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SUMMARY

Regulatory T (Tyeg) cells play crucial roles in suppressing deleterious immune response. Here,

we investigate how Tyeq cells are mechanistically induced /7 vitro (iTyeg) and stabilized via
transcriptional regulation of Tyeq lineage-specifying factor Foxp3. We find that acetylation

of histone tails at the Foxp3promoter is required for inducing Foxp3 transcription. Upon
induction, histone acetylation signals via bromodomain-containing proteins, particularly targets

of inhibitor JQ1, and sustains Foxp3 transcription via a global or frans effect. Subsequently, Tet-
mediated DNA demethylation of Foxp3 cis-regulatory elements, mainly enhancer CNS2, increases
chromatin accessibility and protein binding, stabilizing Foxp3 transcription and obviating the need
for the histone acetylation signal. These processes transform stochastic iTyeq induction into a
stable cell fate, with the former sensitive and the latter resistant to genetic and environmental
perturbations. Thus, sequential histone acetylation and DNA demethylation in Foxp3 induction
and maintenance reflect stepwise mechanical switches governing iT,q cell lineage specification.
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Nuclear protein Foxp3 determines regulatory T cell lineage identity and immunosuppressive
function. Li et al. uncover the switches of the transcriptional driving forces of Foxp3 expression
during regulatory T cell differentiation /n vitro governed by sequential histone acetylation and
Tet-induced DNA demethylation of Foxp3 cis-regulatory elements.

INTRODUCTION

Treg cells are induced from precursor cells by T cell antigen receptor (TCR) agonists and
favorable environmental cues, including interleukin (IL)-2 and TGF-B, to suppress specific
pathogenic T cells and maintain immune homeostasis (Josefowicz et al., 2012; Savage et

al., 2020). Tyeq cells are long-lived and continuously required to maintain immune tolerance
(Kim et al., 2007; Rubtsov et al., 2010). Thus, maintenance of a stable lineage in the absence
of Treg-induction cues or in adverse environments is critical for sustained Tyeg Suppressive
function.

Treg cell lineage commitment and suppressive function rely on nuclear factor Foxp3
(Brunkow et al., 2001; Fontenot et al., 2003; Gavin and Rudensky, 2003; Hori et al., 2003;
Liston et al., 2007). A growing list of cell-extrinsic and cell-intrinsic factors was known
to regulate Foxp3 induction or stability, among which histone and DNA modifications
(hereinafter referred to as epigenetic mechanisms) appear to play important roles (Ohkura
and Sakaguchi, 2020). For example, histone acetylation catalyzed by CBP/p300 is
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indispensable for Tyeq cell development and function. Mice with Tyeg-specific deletion of
CBP alone, or together with p300 have significantly less Tyeq cells (Liu et al., 2014; Liu et
al., 2013). Similarly, dynamic regulation of DNA methylation governs both Foxp3 induction
and maintenance. In the absence of DNA methyltransferase 1 (Dnmtl), TCR stimulation
alone is sufficient to drive Foxp3 induction in precursor cells (Josefowicz et al., 2009). On
the other side, active DNA demethylation by Tet methylcytosine dioxygenases is required
for the stabilization and maintenance of Foxp3 expression through Foxp3enhancer CNS2
(Nakatsukasa et al., 2019; Yue et al., 2019; Yue et al., 2016)(Feng et al., 2014; Li et al.,
2014; Zheng et al., 2010).

Given that Tyeq cell fate determination is a process converting fluctuating induction

cues to a committed cell fate, it is important to determine the stage-specific activities

of individual epigenetic mechanisms. In the case of histone acetylation widely used to
activate gene expression (Marmorstein and Zhou, 2014), it is unclear how this permissive
epigenetic mechanism regulates Foxp3 expression through its cis-regulatory elements or in
trans via global gene expression. Histone acetylation may also control Tyeq cell function
independently of Foxp3 expression. Specifying the roles of histone acetylation would
produce new mechanistic insights into Tyeq cell differentiation and function.

Tet-DNA demethylation controls the expression of many genes (Nakatsukasa et al., 2019;
Ohkura et al., 2012; Yue et al., 2019), which might stabilize Foxp3 expression in trans. It
remains to be determined to what extent Tet-dependent c/sand frans mechanisms stabilize
Foxp3 transcription. A direct examination of the sufficiency of CNS2 in mediating Tet
function would address this basic question. Mechanistically, how DNA demethylation leads
to stable Foxp3 transcription in its native genomic context is also unclear.

Here, we examined T g cell induction, lineage commitment, and maintenance ex vivo
with mouse primary T cells to determine the stage-specific roles of histone acetylation

in controlling Foxp3 expression. We also took advantage of vitamin C or ascorbic acid
(ASC)-dependent control of Tet enzymatic activity (Sasidharan Nair et al., 2016; Yue et al.,
2016) to probe the mechanisms by which DNA demethylation maintains Foxp3 expression
in c/sthrough enhancer CNS2.

Histone acetylation is required for Foxp3 induction in cis

To understand the epigenetic mechanisms controlling Foxp3 expression during naive CD4
T (Tn) cell differentiation to Tyeq cells /7 vitro (iTyeg cells), which recapitulates Tyeg

cell development /n vivo, we examined permissive histone acetylation H3K27ac during
Foxp3 induction. H3K27ac is deposited by histone acetyltransferases (HATS) and read

by bromodomain (BRD)-containing proteins (Fujisawa and Filippakopoulos, 2017). Using
Cut&Run sequencing (seq) (Skene and Henikoff, 2017), we confirmed broad H3K27ac
around the Foxp3 promoter in ex vivo-isolated natural Treg (NTyeg) cells but not in CD4
Tn cells (Figure 1A). We then used pharmacological inhibitors to examine the stage-
specific roles of histone acetylation during iTyeq cell differentiation. Blockade of HAT
CBP/p300 with C646, I-CBP112, or SGC-CBP30 reduced Foxp3 induction efficiency in
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a dose-dependent manner (Figures 1B, S1A, and S1B), indicating that histone acetylation
signal plays a critical role. To test whether BRD proteins are required to transduce the
histone acetylation signal, we treated differentiating T cells with BRD inhibitors JQ1,
I-BET151, bromosporine, or PFI-1, resulting in a dose-dependent inhibition of Foxp3
induction (Figures 1C and S1C-S1E).

