 exhibited
decreased DNA methylation levels. In contrast,
TSDRs of Ikzf2 and Tnfrsf18 maintained the
hypermethylated status, which is in agreement with
data from Yue et al. [22] and Nikolouli et al. [26]
(Fig. 3c).

TSDRs as revealed by ChIP (Fig. 3d). In detalil,
H3K9me2 was not differentially deposited at lkzf4
TSDR. TSDRs of Ctla4, Ikzf2, and Tnfrsf18 showed
more or less pronounced H3K9me2 in naive cells
when compared to nTreg cells. However, the high
level at Ctla4 TSDR was lost independently of
subtype-skewing conditions during in vitro differen-
tiation toward Th1, Th2, and iTreg cells. In contrast,
H3K9me2 levels at Ikzf2 TSDR were maintained in
every condition tested and Tnfrsf18 TSDR was
demethylated only in the presence of vitamin C
(Fig. 3d and not shown).
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Next, we determined the effect of UNC0638
treatment during iTreg differentiation on H3K9me2
at TSDRs. Indeed, H3K9me2 levels decreased in
the presence of the inhibitor at all TSDRs that
originally exhibited enriched H3K9me2 demonstrat-
ing the essential role of histone methyltransferases
Ehmt1/Ehmt2 in maintaining H3K9me2 at this set of
TSDRs (Fig. 3e, Supplementary Fig. S6f).

Taken together, vitamin C was essential to
establish the epigenetic status of DNA hypomethyla-
tion and H3K9me2 at several TSDRs. However,
whether one or the other element of epigenetic
remodeling occurred was not uniformly regulated.
Remarkably, apart from Foxp3 TSDR, only those
regions showed decreased DNA methylation levels
in response to vitamin C that established nTreg-like
H3K9me2 levels already in the absence of vitamin C
supplementation (i.e., Ctla4 and l|kzf4 TSDRs;
Fig. 3e).

Transcription factor Wiz recruits Ehmt1/Ehmt2
to a sequence of Foxp3 TSDR

Ehmt histone methyltransferases do not possess
own DNA binding competence. Therefore, we
studied how the enzyme complex is recruited to
the Foxp3 TSDR in order to maintain H3K9me2.
First, we identified the essential binding site within
oligo Tsdr(10—12) via mutation studies in DNA pull-
down experiments. As expected, mutations within
Ets1 and Creb1 binding sites blocked binding of the
respective transcription factor. In contrast, recruit-
ment of Ehmt1/Ehmt2 was not affected (Fig. 4a, b).
In silico analysis of the sequence Tsdr(10—12) using
the TRAP tool [55] predicted binding of several
known CCAAT box (CB)-binding factors, however
below the threshold of significance. Nevertheless,
mutating two sites with a certain similarity to the CB
motif drastically diminished Ehmt1/Ehmt2 recruit-
ment close to background levels (oligo M-CB1;
Fig. 4a, b). Additional mutant oligonucleotides
demonstrated the importance of one particular CB-
like site with the sequence CAATGG (oligos M-CB3/
4/5; Fig. 4a, b).

Making use of the unbiased principle of our PD-MS
approach, we globally screened for proteins that
bind to the CB-like motif. To this end, we compared
eluates after DNA pull-down with oligos Tsdr(10—12)
and the Ehmt recruitment mutant M-CB3. Overall,
524 proteins were detected in both the forward and
reverse samples, 10 of which were enriched by the
wt sequence (|logo(H/L)| > 1.0; Fig. 4c; Supplemen-
tary Table S1f). As expected, transcription factors
Creb1/Atf1 and Ets1 did not bind differentially in the
PD-MS screen (Fig. 4d).

Among the enriched proteins, two direct recruit-
ing factors of Ehmt1/Ehmt2 were found, namely,
transcription factors cut-like homeobox 1 (Cux1)
and widely interspaced zinc finger motifs (Wiz)

[56—60] (Fig. 4c, Supplementary Fig. S8b). Both
proteins possess binding motifs that show similar-
ity to the CB-like motif of oligo Tsdr(10—12)
(Supplementary Fig. S8c). Also, both bound to
the various sequence mutants with similar beha-
vior to Ehmt1/Ehmt2 and independently of the DNA
methylation status in DNA pull-down (Fig. 4b, d,
Supplementary Fig. S8d). Unexpectedly, we found
Cux1 to be enriched by the scrambled control oligo
(Fig. 4d, Supplementary Fig. S8d). This observa-
tion could be explained by a perfect CB motif that
was introduced by scrambling (Supplementary
Fig. S8a). In line, a second scrambled control
was able to prove sequence specific binding of
Cux1 to Tsdr(10—12) (scr2; Supplementary
Fig. S8a, d). Both proteins, Cux1 and Wiz, are
expressed in primary T cells. In fact, Cux1 mRNA
increased during in vitro differentiation toward
iTreg cells but not Th1 cells, which might be
ascribed to TGF-B mediated up-regulation of the
gene as previously described in NIH3T3 cells [61]
(Supplementary Fig. S5b).