Conversion of precursor cells to Treq cells is a digital switch manifested by the frequency of
Foxp3* cells whereas Foxp3 expression level is a quantitative trait. Next, we tested whether
Foxp3 expression level is also controlled by histone acetylation signal during iTyeq cell
development. We cultured CD4 Tn cells in Treg-induction media containing titrated amounts
of JQ1 and analyzed the cells 4 d later. We observed that Foxp3 induction efficiency and
expression levels per cell were highly correlated (R = 0.9975; Figure 1D), indicating that
these two traits of iTeq cells are both controlled by histone acetylation signal via BRD
proteins targeted by JQ1.

To confirm the effects of these inhibitors, we performed chromatin immunoprecipitation
(ChIP) of H3K27ac followed by quantitative PCR (qPCR) or high-throughput sequencing
with neutrally activated CD4 Tn (ThO) cells and CD4 Tn cells cultured in Tyeg-induction
media supplemented with DMSO, C646, or JQ1. We harvested cells 24 h later at the

early phase of iTeq cell induction to fully reveal the effects of these inhibitors. C646
treatment resulted in a drastic reduction of H3K27ac level at the Foxp3 promoter (Figures
1E-1G), consistent with its reported effect on CBP/p300 (Marmorstein and Zhou, 2014). In
comparison, JQ1 treatment only caused a relatively milder decrease of H3K27ac level at the
Foxp3 promoter, likely due to an indirect effect. These results further confirmed the overall
role of histone acetylation signal in driving Foxp3 induction during iTeq cell development
(Feng et al., 2015; Liu et al., 2014).

To test whether histone acetylation signal directly promotes Foxp3 induction, we added

JQ1 to culture medium at d 2 during iTyeq cell induction and analyzed Foxp3 expression

in live cells at d 4. This abruptly reduced Foxp3™ cells (Figure 1H), and the remaining
Foxp3* cells significantly decreased the expression levels of Foxp3 and its target genes
(e.g., CD25, GITR, and CTLA-4; Figure S1F). However, this 2-d JQ1 treatment could still
impair Foxp3 induction via a global effect. To solve this issue, we reasoned that the transient
transcriptional activity of Foxp3 upon acute JQ1 treatment would reveal the direct role of
histone acetylation. To this end, we treated differentiating CD4 Tn cells with JQ1 for 1

h and then pulse chased newly synthesized RNA with ethynyl uridine (EU) (Figure 11).

We quantified EU-labeled Foxp3 nascent mRNA with reverse transcription (RT) followed
by guantitative PCR (gPCR). After normalization by the nascent mRNA of Gapdh, not
affected by JQ1 treatment (not shown), we observed a drastic reduction of Foxp3 nascent
mRNA upon acute JQ1 treatment. JQ1 significantly reduced Foxp3™ cells regardless of cell
proliferation, and acute JQ1 treatment reduced RNA polymerase Il (Pol 1) binding at the
Foxp3locus (Figures S1G-S1I). These results suggest that histone acetylation signal via
BRD proteins or JQ1 targets promotes Foxp3 transcription in c/sin a cell cycle-independent
manner.
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Foxp3enhancers CNS0O, CNS1, and CNS3 haven been shown to facilitate Foxp3 induction
(Figure 1A) (Dikiy et al., 2021; Feng et al., 2015; Kawakami et al., 2021; Zheng et al.,
2010; Zong et al., 2021). CNS3 acts through histone acetylation, at least partially, to

enable efficient Foxp3 induction. Because CNSO and CNS3 coordinate during Treg cell
development, we then tested whether histone acetylation also plays a role in CNSO function.
In the absence of CNSO, the Foxp3 promoter accumulated significantly less H3K27ac

at 24 h during iTyeq cell development (Figure 1J). At d 4 when iTeq cells were fully
induced, CNSO deficiency did not affect H3K27ac levels at the Foxp3 promoter, which

was comparable to CNSO-sufficient and CNSO-deficient nTyeq cells. This result is consistent
with the apparent roles of CNSO and CNS3 in Foxp3 induction but not maintenance (Dikiy
et al., 2021). Foxp3 induction was significantly more impaired by C646 or JQ1 treatment

in CNSO-deficient versus CNSO-sufficient cells despite their comparable effects on cell
viability (Figures 1K, 1L, S1J, and S1K). Thus, histone acetylation of the Foxp3 promoter
is induced by Tyeg-induction cues likely via the synergistic activity of CNSO and CNS3 to
facilitate Foxp3 induction.

Taken together, these data uncover a critical role of histone acetylation in promoting Foxp3
induction in c/s during early iTyeq cell differentiation.

Histone acetylation signal via BRD proteins targeted by JQ1 is dispensable for stable
Foxp3 expression in ASC-treated iTeg cells

Tet-dependent DNA demethylation was proposed as the main mechanism acting in ¢is

to “lock in” Foxp3 expression in committed Tyeq cells. Because this step is not readily
accessible for in-depth examination of Tyeq cell differentiation /n7 vivo, we modeled it using
differentiating iT g cells by supplementing the culture medium with ASC that activates Tet
enzymes to induce active DNA demethylation (Figure 2A).

We isolated CD4 Tn cells from wild-type (WT) Foxp39 knockin mice (Fontenot et al.,
2005) and induced iTyeq cells in media supplemented with or without ASC. To assess

the stability Foxp3 expression, we sorted GFP™ iTeq cells 4 d later and cultured them in
media containing recombinant IL-2, IL-2 neutralization antibodies (alL-2), or JQ1 together
with immobilized anti-CD3 and anti-CD28 antibodies (Figure 2B). More than 80% of
mock-treated iTyeq cells lost Foxp3 expression after IL-2 deprivation and approximately 50%
of cells maintained Foxp3 expression in the presence of IL-2 (Figure 2C). Remarkably, more
than 80% of ASC-treated iT g cells remained Foxp3* regardless of the culture conditions,
resembling stable nTeq cells (Figures 2C, S2A, and S2B). Notably, Foxp3 expression levels
were still controlled by IL-2 signaling in ASC-treated iTyeq cells. These results suggest

that ASC treatment separates the mechanisms controlling the stability and levels of Foxp3
expression.

To further understand Foxp3 transcription during this transition, we pulse chased newly
synthesized RNA with EU and compared the transcriptional activity of Foxp3 in mock-

and ASC-treated iTyeq cells with or without I1L-2 deprivation (Figure 2D). IL-2 deprivation
slightly reduced Foxp3 transcription in mock-treated iTyq cells, suggesting an accumulative
effect of attenuated IL-2 signaling on the stability and levels of Foxp3 expression (Figures
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2C and 2E). In contrast, ASC-treatment drastically enhanced the transcriptional activity of
Foxp3, suggesting an abrupt change of the mechanisms governing Foxp3 transcription.

Next, we tested whether histone acetylation plays a role in maintaining Foxp3 expression in
differentiated iT g cells. We cultured mock- and ASC-treated iT g cells in media containing
titrated amounts of JQ1. Besides the strong effect on cell viability, JQ1 treatment abruptly
silenced Foxp3 expression in live mock-treated iTyeq cells (Figure 2F, 2G, S2C, and S2D). In
contrast, Foxp3 expression was maintained in more than 70% of ASC-treated live iT g cells.
This effect appears to be independent of cell proliferation. Akin to IL-2 deprivation (Figure
2C), JQ1 reduced Foxp3 expression levels in both mock- and ASC-treated iTyeq cells (Figure
2G). Thus, histone acetylation signal via BRD proteins targeted by JQ1 is required to sustain
Foxp3 expression prior to ASC-indued epigenetic changes.

To test the requirement for Tet enzymes, we ablated conditional 7etZ, 7etZ, and 7et3
(7et1-3"7 in CD4 Tn cells with retroviral Cre and verified the deletion efficiency with
gPCR (Figures 2H and S2E). Neither 7etI-3deficiency nor ASC treatment influenced
Foxp3 induction (Figure S2F). However, Cre-transduced iTyeq cells significantly decreased
the stability of Foxp3 expression in ASC-treated iTyeq cells after JQ1 treatment or upon

IL-2 deprivation (Figure 21). 7etablation also eliminated ASC-dependent upregulation of
Foxp3 and CD25 expression (Figures S2G-S2I). We also measured Foxp3 transcripts with
RT-gPCR and observed a profound downregulation of Foxp3 transcription in Cre-transduced
iTreg cells regardless of the culture conditions (Figure 2J). These results confirmed the
requirement for Tet enzymes in the effect of ASC on iTq cells.

In summary, our data suggest that Tet-dependent DNA demethylation switches the drivers of
Foxp3 transcription, conferring stable iTyeq cell identity in adverse environments.

Histone acetylation signal via BRD proteins targeted by JQ1 maintains Foxp3 expression
in mock-treated iTeq cells in trans

Histone acetylation signal may maintain Foxp3 transcription in ¢/svia its promoter or in
trans via other regulators in mock-treated iTeq cells. To distinguish these two models,

we first examined H3K27ac levels at the Foxp3 promoter in iT g cells. Although it was
significantly lower at the early stage of iTeq cell differentiation in the absence of CNSO,
differentiated CNSO-deficient iTeg and mature nTeq cells showed normal H3K27ac levels
(Figure 1J). Because mock-treated CNSO-deficient iTeq cells readily lose Foxp3 expression
without complete Tyeg-induction cues (Dikiy et al., 2021), histone acetylation signal appears
to be insufficient for maintaining Foxp3 expression in ¢/sin these cells.

To test this possibility, we performed SLAM-seq (Muhar et al., 2018) to assess global
transcriptional activity upon acute JQ1 treatment (Figure 3A). We induced iTgq cells and

4 d later treated them with JQ1 or DMSO for 5 h, during which 4-thiouridine (4sU) was
added for 4 h. Although this protocol did not completely avoid the influence of JQ1 on total
RNA transcripts (Figure 3B), we observed a striking effect of acute JQ1 treatment on global
transcriptional activities quantified by normalized, 4sU-labeled new mRNAs (Figure 3C).
ASC treatment affected the levels of both total and newly synthesized RNAs (Figures 3C
and 3D). The former were likely caused by increased or decreased transcriptional activity
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(Figures 3D and S3A). Particularly, new Foxp3 transcripts were significantly increased
in ASC-treated iTeq cells, consistent with the EU labeling result (Figure 2E) and Foxp3
protein levels per cell (Figures 2G and S2H).

We then examined the effect of JQ1 on new mRNAs (Figures 3E, 3F, S3B, and S3C).
Surprisingly, we observed an overall comparable impact (R~ 0.8) of JQ1 in mock- and
ASC-treated iTyeq cells with or without normalization by total reads (Figures 3E, 3G,

and S3D). Foxp3 new transcripts were not significantly changed in JQ1-treated iT,gq cells
without ASC preexposure (Figure 3E), contrary to unstable, lower Foxp3 expression after
long-term JQ1 treatment (Figures 2G, 21, and 2J). Acute JQ1 treatment also did not affect
RNA Pol II, Pol 1l carboxy terminal domain (CTD) serine 2 phosphorylation, or Pol 11
CTD serine 5 phosphorylation at the Foxp3locus (Figure S3E). As a control, Myc was
downregulated by JQ1 in both mock- and ASC-treated iTeq cells, in agreement with a
published report (Muhar et al., 2018). These results suggest that histone acetylation signal
via BRD proteins targeted by JQ1 is not required for the maintenance of Foxp3 expression in
cisin differentiated iTyeq cells.

To understand how JQ1 destabilized Foxp3 expression in the long term, we examined

the genes whose transcriptional activity was affected by JQ1 in iT,eq cells. An unbiased
analysis showed that several known positive regulators of Foxp3 expression were drastically
downregulated in JQ1-treated iTyeq cells (e.g., BachZ, Bel11b, Foxpl, 112ra, Pipn22, Runxl,
Runx3, and SocsI; Figure 3H). This result suggests that histone acetylation signal maintains
Foxp3 expression in mock-treated iTyeq Cells by upregulating the expression of these positive
regulators. Furthermore, although JQ1 treatment downregulated comparable genes in ASC-
treated iTyeq cells (Figures 3G and 3H), it did not impair the stability of Foxp3 expression.
Thus, this functional transition of histone acetylation in Foxp3 induction and maintenance
reflects a key mechanistic switch during iTreg cell differentiation.

To better understand this global effect, we treated iTeq cells with different doses or
durations of JQ1 and assessed Foxp3 expression in live cells 3 d later (Figure 3I). We
observed a dose- and duration-dependent reduction of the stability and expression levels
of Foxp3 in mock-treated iTyeq cells (Figures 3J and 3K). This result suggests that histone
acetylation signal maintains Foxp3 expression via BRD proteins targeted by JQ1 in mock-
treated iTreq cells via an accumulative, global effect.