To elucidate the role of Cux1 and Wiz in recruiting
Ehmt1/Ehmt2 to oligo Tsdr(10—12), we applied
CRISPR/Cas to create k.o. clones for the expression
of Enmt1, Ehmt2, Cux1, or Wiz in the RLM-11 cell
line (Supplementary Fig. S9a). Subsequent PD-WB
analysis with k.o. nuclear extracts demonstrated
independent binding of Cux1 and Wiz to oligo
Tsdr10—12 (Fig. 5a). Furthermore, the binding of
both transcription factors was not altered in the
absence of Ehmt1 or Ehmt2. Vice versa, Wiz k.o. but
not Cux1 k.o. completely abrogated the enrichment
of both methyltransferases revealing the essential
role of Wiz in recruiting the Ehmt complex. Remark-
ably, the recruitment appeared to be mediated by an
interaction of Wiz with Ehmt1 as k.o. of the latter
prevented Ehmt2 enrichment to the same extent as
Wiz k.o., whereas Ehmt2 k.o. did not perturb Ehmt1
recruitment (Fig. 5a).

Interaction of Wiz and Ehmt1 is essential for
maintenance of H3K9me2 at Foxp3 TSDR and
counteracts iTreg differentiation

To investigate the functional relevance of the in
vitro observed interaction of Wiz and Ehmt1 at oligo
Tsdr(10—12) for the epigenetic regulation of Foxp3
TSDR, we used the CRISPR/Cas-generated RLM-
11 k.o. clones for ChIP analysis. Noteworthy, wt cells
exhibited a comparable H3K9me2 pattern to primary
naive CD4" T cells at the Foxp3 locus, that is,
moderate levels at the distal promoter and CNS1
and a clear enrichment around the TSDR. Double
k.o. of Ehmt1 and Ehmt2 drastically decreased
H3K9me2 specifically at the Foxp3 TSDR to an
overall basic level similar to the effect of chemical
inhibition of Ehmt activity in primary T cells (Figs. 2b
and 5b).
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Fig. 4. Ehmt1/Ehmt2 are site-specifically recruited to oligo Tsdr(10—12) by a sequence that mediates binding of
transcription factors Cux1 and Wiz. (a and b) Point mutations were introduced into oligo Tsdr(10—12) at binding sites of
Ets1 (M-Ets) and Creb1/Atf1 (M-Creb) and sites with similarity to the CCAAT box (CB) motif [M-CB1—5; (a)] to investigate
essential nucleotides for the recruitment of Enmt1/Ehmt2 by PD-WB with nuclear extracts of RLM-11 cells [stimulated with
PMA/ionomycin for 5h; (b)]. Mutant oligos M-CB1/3/4/5 exhibited drastically diminished enrichment of Ehmt1/Ehmt2
proteins. Data are representative of at least two independent experiments. (c) Comparing oligo Tsdr(10—12) to mutant M-
CB3, PD-MS with nuclear extracts of SILAC-labeled RLM-11 cells identified 10 proteins specifically enriched by the
wildtype (wt) sequence (n = 1). (d) The heat map summarizes PD-MS data of comparisons of oligo Tsdr(10—12) to scr, to
the methylated Tsdr(10—12) (versus METH) (as presented in Fig. 1), and to mutant M-CB3 for Ehmt1/Ehmt2, Cux1, Wiz,

and control proteins (fw forward/rv reverse).

Next, single k.o. clones confirmed the essential
role of Ehmt1 and Wiz for H3K9me2 at the Foxp3
TSDR in RLM-11 cells, whereas Cux1 k.o. and
Ehmt2 k.o. did not alter H3K9me2 levels (Fig. 5b).
However, DNA methylation levels were maintained
in all clones as assessed by MeDIP analysis and
bisulfite sequencing (Supplementary Fig. S9b, c). In
addition, CRISPR/Cas-mediated double k.o. of
Ehmt1/Ehmt2 or Wiz k.o. clearly decreased
H3K9me2 also at other TSDRs (Supplementary
Fig. S9d). Even at regulatory regions of the cytokine
genes Ifng (Th1), 14 (Th2), 1117 (Th17), and 1110
(Th1/Th17), maintenance of H3K9me2 was depen-
dent on the interaction of Wiz and Ehmt1 in the RLM-
11 cell line (Supplementary Fig. S9e, f).

To confirm the role of the Wiz—Ehmt1 interaction
in primary T cells, we applied the CRISPR/Cas

technique with the approved guide RNA pairs
targeting Ehmt1, Ehmt2, Cux1, or Wiz during iTreg
differentiation. Positively transfected cells (expres-
sing the reporter GFP) and not positively transfected
(GFP™) fractions were expanded for two consecu-
tive differentiation rounds under iTreg-skewing con-
ditions. In these CRISPR/Cas-treated batch
cultures, target gene expression was decreased to
approx. 50% as determined by RNA quantification or
WB analysis (Supplementary Fig. S10a, b).