CNS2 is required for Tet/DNA demethylation-dependent stabilization of Foxp3 expression

To understand how ASC stabilizes Foxp3 expression, we first fine mapped differential
DNA methylation sites in CD4 Tn, effector T (Te), nTyeg, and mock- and ASC-treated
iTreg Cells (Figures 4A, S4A, and S4B). Compared to Tn and Te cells, nTygq cells were
hypomethylated at Foxp3 promoter, CNS2, and several other regions in the locus (Figure
4B). ASC induced hypomethylation of these DMRs in iTq cells to a level comparable to
that in nTeq cells. Although many Teg-specific DMRs (e.g., Lrrc32, //2ra, and Ctlad) were
less hypomethylated in ASC-treated iTyeq cells (Figure S4C), our results (Figures 4B and
S4D-S4F), together with published reports (Sasidharan Nair et al., 2016; Yue et al., 2016),
indicate that ASC-treated iTyeq Cells serve as an excellent ex vivo model in which to study
DNA demethylation-dependent control of Foxp3 expression.
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To verify the requirement for Tet enzymes in ASC-induced hypomethylation of CNS2, we
acutely ablated 7etZ-3with retroviral Cre during iTyeq cell development, which abolished the
effect of ASC on CNS2 demethylation (Figure 4C), supporting the reported role of ASC and
Tet enzymes (Sasidharan Nair et al., 2016; Yue et al., 2016).

To test the sufficiency of CNS2 for ASC-induced stabilization of Foxp3 expression, we
examined Foxp3 expression in CNS2-sufficient and CNS2-deficient iT e cells. In mock-
treated iTyeq cells, TCR restimulation alone or in combination with JQ1, IL-4, or IL-6
drastically diminished Foxp3* cells in both CNS2-sufficient and CNS2-deficient cells
(Figures 4D, 4E, S4G, and S4H). Foxp3 expression in mock-treated CNS2-deficient iTgg
cells appeared to be less stable than that in CNS2-sufficient iT g cells, suggesting a minor
role of CNS2 in maintaining Foxp3 expression before DNA demethylation. Alternatively,
this effect might be caused by low levels of CNS2 demethylation without supplemented
ASC.

ASC treatment drastically stabilized Foxp3 expression in WT iTgq cells regardless of the
culture conditions (Figures 4D, 4E, S4G, and S4H). The same treatment only slightly
stabilized Foxp3 expression in CNS2-deficient iT g cells, suggesting that additional genetic
elements may also be involved, consistent with a broad hypomethylation of Foxp3enhancers
in NTyeg and ASC-treated iTyeq cells (Figure 4B). Quantification of total and nascent Foxp3
transcripts further confirmed that this effect was achieved at the transcriptional level (Figures
4F and 4G). Thus, CNS2 contributes to most, if not all, ASC-dependent stabilization of
Foxp3 expression. Our results largely exclude the global or trans function of Tet/ASC-
induced DNA demethylation in maintaining Foxp3 transcription.

DNA methylation controls chromatin accessibility and nuclear factor binding at CNS2

To understand how CNS2 demethylation controls Foxp3 expression, we first examined
H3K27ac levels and observed a significant increase between Foxp3 promoter and CNS2
upon ASC treatment (Figures 5A and 5B). We then assessed chromatin architecture with
ATAC-seq (Buenrostro et al., 2013). Among 3,320 genetic elements with significantly
changed accessibility upon ASC treatment, CNS2 became as accessible as that in nTeg
cells (Figures 5A and 5C; Samstein et al., 2012), which may facilitate nuclear factor
binding. To test this possibility, we assessed Stat5 binding because of its known role in
Foxp3 expression. Among 1,127 Stat5-binding sites, 39 were enhanced or attenuated (p <
0.01) in ASC-treated iTyeq cells (Figures 5A and 5D). Particularly, Stat5 binding at CNS2
was drastically increased upon ASC treatment. In comparison, Stat5 binding at CNSO was
unchanged.

ASC treatment also increased RNA Pol Il occupancy at 117 genes (p < 0.01) with Foxp3on
the top (Figures 5A and 5E). Similarly, increased Stat5 and Pol Il binding at other genetic
elements in iTyeq cells upon ASC treatment was associated with reduced DNA methylation
and higher levels of H3K27ac (Figures 5F and Figure 5G).

To test whether Stat5 binding at CNS2 was Tyeq cell specific, we compared mock- and
ASC-treated ThO cells (neutrally activated CD4 Tn cells) and iTyeq cells. We observed
Stat5 binding at CNS2 in ASC-treated iTyeg cells but not in mock-treated iTyeq cells or
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ASC-treated ThO cells (Figure 5H). Ablation of 7etZ-3with retroviral Cre 2 d before ASC
treatment eliminated Stat5 binding at CNS2 (Figure 51), supporting the role of Tet-induced
DNA demethylation. We then tested whether this effect also applies to nTyeq cells. Because
the transition state of DNA demethylation cannot be readily captured /n vivo, we compared
Stat5 binding, chromatin accessibility, and differential DNA methylation. Stat5 binding was
highly enriched at hypomethylated, accessible regions in nTygq cells (Figures S5A and S5B),
suggesting a causal role of DNA methylation in chromatin accessibility and Stat5 binding.

Increased CNS2 accessibility may also facilitate the binding of other nuclear factors. We
then examined Foxp3 association with CNS2, a feedforward loop proposed to stabilize Teg
cell fate (Rudensky, 2011). Indeed, Foxp3 binding at CNS2 was drastically increased in
ASC-treated 7et1-3"7 T qq cells but not in cells transduced with retroviral Cre before ASC
treatment (Figure 5J). Notably, CNS2 deficiency did not influence chromatin accessibility
around the Foxp3locus in iTyeq cells or DNA methylation levels in nTyeq cells (Figure S5C)
(Zong et al., 2021). Taken together, although the factors that differentially bind at CNS2
remain to be fully determined, DNA demethylation appears to rewire the regulatory circuits
controlling Foxp3 transcription by modulating the binding of nuclear factors.

Assessment of the role of Foxp3 feedforward loop in maintaining Foxp3 transcription

Next, we attempted to understand these regulatory circuits assembled via hypomethylated
CNS2. Stat5 binding at CNS2 appeared to be insufficient to account for stable Foxp3
expression in ASC-treated iT g cells when IL-2 was deprived (Figure 2C). We then tested
whether Foxp3 binding at CNS2 provides a strong feedforward loop in stabilizing Foxp3
transcription. To this end, we used Foxp3/oxP- Thy1.1-Stop-loxP-gip ( Foxp3-SL) knockin mice
(Hu et al., 2021) to report Foxp3 transcription by Thy1.1 without producing functional
Foxp3 protein (Figure 6A). Because these mice had severe autoimmune inflammation, we
generated chimeric mice with WT CD45.1 and Foxp3-SL CD45.2 bone marrow cells mixed
ata 1:1 ratio to suppress autoreactive Te cells (Figure 6B). We isolated CD45.2* Foxp3-St
CD4 Tn cells from these healthy chimeric mice and induced Thyl.1-expressing “wannabe”
iTreg Cells in Treg-induction media with or without supplemented ASC. Lack of Foxp3
protein appeared to be dispensable for Thy1.1 induction (Figure S6A). ASC treatment led
to a mild increase of GFP-Foxp3 fusion protein in WT iT,gq cells and of Thy1.1 protein in
wannabe iTyeq cells (Figures S6B and S6C).

We then assessed the stability of Thy1.1 expression /in7 vitro. More than 55% of control

iTreg cells and more than 80% of wannabe iT eq cells failed to maintain Foxp3 or Thy1.1
expression, respectively (Figure 6C), suggesting a role of the Foxp3 feedforward loop in
sustaining Foxp3 transcription likely through a DNA demethylation and CNS2-independent
mechanism. Among ASC-treated cells, Foxp3* or Thy1.1* cells were drastically increased.
Consistently, ASC treatment significantly enhanced nascent Thy1.1 transcripts (Figure 6D).

To examine the stability of Thy1.1 expression /7 vivo, we sorted wannabe iTyeq cells
and cotransferred them with CD45.1 Tn and nT g cells into Rag1~!~ mice (Figure 6E).
Two weeks later, approximately 20% of mock-treated and 80% of ASC-treated wannabe
iTreg cells maintained Thy1.1 expression (Figures 6F and 6G). To test the stability of
Thy1.1 expression in wannabe Tyeq cells developed /7 vivo, we sorted nTyeq cells from
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male Foxp3P mice and CD4*Thy1.1* wannabe Tieq cells from male Foxp3-St mice

and cotransferred them with CD45.1 CD4 Tn and nTgq cells into Rag1~!~ mice (Figure
6H). Two weeks later, approximately 90% of nTeq cells maintained Foxp3 expression

and 70%-80% of wannabe Tyeq cells remained Thy1.1* (Figure 61). These results indicate
that the Foxp3 feedforward regulation is a minor contributor to Tet-induced stable Foxp3
transcription. However, an absence of Foxp3 protein reduced CD25 and CTLA-4 expression
in a cell-intrinsic manner (Figures 6J and 6K). Lower levels of CD25 may contribute to
decreased wannabe Tyeq cell numbers (Figure S6D).

Therefore, Stat5 and Foxp3 binding at CNS2 may play only a minor role, if any, in
stabilizing Foxp3 transcription in iT,eq cells upon Tet-induced DNA demethylation.

Multiple pathways regulate the stability of Foxp3 expression in fully differentiated iT egq

cells

Previous studies identified several nuclear factors or pathways in the maintenance of Foxp3
expression, including Foxol, Ikzfl, Runx/CBFB, Smarcdl, and Usp22 (Agnihotri et al.,
2017; Cortez et al., 2020; Kerdiles et al., 2010; Loo et al., 2020; Ouyang et al., 2010; Rudra
et al., 2009). We then tested whether these factors contribute to stable Foxp3 expression

in ASC-treated iTygq cells. Using the CRISPR approach (Figure 7A) (Platt et al., 2014),

we found that, as expected, knockdown of these factors impaired the stability of Foxp3
expression in mock-treated iTreq cells (Figures 7B and 7C). Remarkably, ASC treatment
always demonstrated an additive effect on the stability and levels of Foxp3 expression,
suggesting multiple independent pathways governing the stability of Foxp3 expression. The
Tet/ASC-CNS?2 axis likely stabilizes Foxp3 transcription through several downstream factors
or pathways that act in a partially redundant manner.

In summary, we modeled Tyeq cell induction and lineage commitment with the
differentiation of CD4 Tn cells to iT g cells to understand the transcriptional drivers of
Foxp3 expression during this process (Figure 7D). We found that histone acetylation signal
via BRD proteins targeted by JQ1 was required for the initiation of Foxp3 induction in

cis, upon induction, it sustained Foxp3 expression in frans by maintaining the expression of
Foxp3 positive regulators; and subsequently Tet/ASC-induced DNA demethylation of Foxp3
enhancer CNS2 obviated the need for this histone acetylation signal in sustaining Foxp3
transcription. These distinct epigenetic mechanisms depict sequential mechanistic switches
governing iTyeq cell lineage commitment.

DISCUSSION

Although stabilization of Foxp3 expression in iTyeg cells upon ASC treatment is mainly
mediated by CNS2, CNS2 deficiency only slightly impairs the stability of Foxp3 expression
in nTyeq cells (Feng et al., 2014; Li et al., 2014; Zheng et al., 2010). CNSO plays a
complementary role in maintaining Foxp3 expression in CNS2-deficient nT g cells (Zong
etal., 2021) but not in ASC-treated CNS2-deficient iT g cells. Undetermined differences of
epigenetic programs in ASC-treated iTyeq cells likely fail to activate CNSO to sustain Foxp3
expression in the absence of CNS2.
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The distinct roles of histone acetylation signal via BRD proteins targeted by JQ1 in
Foxp3 induction and maintenance reflect the mechanistic switches governing T cell
differentiation. This mechanism can also be targeted to enhance or restrict Tyeq cell
development /in vivo. For example, short chain fatty acid butyrate enhances histone
acetylation by inhibiting HDAC activ ity, thus promoting Tyeq cell development (Arpaia
et al., 2013; Furusawa et al., 2013).