Despite the partial k.o., ChIP analysis of H3K9me2
confirmed the role of both Wiz and Ehmt1 at Foxp3
TSDR in primary cells: while targeting Cux1 had no
impact on the epigenetic mark, targeting of Ehmt1
and especially Wiz resulted in the reduction of
H3K9me2 (Fig. 5c¢). In contrast to RLM-11 clones,
targeting Ehmt2 in primary cells also decreased
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Fig. 5. Transcription factor Wiz recruits Ehmt1/Ehmt2 to the Foxp3 TSDR to maintain H3K9me2. (a) PD-WB was
performed with oligo Tsdr(10—12) and nuclear extracts of RLM-11 k.o. clones (stimulated for 5 h with PMA/ionomycin) with
deficiency of Ehmt1, Ehmt2, Cux1, or Wiz that were generated via CRISPR/Cas-mediated gene editing (n =3). (b)
H3K9me2 deposition at Foxp3 regulatory regions was determined in RLM-11 k.o. clones by ChIP. Data are representative
for two to three replicates of the presented clone and two different clones investigated for each CRISPR/Cas target in
independent analyses. Control regions Junb promoter and Rhox11 promoter are shown in the corresponding
Supplementary Fig. S9e. (c and d) The CRISPR/Cas technique was applied for gene editing of Ehmt1, Ehmt2, Cux1,
and Wiz to interfere with expression in primary T cells. MACS-purified naive CD4™" T cells from male C57BI6N (3 exp.) or
DO11.10xBalb/c (1 exp.) mice were transfected with genomic information for Cas9 nickase and specific pairs of guide
RNAs or Cas9 nickase alone (empty vector control) on day 2 of in vitro differentiation toward iTreg. Positively (GFP ") and
negatively transfected cells (GFP™) were separated by FACS and expanded for two consecutive rounds of iTreg
differentiation, which resulted in iTreg batch cultures with or without partial knockout of the targeted gene, respectively. In
parallel, not transfected (n.t.) cells were cultured with or without the inhibitor UNC0638 (Unc). (c) CRISPR/Cas-targeted
batch cultures of primary iTreg cell cultures were examined for H3K9me2 deposition at Foxp3 regulatory regions by ChiP.
Data are representative of two independent experiments. Control regions are shown in the corresponding Supplementary
Fig. S10c. (d) At the end of culture, ratios of Foxp3* CD25™" cells (gated on CD4 ") were determined by flow cytometry.
Exemplary data for one experiment are shown as determined by anti-Foxp3 antibody (top). Results of three to four
independent biological replicates (pooled primary cells from four to five mice, each) are indicated by distinct symbols (O/e
DO11.10xBalb/c) and are summarized in the scatter plot (mean + SD; bottom). Depicted are Foxp3™ CD25™ ratios of
CD4™ cells relative to the respective empty vector control (GFP*/GFP ™). Data points of one particular experiment that
exhibited overall higher Foxp3™ CD25™ ratios are marked by triangles. Statistical analysis was performed in relation to the
respective empty vector control using Student’s two-tailed, paired t test (* p < 0.05). For GFP " samples, p values were
0.013 (Ehmt1), 0.040 (Ehmt2), 0.254 (Cux1), and 0.054 (Wiz).
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H3K9me2 levels at the Foxp3 TSDR (Fig. 5¢), which
may be attributable to decreased Ehmt1 protein
levels in these cultures. In fact, an interdependency
of Ehmt1 and Ehmt2 protein stabilities has been
described previously in ES cells [30,57]. In accor-
dance, one particular Ehmt2 k.o. clone (RLM-11 cell
line) also exhibited decreased Ehmt1 protein levels
and correspondingly decreased H3K9me2 at the
Foxp3 TSDR (Supplementary Fig. S9g, h). How-
ever, we cannot exclude a subordinate role of Enmt2
in the epigenetic regulation of the Foxp3 TSDR.

In line with the altered histone methylation, we
observed altered Foxp3 expression in a guide RNA-
specific manner. In three out of four CRISPR/Cas
experiments, targeting Ehmt1 or Wiz resulted in an
increase of about 20%—50% of Foxp3™ CD25 " cells
when compared to empty vector control indicating an
important role for Ehmt1 and Wiz in iTreg cell
differentiation. Vice versa, targeting of Cux1 led to a
decrease of 10%—30%, while non-positively trans-
fected (GFP ™) cells were not affected (Fig. 5d). The
divergent fourth experiment, which showed no clear
guide RNA-specific effect, also differed in overall
higher ratios of Foxp3™ CD25" cells in all cultures
(>60%; Supplementary Fig. S10d), indicating that
Ehmt1, Wiz, and Cux1 may have a more significant
impact on Foxp3 expression under suboptimal differ-
entiation conditions.

Taken together, transcription factor Wiz exhibited
a crucial role in mediating enzyme activity of histone
methyltransferase Ehmt1 to Foxp3 TSDR. This
mechanism appears to be essential for creating a
repressive epigenetic landscape by deposition of the
histone mark H3K9me2. Remarkably, CRISPR/Cas
targeting of Wiz or Ehmt1 in iTreg cells favored
Foxp3 expression, which corresponds well with the
stabilizing function of the TSDR in Foxp3
expression.

Discussion

The stability of Foxp3 expression is fundamentally
regulated via the epigenetic landscape of the Foxp3
TSDR. In particular, the DNA methylation status has
been shown to be a reliable indicator for the region’s
activity [4,5,14,15]. However, other levels of epige-
netic regulation at the Foxp3 TSDR and underlying
molecular mechanisms are widely undiscovered.

Here, we provide several lines of evidence that
histone methyltransferase Ehmt1 is a crucial epige-
netic regulator of the Foxp3 TSDR and impacts on
Treg differentiation. First, using an unbiased DNA
pull-down approach, we showed that the Ehmt
enzyme complex is recruited to a functional element
of the Foxp3 TSDR, where it exhibits a preference
for the methylated state (Tcon characteristic).
Second, we observed elevated H3K9me2 levels at
the Foxp3 TSDR in Tcon cells that were essentially

dependent on the enzymatic activity of Ehmt
proteins as demonstrated by the application of
specific inhibitors. Conclusively, knockout of Ehmt1
diminished H3K9me2 at this region in the RLM-11
cell line and primary T-cell cultures. Third, during
Treg differentiation, the epigenetic remodeling of the
Foxp3 TSDR involves erasure of H3K9me2, which
can be monitored in iTreg cells induced under
vitamin C supplementation. Accordingly, administra-
tion of DMOG, an inhibitor of histone demethylases
and Tet enzymes, abolished vitamin C-induced
demethylation of H3K9me2 at the Foxp3 TSDR,
indicating an active remodeling mechanism. Fourth,
CRISPR/Cas-mediated knockout of transcription
factor Wiz abolished Ehmt recruitment to
Tsdr(10—12) in DNA pull-down experiments and
interfered with the maintenance of H3K9me2 at the
Foxp3 TSDR, revealing that Wiz is essential for the
recruitment and function of the Ehmt complex at this
region. Finally, CRISPR/Cas targeting of Wiz or
Ehmt1 during differentiation of iTreg cells increased
the number of Foxp3™ cells, indicating an essential
and repressive role of the Wiz—Ehmt1 interaction in
iTreg differentiation. A graphical summary is given in
Fig. 6.

To our knowledge, the role of Ehmt1 in T cells has
not yet been addressed. Specific deletion of Ehmt2
in T cells, however, resulted in an unexpectedly mild
phenotype [62]. These mice showed no alterations in
T lymphocyte development [63]. Furthermore,
although promoters and other regulatory regions of
the lineage-determining cytokines IFNy, 1I-4, and II-
170, exhibited Ehmt2-dependent H3K9me2, Ehmt2
deficiency in T cells did not result in promiscuous
gene expression per se [64]. These observations
were in stark contrast to ES cells, where Ehmt2
deficiency demonstrated the enzyme’s crucial role
during imprinting and embryonic development
[36,39—42]. Our data support the observation of
previous reports that Ehmt2 appears to have a minor
role in controlling the epigenetic status of the Foxp3
TSDR [65].

Based on findings in ES cells, it was originally
assumed that Ehmt1 and Ehmt2 generally function
as a heterodimeric complex to fulfill enzymatic
activity [30]. Only recently have the heterodimer-
independent functions for both enzymes been
described as well, in particular in largely differen-
tiated cell types, that is, brain tissue and during
terminal differentiation of myoblasts toward skeletal
muscle cells [66,67]. It is tempting to speculate that
in the course of differentiation, Ehmt1 and Ehmt2
may have gained specialized and individual func-
tions in differentiation programs of cells arising from
the same progenitor. In a very recent report, Ehmt2
was shown to be crucial for CD8 " T-cell differentia-
tion by repressing typical Th cell-associated genes,
for example, Cd4 [68]. Strikingly, we found Ehmt1 to
be essential for the deposition of H3K9me2 at
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various TSDRs including the Foxp3 gene and
additionally at lineage-determining cytokine loci,
which are regulated by differential DNA methylation.
Thus, our data indicate a predominant role of Ehmt1
in Th cell differentiation programs and suggest a
cooperation of H3K9me2 and DNA methylation in a
systemic fashion, as has been described in differ-
entiation programs of ES cells [36].

In line with a previous report that demonstrated
direct interaction of Wiz and Ehmt1 in 293T cells
using co-immunoprecipitation [59], the recruitment of
Ehmt1 to oligo Tsdr(10—12) was mediated via
interaction with transcription factor Wiz and inde-
pendently of Ehmt2.

Degeneracy of transcription factor binding sites is
a frequently observed phenomenon. Thus, the
similarity of the WIZ binding motif with the sequence
of oligo Tsdr(10—12), which contains the essential
bases for Wiz interaction, indicates direct binding of
the transcription factor to the sequence. However,
we cannot exclude the possibility that other proteins
may be involved in the recruitment of Ehmt1/2 to
oligo Tsdr(10—12). The presumed Wiz binding site is
conserved between mouse and human. Accordingly,
we detected human WIZ to bind to the human
sequence (Supplementary Fig. S11). It therefore
seems likely that cooperative regulation by DNA
methylation and H3K9me2 is an evolutionarily
conserved mechanism to epigenetically close the
Foxp3 TSDR in non-Treg cells.

Using DNA pull-down experiments, we identified
the transcription factor Cux1 to bind to the same