Consistent with a recent report (Yue et al., 2021), we found that ASC treatment increases

the chromatin accessibility of CNS2 in iTyq cells, accompanied by markedly enhanced
Stat5 and Foxp3 binding. Although similar results have been shown by /n vitro binding and
reporter assays (Kim and Leonard, 2007; Polansky et al., 2010; Zheng et al., 2010), in the
absence of native genomic context, such data did not reveal the function of individual factors
bound at hypomethylated CNS2. We found that demethylation of CNS2 induces a drastic
switch of the regulatory modes of Foxp3 transcription. Counterintuitively, Stat5 and Foxp3
binding at hypomethylated CNS2 appears to play only a minor role, if any, in stabilizing
Foxp3 expression.

Demethylation of 12 CpG sites in CNS2 during iTyeq cell development likely creates
“parallel” regulatory circuits such that loss of the binding of individual factors would
generate a minor impact on the stability of Foxp3 transcription. Our CRISPR knockdown
experiment suggests that several nuclear factors reported for the maintenance of Foxp3
expression might act in parallel to the Tet/ ASC-DNA demethylation pathway. These data
together with the coordinative function between CNSO and CNS2 (Zong et al., 2021) argue
that Foxp3 expression in mature Teq cells is controlled by multiple factors or pathways
including DNA demethylation—dependent and DNA demethylation-independent mechanisms
to reinforce stable Foxp3 expression and Teq cell fate. Notably, 5-hydroxymethylcytosine
(hmC) as an intermediate step of Tet/ASC-induced DNA demethylation has been captured
in a broad range of the Foxp3 locus during Tyeq fate determination (Yue et al., 2021; Yue et
al., 2016). Future work is needed to reveal its dynamic regulation and potential function in
Foxp3 expression.

Limitations of the study

Our study heavily relies on pharmacological inhibitors. Although their target specificities
have been proven, genetic approaches are needed to confirm our results. JQ1 blocks

only a subset of histone acetylation readers. Future experiments are required to determine
whether other histone acetylation readers also play important roles in Foxp3 induction and
maintenance. Because of the considerable differences between ASC-treated iTyeg and nTeq
cells, the epigenetic mechanisms revealed in this study should be verified with nTyq cells
during their differentiation /n vivo.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Yonggiang Feng
(yong.feng@stjude.org).

Materials availability—The materials are listed in the Key resources table, and are
available from the Lead Contact.

Data and code availability

. The sequencing data have been deposited at https://www.ncbi.nlm.nih.gov/geo/
with accession humber GSE146250.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal experiments were approved by St. Jude Children’s Research Hospital’s
Institutional Animal Care and Use Committee (approval number 612). All mice were
maintained and bred in a specific pathogen—free facility. Six- to twelve-week-old male
and female mice were used for T,eq experiments. Because the Foxp3 gene is on

the X chromosome, which undergoes random inactivation in females, male mice were
used for epigenetic experiments, including whole-genome bisulfite sequencing, chromatin
accessibility, ChIP, and Cut&Run assays. Foxp39, FoxpIACNSZ9m, Foxp3ACNSC-9i and
Tet1M Tt Tet3f ( Tet1- 3™ mice were described previously (Dikiy et al., 2021;
Fontenot et al., 2005; Herzig et al., 2017; Zheng et al., 2010). Foxp3/oxP- Thy1.1-Stop-loxP-gip
(Foxp3-SL) mice were generated by inserting the loxP-Thy1.1-Stop-loxP-gfp cassette into
a Foxp3intron before the coding sequence (Hu et al., 2021). Rosa®®? and Foxp39™ mice
were bred to generate R0sa“®9* Foxp39' mice.

METHOD DETAILS

T cell isolation and culture—CD4 T cells from the lymph nodes and spleens

were enriched via EasySep Mouse CD4 T Cell Isolation Kits. CD4 naive T cells (Tn,
CD4*CD25-CD44~CD62LM) and nTeq cells (CD4* GFP*) cells were further sorted by
FACS. T cells were cultured at 37°C, 5% CO, in complete RPMI11640 medium (RPMI1640
supplemented with 10% fetal bovine serum [FBS], 2 mM L-glutamine, 1 mM sodium
pyruvate, 1% non-essential amino acid, 10 mM HEPES, 20 uM 2-mercaptoethanol, 100
U/mL penicillin, and 100 mg/mL streptomycin) and indicated cytokines and compounds. To
trace cell division, cells were labeled with CellTrace Violet according to the manufacturer’s
protocols.

Treg cell induction and stability assays—Induction of Tyeq or wannabe Tyeq cell
differentiation /n vitro was conducted according to published protocols (Feng et al., 2015;
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Yue et al., 2016). Briefly, plates or dishes were precoated with anti-CD3 and anti-CD28
antibodies (1 ug/mL) in PBS at 37°C for 2 h to culture FACS-sorted CD4 Tn cells from

WT Foxp39, Foxp3ACNSZ9m or Foxp3PCNSC91 mice, or mixed bone marrow chimeras of
WT or Foxp3-SL in complete RPMI1640 supplemented with recombinant human IL-2 (100
U/mL) and recombinant human TGF-$ (1 ng/mL) for 4 d with or without 0.25 mM ascorbic
acid-2-phosphate or indicated compounds. To test the stability of Foxp3 transcription,

iTreg Or wannabe iTyeq cells that were sorted based on GFP-Foxp3 or Thy1.1 expression,
respectively, after 4 d of induction were further cultured on plates pre-coated with anti-CD3
and anti-CD28 antibodies (1 pg/mL each), recombinant human IL-2 (100 U/mL), IL-2
neutralization antibodies (25 pg/mL each of JES6-54H and S4B6-1), or indicated cytokines
or compounds for 4 more d. The nTyq cells were cultured in the presence of Dynabeads
Mouse T-Activator CD3/CD28 with 500 U/mL recombinant human IL-2 for 4 d and then
given fresh media with recombinant human IL-2 and indicated cytokines or compounds

for 4 more d. CD4 Tn cells were cultured on anti-CD3 and anti-CD28 antibody—coated
plates or dishes with recombinant human IL-2 for 4 d to generate ThO cells. After Tgq

cell induction or stability assays, cells were collected and stained with viability dye and
fluorophore-conjugated antibodies for flow-cytometry analysis.