binding site within Tsdr(10—12) that was essential
for Ehmt recruitment. Also, Cux1 appeared to show
stronger enrichment by the mutant M-Creb. The
mutation of M-Creb is surrounded by DNA bases that
were found to be essential for the binding of Cux1 to
Tsdr(10—12). The stronger enrichment may be
attributable to the lack of competition with other
factors that are impaired in binding to the mutated
sequence (e.g., Creb1 itself). Alternatively, the
alteration of the DNA sequence may enhance
binding affinity of Cux1. Although Cux1 has been
shown to directly interact with Ehmt2 [56], we found
no hint that Cux1 participates in the recruitment of
the Ehmt complex to the Foxp3 TSDR. On the
contrary, CRISPR/Cas-mediated deficiency of Cux1
appeared to stabilize H3K9me2 levels at this site as
well as at certain other investigated Ehmt target
sites. Moreover, Cux1 appeared to positively affect
iTreg differentiation as seen by the reduced number
of Foxp3™ cells due to CRISPR/Cas targeting of
Cux1, which was in contrast to the action of Wiz and
Ehmt. Thus, we hypothesize that Cux1 could dis-
place the Wiz—Ehmt complex from the TSDR during
Treg differentiation, allowing for effective and enzy-
matically driven H3K9me2 demethylation and the
opening of the region (Fig. 6). Strikingly, Cux1
expression has been shown to be enhanced by
TGF-B1 stimulation [61] and accordingly was upre-
gulated during iTreg differentiation. Interestingly,
displacement of competing transcription factors in
order to reverse expression control has already been
shown for Cux1 in other contexts [69—73].
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Most recently, vitamin C has been found to be
essential for DNA demethylation of Foxp3 TSDR by
Tet enzymes [22,25]. In contrast, vitamin C supple-
mentation benefits Th17 cell differentiation in a Tet-
independent manner via enhanced H3K9 demethy-
lation by Jmjd2 (Kdm4) enzymes [74]. Similarly, our
observations at the Foxp3 TSDR point to an actively
catalyzed demethylation of H3K9me2, presumably
by Kdm3/Kdm4 enzymes, as can be hypothesized
from the dependency on vitamin C as well as
inhibition studies with the 20G-analogon DMOG.
However, the molecular conservation of the catalytic
principal of Tet enzymes and H3K9me2 demethy-
lases impedes an immediate investigation to
address this question due to the lack of specific
inhibitors. Further investigation depends on the
identification of the demethylase responsible for
H3K9me2 demethylation at the Foxp3 TSDR. Sub-
sequent directed loss-of-function studies may have
the potential to elucidate the mechanisms guiding
the epigenetic remodeling with regard to H3K9 and
DNA demethylation and any potential interconnec-
tion at this region.

Both vitamin C and the 20G-analogon DMOG act
mechanistically on the enzyme activity of Fe(ll)- and
20G-dependent dioxygenases, which include not
only Kdm histone demethylases and Tet enzymes
but also hydroxylases. In particular, vitamin C-
dependent hydroxylation of the alpha subunit of
hypoxia-inducible factor (HIF1a) has been shown to
control transcriptional activity of HIF1 on its gene
targets and has been brought into the context of
immune cell function and metabolism [75—77].
Although the experiments presented here were
performed under normoxic conditions, we cannot
exclude that altered HIF1 activity may be involved in
the overall effect of vitamin C supplementation on
iTreg differentiation by altering the expression in
iTreg cells. However, vitamin C supplementation
was found to leave the transcriptome of alloantigen-
induced iTreg cells mostly unaffected [26]. Further-
more, the impact of vitamin C on epigenetic
programs in general is thought to be mainly
attributable to enhanced enzyme activity of Tet
DNA demethylases and Kdm histone demethylases
rather than HIF1 [77].

Our data point to co-regulation of H3K9me2 and
the DNA methylation status at the Foxp3 TSDR.
nTreg cells that stably express Foxp3 are devoid of
both H3K9me2 and DNA methylation at this region.
In contrast, both marks are actively maintained
during in vitro differentiation of Tcon cells and iTreg
cells that show unstable Foxp3 expression. The
addition of vitamin C, which mediates stable Foxp3
expression [22], was sufficient and necessary to
stimulate the Treg-specific epigenetic remodeling on
both epigenetic levels in iTreg cells. Hence,
H3K9me2 and DNA methylation might act in a
cooperative manner to create a repressive epige-

netic landscape at the Foxp3 TSDR and to control
the stability of Foxp3 expression (Fig. 6).

In addition to Foxp3 TSDR, we observed a co-
occupancy by DNA methylation and H3K9me2 at
other TSDRs. However, the epigenetic remodeling
of TSDRs was not uniformly regulated. In fact,
different stimuli were required to induce the Treg-
specific epigenetic status on the level of DNA
methylation and H3K9me2 at individual TSDRs
during iTreg differentiation. Still, vitamin C was a
significant factor. Recent studies were inconsistent
concerning the role of vitamin C in the epigenetic
remodeling of TSDRs [22,25,26]. As we observed
vitamin C-mediated DNA demethylation at TSDRs of
Ctla4, |kfzf4, and Foxp3, our results are in line with
Yue et al. [22] and Nikolouli et al. [26]. Interestingly,
DNA demethylation of Ctla4 and Ikfzf4 TSDRs was
found to occur independently of Foxp3 expression in
alloantigen-induced iTreg cultures [26], which raises
the question of whether epigenetic remodeling at
these sites occurs specifically in Treg cells when
vitamin C is available. In fact, we could not find
evidence for vitamin C-mediated DNA demethylation
of either TSDR when naive cells were differentiated
toward Th1 (not shown). This suggests a mechan-
ism that requires Treg-skewing signals to enable
DNA demethylation of Ctla4 and I|kfzf4 TSDRs.
Nevertheless, vitamin C supplementation was not
sufficient to induce complete Treg-specific epige-
netic remodeling as observed for TSDRs of Tnfrsf18
and lkzf2.

By identification of the Wiz—Ehmt1 interaction in
Th cells and its role for H3K9me2 deposition at the
Foxp3 TSDR, we discovered and characterized the
second epigenetic mechanism to maintain the
repressive landscape of the region in Tcon cells.
Thus, our findings contribute to the understanding of
how Foxp3 expression, and therefore the differentia-
tion of Treg cells, is epigenetically controlled. In
agreement with recent reports [22,25,26], our data
confirm the need for vitamin C to enable Treg-
specific epigenetic remodeling of the Foxp3 locus
and other TSDRs. Importantly, the necessity of
vitamin C for a whole class of ubiquitous epigenetic
regulators highlights the need for controlled and
adequate supplementation in vitro in various experi-
mental settings across tissues and cell types.

Materials and Methods

Mice and cell lines

Foxp3-IRES-GFP [78], BALB/cJ-Tg(DO11.10),
and C57BL/6NJ mice were bred under pathogen-
free conditions in the animal facility of the Federal
Institute for Risk Assessment (Berlin, Germany).
Non-transgenic C57BL/6NCirl (strain code 027) and
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BALB/cAnNCrl mice (strain code 028) were pur-
chased from Charles River (Sulzfeld, Germany).

The murine CD4% CD8~ thymoma T-cell line
RLM-11 was cultivated in Glutamax RPMI 1640
medium (Gibco) supplemented with 10% FCS,
100 U/ml penicillin, 100 U/ml streptomycin, and
10 pg/ml B-mercaptoethanol.

DNA pull-down

Nuclear extracts were prepared from RLM-11 cells
stimulated with 10 ng/ml phorbol 12-myristate 13-
acetate (PMA; Sigma-Aldrich) and 1 pg/ml lonomycin
(Merck) for 5 h using the Nuclear Extract Kit (Active
Motif). Fifty micrograms of nuclear extract was pre-
incubated with 5pug poly(dl-dC) (Sigma) in 400 pl
binding buffer [17] supplemented with 1 mM DTT and
1 x cOmplete protease inhibitor cocktail (Roche) for
1 h. Streptavidin agarose (25 pl; Sigma) was loaded
with 200 pmol biotinylated ds oligonucleotide (Supple-
mentary Table S2b) in 400 pl binding buffer for 1 h.
Subsequently, washed agarose beads were incu-
bated with protein extract for 4 h at 4 °C. Complexes
were washed twice with 1 ml binding buffer followed
by 1 ml 50 mM NH4HCO3, twice. For Western blot
analysis, samples were eluted with 25l 2x SDS
loading buffer [79] at 95 °C for 5 min.

Where stated, oligonucleotides were cleared from
ss molecules before DNA pull-down by S1 nuclease
treatment (60 U/umol of oligonucleotide) for 30 min
at 37°C. The reaction was stopped by addition of
33mM EDTA.

Immunoblotting

Immunoblotting was performed as previously
described [80] using discontinuous SDS-PAGE and
the Odyssey system (LiCOR). For total protein
analysis, cells were resuspended in 2 x SDS loading
buffer. Antibodies used for Western blot analysis were
as follows: anti-Ehmt1 (B0422; Abcam); anti-Ehmt2
(A8620A; Invitrogen); anti-Kdm3a (PA5—23066), anti-
Wiz (PA5-21082; Thermo Fisher Scientific); anti-
Foxp3 (FJK-16s; eBioscience); anti-Creb1 (48H2),
anti-Yy1 (13G10; Cell Signaling Technology); anti-
Atf1 (H-60), anti-Cstf2 (H-300), anti-Cux1 (B-10), anti-
Elf1 (C-20), anti-Ets1 (C-20), anti-Gabpa. (H-180);
anti-Lamin B (M-20), anti-Nfya. (H-209), anti-Oct1 (C-
21), anti-Ptbp (N-20), anti-Rfx1 (H-230), anti-Tgif1 (H-
172; all Santa Cruz Biotechnology); anti-Tbet (4B10;
BioLegend); and anti-NFATc2 (rabbit pAb; DRFZ
Berlin). IR-DYE coupled secondary antibodies from
donkey were obtained from LiCOR.

DNA pull-down with mass spectrometric analy-
sis (PD-MS)

RLM-11 cell cultures were differentially labeled
applying stable isotope labeling by amino acids in

cell culture (SILAC) [44,81]. SILAC media were
prepared from complete RPMI 1640 medium (lack-
ing arginine and lysine) by supplementation of
0.115mM light ('*C/'N) or heavy ('°C/'°N)
arginine and 0.275mM light or heavy lysine,
respectively. Light L-proline (2.6 mM) was added
to all media to avoid arginine-to-proline conversion
[82]. RLM-11 cells were grown in heavy or light
SILAC medium for at least 10days (18—20 cell
divisions). Before nuclear extract preparation,
cultures were stimulated with PMA and ionomycin
and nuclear extracts were prepared as described
above. For downstream mass spectrometric analy-
sis, DNA pull-down samples were eluted by pH shift
using 25 pl of 50 mM NH4HCO3; (pH 10). Differen-
tially labeled eluates of Tsdr(10—12) and the
sequence to be compared were pooled from 4
single samples, each. Subsequently, the total
volume was narrowed to <20pul by vacuum
evaporation and samples were prepared for mass
spectrometry by in-solution-digestion following
standard procedures. Briefly, 20 pul of urea buffer
[6 M urea, 2 M thiourea, 10 mM Hepes (pH 8.0)] was
added, followed by reduction with DTT and alkyla-
tion with iodoacetamide. Digestion was performed
using LysC for 3 h at room temperature, followed by
trypsin overnight (after diluting samples to less than
2M urea). Samples were acidified with TFA and
peptides were extracted and desalted using
STAGE tips. LC—MS/MS was performed on using
a 240-min acetonitrile gradient using 20-cm-long
reversed phase columns (fritless, 75 um ID, packed
in-house with 3 um ReproSil-Pur C18-AQ) on a
Proxeon HPLC system (Thermo) coupled online to
a QExactive Plus mass spectrometer (Thermo).
The mass spectrometer was operated in the data-
dependent mode with a resolution of 70,000 for full
scans (AGC target 1E6) and up to 10 MS2 scans
(resolution 17,500; AGC target 1E5; maximum
IT =60 ms; dynamic exclusion for 30 s; excluding
singly charged peaks and peaks with unassigned
charge states). Raw files were analyzed using
MaxQuant (version 1.5.3.18) with default para-
meters and searched against a mouse protein
databases (uniprot. MOUSE.2012-06 and uniprot.-
MOUSE.2014-10) plus common contaminants with
a false-positive rate of 1% at both the protein and
peptide level. Reverse database hits, contami-
nants, and proteins only identified by site were
discarded.