Flow-cytometry analysis—Cell staining and flow-cytometry analyses were performed as
we previously described (Zong et al., 2021). Briefly, cells were first stained with fixable
viability dye, then incubated with indicated antibodies against cell surface markers followed
by fixation/permeabilization with the Foxp3/Transcription Factor Staining Buffer Set and
intracellular staining for Foxp3, if needed. Cells were fixed in 1% formaldehyde for 10 min
after staining. FACS analyses were performed on LSRII or LSR Fortessa flow cytometers;
data were analyzed via FlowJo (BD Biosciences).

Bisulfite sequencing—Cells used for bisulfite sequencing were sorted from male
Foxp39™ mice with or without /7 vitro culture. The following markers were used to sort
cells: Tn, CD4*GFP~CD25-CD44/°CD62LN'; Te, CD4*GFP~CD44"CD62L'%; and Treg,
CD4*GFP™*. Genomic DNA was prepared from sorted cells by proteinase K digestion
followed by phenol:chloroform:isoamyl alcohol extraction and 2-propanol precipitation.
More than 100 ng of genomic DNA in each sample was converted via EpiTect Bisulfite
Kits (QIAGEN). Bisulfite conversion efficiency was tested via PCR and Sanger sequencing
of Foxp3enhancer CNS2 as we previously described (Feng et al., 2014). To perform
whole-genome bisulfite sequencing, libraries were prepared from converted DNA by using
the Accel-NGS Methyl-Seq DNA Library Kit (Swift Biosciences), analyzed for insert

size distribution on a 2100 BioAnalyzer (Agilent Technologies), and quantified by using
the Quant-iT PicoGreen ds DNA assay kits (Life Technologies). Paired-end, 100-cycle
sequencing was performed on a Hi-seq 4000 (Illumina) to achieve an average 40 x coverage.

ATAC Sequencing—ATAC-Seq was performed as previously reported (Buenrostro et al.,
2015). Briefly, 5 x 104 cells were FACS sorted and lysed in 300 uL of ice-cold lysis buffer

(10 mM Tris-HCI, pH 7.5, 10 mM NaCl, 3 mM MgCl,, 0.1% NP-40). After centrifugation,
the supernatant was removed; 50 pL of reaction mix containing 25 pL of TD buffer, 2.5

pL of TDE1 (Illumina Nextera DNA Library Preparation Kit), and 22.5 UL of nuclease-free
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water was immediately added to perform transposition at 42°C for 40 min. DNA was
purified by using the NucleoSpin Gel and PCR Clean-up kit (MACHEREY-NAGEL). The
transposed DNA was amplified by PCR for 10-12 cycles by using the Nextera DNA Library
Preparation Kit and Nextera XT Indexing Kit (Illumina). The library DNA within the 150-
to 500-bp range was enriched by AMPure XP beads, quantified by NEBNext Library Quant
Kit, and sequenced with paired-end 100 cycles on a HiSeq 4000 sequencer (Illumina).

ChIP gPCR and sequencing—CD4 Tn cells from Foxp39™, Foxp3ACNS2-9io or
Foxp3*CNVSC-9P male mice were induced to become iTyeq or ThO cells in the presence or
absence of 0.25 mM ascorbic acid-2-phosphate. The nTyeq cells from Foxp39™ male mice
were FACS sorted and expanded /n vitro for 5 d by using Dynabeads Mouse T-Activator
CD3/CD28 in the presence of 500 U/mL recombinant IL-2. To perform Stat5 ChIP, iTeg

or NTyeq cells were starved for 3 h in complete RPMI1640 without cytokines. Cells were
then restimulated with 500 U/mL IL-2 for 30 min. For Stat5, Foxp3, and RNA polymerase
I1 ChIP, a two-step protocol was used to fix the cells as we previously described (Feng et
al., 2014). In brief, cells were resuspended at 5 x 108 cells/mL in 1 mM MgCl,/PBS and
treated with 2 mM DSG cross-linker at room temperature for 30 min on a rotator. Cells
were then washed twice with PBS and fixed with 1% formaldehyde at room temperature for
5 min. Fixation was quenched by adding 125 mM glycine. Cells were washed once with ice-
cold PBS, aliquoted, and either frozen at —80°C or immediately processed by downstream
reactions. Chromatin sonication was performed by using the truChIP Chromatin Shearing
Kit (Covaris) with Focused-Ultrasonicator M220 (Corvaris) following the manufacturer’s
instructions. 10 x 10 cells were used for each ChIP. Chromatin was sheared to 400-800
bp; 10% of samples were aliquoted as input control. In each ChIP reaction, 5 pL of rabbit
anti-Statb, 10 pL of rabbit anti-Foxp3, 4 pl of rabbit anti-RNA polymerase 11 antibodies,

or control rabbit 1gG were added to the lysis/binding buffer (50 mM HEPES pH 8.0, 1

mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NacCl, 1
mM PMSF, and protease inhibitor cocktail) to precipitate the chromatin. After an overnight
incubation, protein A and protein G magnetic beads were added to capture the antibody-
chromatin complexes. Next, beads were washed according to our published protocols (Feng
et al., 2014). To release the DNA, ChIP samples were treated with proteinase K, followed by
phenol: chloroform:isoamyl alcohol extraction and 2-propanol precipitation in the presence
of GlycoBlue Coprecipitant. DNA pellets were dissolved in 1 x TE buffer (10 mM Tris HCI
pH 8.0, 1 mM EDTA) for gPCR or deep sequencing.

For histone H3K27ac ChIP, CD4 Tn cells from Foxp39™ or Foxp3ACNSF9/ male mice

were induced to iTreg or ThO cells in the presence or absence of 0.25 mM ascorbic acid-2-
phosphate for 4 d or cultured in Tyeg-induction medium for 24 h with or without JQ1 or

C646. iT g cells were FACS sorted by GFP expression at d 4 of induction, resuspended at
5 x 10% cells/mL in PBS, fixed with 1% formaldehyde at room temperature for 5 min, and
then quenched by 125 mM glycine. 2 x 10 cells were used for each ChIP. Chromatin was
sheared to 200-500 bp, and 1 pl of rabbit anti-H3K27ac antibody was used for each ChlP.

To quantify the precipitated DNA, qgPCR was performed with locus- or region-specific
primers, PowerUp SYBR Green Master Mix, and the CFX384 Real Time PCR System
(Bio-Rad). Relative enrichment of the targets was calculated by normalizing the signals of
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the precipitated DNA to those of the input samples. To perform ChIP-Seq, libraries were
prepared with precipitated DNA by using the KAPA Hyper Prep Kits. The library DNA was
enriched by size selection with AMPure XP beads and quantified by using the NEBNext
Library Quant Kit. Indexed samples were pooled together for 100 cycles of paired end
sequencing on a HiSeq 4000 or HiSeq 2500 system (Illumina). More than 40 million reads
per sample were sequenced for downstream analysis.