CD4 T-cell isolation and in vitro differentiation
cultures

CD4* CD25~ cells were prepared from mixed
murine splenocytes and lymph node cells by
magnetic cell sorting (MACS). After lysis of erythro-
cytes, cells were depleted for CD25 using anti-
CD25-APC (PC61.5, eBioscience) and anti-APC
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MicroBeads (Miltenyi Biotec). Subsequently, cells
were MACS-sorted for CD4 using anti-CD4 MicroBe-
ads (L3 T4, Miltenyi Biotec). _

Alternatively, CD4 " CD25~ CD44'°% cpe2L""
(GFP™) naive cells were prepared from mixed
murine splenocytes and lymph node cells by FACS
using a FACSAria Il (BD Biosciences). Prior to that,
the CD4 ™ cell fraction was enriched by MACS using
rat anti-CD8 (53-6.72), anti-B220 (RA3.6B2), and
anti-Mac1 (M1/70.15.11; all DFRZ Berlin) and anti-
rat MicroBeads (Miltenyi Biotec). Enriched fractions
were labeled with anti-CD4-PE (GK1.5; DRFZ
Berlin), anti-CD44-PacB (IM7), anti-CD62L-PE-Cy7
(MEL-14), and anti-CD25-APC (PC61.5, all
eBioscience).

For in vitro differentiation, MACS-sorted CD4 ™"
CD25~ or FACS-sorted naive cells were cultured in
complete RPMI 1640 medium (10% FCS, 10 pg/ml
B-mercaptoethanol, 100 U/ml penicillin/streptomy-
cin, 50 ug/ml gentamicin) in the presence of sub-
type-skewing supplements, that is, 10 ng/ml rmiL-
12, 10 ng/ml rmIL-2, and 10 pg/ml anti-IL-4 (11B11)
for Th1; 40 ng/ml rmiL-4, 10 ng/ml rmIL-2, 10 pg/ml
anti-IL-12 (C17.8), and 10pug/ml anti-IFNy
(AN18.17.24; all DRFZ Berlin) for Th2; and 10 ng/
ml rmIL-2, 2ng/ml pTGF-1, 10 pg/ml anti-IFNy,
10 pug/ml, anti-IL-4 for iTreg. Cells were cultured for
48 h with plate-bound anti-CD3e (145-2C11) and
anti-CD28 (37.51; both DRFZ Berlin) and then taken
from the stimulus adding fresh medium and 10 ng/ml
rIL-2 for another 3 days. Cultures were harvested,
and either FACS-sorted for living (DAPI) and GFP or
dead cells were removed from cultures using density
gradient centrifugation.

nTreg cells were prepared as described for naive
cells and were isolated via FACS for CD4" CD25™"
(GFP™). nTreg cells were cultured in vitro in the
presence of 50 ng/ml rmIL-2 as described above.

Inhibitors BIX-01294, dimethyloxalylglycine
(DMOG), and UNCO0638 (all Cayman) were dis-
solved in DMSO and diluted at least 1:2000 in cell
culture to yield a concentration of 1, 67, and 1 uM,
respectively. Vitamin C (L-ascorbic acid) was pur-
chased from Sigma-Aldrich and dissolved in sterile
water. Vitamin C was given to cell cultures in a
concentration of 20 pg/ml.

Treg in vitro stability assay and flow cytometric
analysis

For the in vitro stability assay, harvested iTreg
cells were sorted for DAPI~ GFP ™ and were cultured
for another round of in vitro differentiation as
described above but lacking pTGF-81. After 5 days,
living CD4* cells were monitored for CD25 and
Foxp3 protein levels by flow cytometry.

For flow cytometric analysis, cells were stained
with 67 uM NHS-PacO (Thermo Fisher Scientific) for

live/dead discrimination and fixed with the Foxp3
fixation/permeabilization buffer (eBioscience)
according to the manufacturer’s instructions. All
presented flow cytometric data regarding Foxp3
were determined by anti-Foxp3 antibody. Antibody
species used for flow cytometric analysis were anti-
Foxp3-PE-Cy7 (FJK-16 s), anti-CD25-APC (PC61.5;
both eBioscience), and anti-CD4-PE or -FITC
(GK1.5, DRFZ Berlin). Flow cytometric analysis
was carried out on an LSRII (BD Biosciences).

CRISPR/Cas9n in primary cells during iTreg
differentiation

The CRISPR/Cas9 nickase vector
pSpCas9n(BB)-2A-GFP (PX461) was a gift from
Feng Zhang (Addgene plasmid 48,140) [83]. Guide
RNA pairs targeting the first exon expressed by all
isoforms of the respective gene were designed by
the help of CRISPR Design (Massachusetts Institute
of Technology). Guide RNA sequences were
synthesized with adequate overhangs for cloning
with Bpil and were inserted into the vector as
previously described by Ran et al. [83] (Supplemen-
tary Table S2c). Correct insertion was confirmed by
Sanger sequencing.

For transfection, in vitro iTreg cultures were
prepared as described above. Forty-eight hours
after primal stimulation, cultures were transfected
with the respective pair of target-specific plasmids
using the Neon transfection system (Thermo Fisher).
In detail, 2 x 10° cells were transfected with 10 ug of
each plasmid or 20 pg of the empty vector in 100 pl
buffer R applying double pulsing for 20 ms each at
1350 V. Subsequently, in vitro iTreg culture was
continued with TCR stimulation for additional 24 h in
antibiotic-free medium including subtype-skewing
supplements. Antibiotics were added 6h after
transfection. The cells were cultured for another
24 h without TCR stimulation before sorting the
populations on the basis of GFP expression by
FACS. Transfection efficiencies varied between
experiments from 6% to 13% of GFP* cells within
the viable cell populations. Fractions were incubated
in original medium supplemented with fresh rmll-2
(10 ng/ml) for another 24 h. Two consecutive rounds
of standard in vitro iTreg culture were performed to
expand CRISPR/Cas9n-treated cell populations.
Finally, cells were harvested using density gradient
centrifugation for subsequent analyses.

Establishment of RLM-11k.o. clones using
CRISPR/Cas9n

RLM-11 cells (2 x 10°) were transfected with 1 g
each of the pair of target-specific CRISPR/Cas9n
plasmids via electroporation using the Cell Line
Nucleofector Kit L (Lonza). Positively transfected
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cells were FACS-sorted as single cells by the
expression of GFP. Established clones were tested
for perturbed expression of the target gene by
Western blot analysis (Fig. S8A).

Chromatin immunoprecipitation

ChlP assays were performed according to the
chromatin immunoprecipitation (ChIP) assay by
Miltenyi Biotec. Briefly, cells were fixed with 1%
formaldehyde for 5 min at RT. Per sample, 2 x 10
cells were lysed in 50 ul ChIP lysis buffer [50 mM
Tris—HCI (pH8.1), 10mM EDTA, 1% SDS, 1x
cOmplete protease inhibitor cocktail (Roche)]. The
reaction was stopped by adding 150 ul ChIP dilution
buffer [16.7 mM Tris—HCI (pH 8.1), 1.2mM EDTA,
167 mM NaCl, 1.1% Triton X-100, 0.01% SDS, 1 x
cOmplete protease inhibitor cocktail], and DNA was
sheared using the Sonopuls Ultrasonic homogenizer
(5 x8s at 20% intensity; Bandelin electronic).
Debris was centrifuged at 13,000g, and 150 pl of
extract was incubated with 2pug anti-H3K9me2
(1220; Abcam) or anti-H3K9ac (pAb; Active Motif)
at 4°C overnight. Ten percent of extracts were
saved as input control. ChIP samples were incu-
bated with Protein A MicroBeads for 1 h followed by
extensive washing on MACS separation columns
(Miltenyi Biotec). Immunoprecipitated chromatin was
reverse-crosslinked with 200 mM NaCl at 65 °C for
4 h. Immunoprecipitated DNA was purified with the
DNA extract Il kit (Macherey and Nagel). The relative
enrichment of specific DNA sequences over input
was determined by real-time PCR with the Mx3000
system (Stratagene) using QuantiTect SYBR Green
RT-PCR Kit (Qiagen). Primer sequences are listed in
Supplementary Table S2a.

Bisulfite sequencing and MeDIP

DNA was prepared using the QlAamp DNA Mini
Kit (Qiagen). Bisulfite sequencing was performed by
Varionostic (Ulm, Germany). Methylated DNA pre-
cipitation (MeDIP) analysis was performed as
described for ChIP with the following modifications:
1.5 g of total genomic DNA was sonicated in 225 pl
AE buffer (Qiagen). One hundred fifty microliters of
sheared DNA was denatured for 10 min at 95°C,
rapidly cooled down and incubated with 100 pl
MeDIP buffer (25mM NazPO,4 (pH7), 350 mM
NaCl, 0.125% Triton X-100), and 2pug anti-5'-
methyl-cytidine antibody (33D3, Eurogentec) over-
night. Incubation with Protein A MicroBeads and
purification were carried out as described for ChlIP.

RNA expression analysis
RNA was extracted using the Total RNA Purifica-

tion kit (Norgen). Reverse transcription was per-
formed using Superscript |l reverse transcriptase

(Invitrogen) and oligo-dT primer according to the
manufacturer’s protocol. Quantification of RNA
species was determined by real-time PCR relative
to the housekeeping gene rps18. Primer sequences
are provided in Supplementary Table S2a.

Supplementary data including further information
on PD-MS technique and detailed MS data can be
found online.
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