Quantification of nascent RNA—Cells were labeled with 0.5 mM ethynyl uridine

for 45 min (2.5 x 10° cells/mL culture medium) before being lysed with TRIzol reagent
according to the manufacturer’s protocol. Total RNA was isolated via chloroform separation
and 2-propanol precipitation; 1 ug RNA was then used for the click reaction followed by a
purification with Dynabeads MyOne Streptavidin T1 beads according to the manufacturer’s
protocol (Click-iT Nascent RNA Capture Kits). Enriched nascent RNA was immediately
used as a template to generate cONA with the SuperScript VILO cDNA Synthesis Kit.
Quantification of Foxp3 transcripts was conducted with specific primers on the CFX384
Real Time PCR System.

Quantification of total mMRNA—L.ve cells were sorted after induction or stability assays
and lysed with TRIzol reagent according to the manufacturer’s protocol. Total RNA was
isolated by 2-propanol precipitation. 1 pg RNA was then used to generate cDNA with the
SuperScript VILO cDNA Synthesis Kits. Quantification of Foxp3 transcripts was conducted
with specific primers on the CFX384 Real Time PCR System.

SLAM Sequencing—SLAM-seq was performed according to published protocols (Muhar
et al., 2018). Briefly, CD4 Tn cells isolated from Foxp39’P male mice were induced to iTreg
cells in the presence or absence of 0.25 mM ascorbic acid-2-phosphate. After induction,
iTreg cells were FACS sorted by GFP expression and reseeded onto 12-well plates precoated
with anti-CD3 and anti-CD28 antibodies (1 pg/mL in PBS) at 2 x 106 cells per well with
complete RPMI supplemented with 100 U/mL IL-2, 5 pM JQ1, or DMSO. 1 h later, 100
UM 4-thiouridine (4sU) was added to culture medium for 4 h to label newly synthesized
RNA. Cells were then harvested and lysed by TRIzol reagent to isolate total RNA according
to the manufacturer’s protocols. 5 pg of total RNA from each sample was used to purify
4sU-labeled RNA. Sequencing libraries were then prepared and sequenced on the NovaSeq
platform (lllumina).

Mixed bone marrow chimeras—Mixed bone marrow chimeric mice were generated as
we previously described (Zong et al., 2021). Briefly, recipient mice (CD45.1*CD45.2%) were
lethally irradiated (9.5 Gy) 24 h before intravenous injection of 5 x 106 to 10 x 106 bone
marrow cells from CD45.1 WT and CD45.2 Foxp3-5L mice mixed at a 1:1 ratio. After bone
marrow transfer, the recipient mice were administered neomycin (2 mg/mL) in drinking
water for 3 weeks and euthanized for CD4 T cell preparations 8-10 weeks later.

Cut&Run Sequencing—Viable Ty cells were sorted by Foxp39™ reporter expression
after induction. Cut&Run was performed as described (Skene and Henikoff, 2017). Briefly,
1x 106 iTreg cells were first attached to Concanavalin A (ConA)-coated magnetic beads,
permeabilized with digitonin-wash buffer (20 mM HEPES, pH7.5, 150 mM NaCl, 0.5 mM
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spermidine, 0.01% digitonin, and protease inhibitors), and then incubated with antibody
(1:100 H3K27ac) for 2 h at 4°C on a rotator. The beads-cell mixture was washed thrice
with digitonin-wash buffer, resuspended in 200 pL of protein A-MNase, and incubated for
1 h at 4°C on a rotator. After 3 rounds of washing, beads were resuspended in 150 pL

of digitonin-wash buffer and chilled in an ice-water bath for 5 min; 3 uL of 100 mM
CaCl, was added into the tubes with gentle vortexing, and the beads were incubated in

an ice-water bath for 30 min. Next, 150 pL of 2 x STOP buffer (170 mM NacCl, 20 mM
EDTA, 20 mM EGTA, 0.05% digitonin, 20 mg/mL GlycoBlue, 25 mg/mL RNase A) was
added and incubated at 37°C for 30 min. After clarification on a magnet stand, supernatant
was transferred to a fresh tube for phenol:chloroform extraction and ethanol precipitation.
A library was prepared by using KAPA Hyper Prep Kits, and 5 ng DNA was loaded for
high-throughput sequencing.

Retroviral vectors—The retroviral backbone pSIR-DsRed-Express2 were purchased from
Addgene (Fujita and Fujii, 2014). To facilitate sgRNA cloning, we removed 3 Bbsl sites
using QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies).
Next, we inserted the U6 promoter-Bbsl-sgRNA-Bbsl cassette into the modified vector
backbone between Hindlll and EcoRl sites. The resulting pSIR-DsRed (Bbsl) vector was
validated by Sanger sequencing. We also generated pSIR-Thy1.1 (Bbsl) vector by changing
the reporter gene. These modified retroviral vectors enable direct cloning of sgRNA coding
sequences with 2 Bbsl restriction sites according to standard protocols. To clone the control
or gene-specific SgRNAs into pSIR-Thy1.1 or pSIR-DsRed, 2 complementary strands of
DNA oligoes were synthesized, annealed, and ligated to the Bbsl-digested vector backbone
with T4 DNA ligase. The inserts were confirmed by Sanger sequencing.

Retroviral packaging and transduction—Retroviral packing and transduction of
mouse primary T cells were conducted according to our published protocols with minor
modifications (Zong et al., 2021). Platinum-E (Plat-E) cells were used to package the
retrovirus. These cells were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS), 10 mM HEPES, 100 U/mL penicillin, and 100 mg/mL streptomycin. In particular, 1
pg/mL puromycin and 10 pg/mL blasticidin were added into the culture media to maintain
Plat-E cells according to the manufacturer’s manual. 24 h before transfection, cells were
seeded on new dishes in media without puromycin and blasticidin. sgRNA-expressing
plasmid and pCIl-Eco were cotransfected into these cells with TransIT-293 Transfection
Reagent. 2-3 d after transfection, viral supernatant was collected and filtered with 0.45

um syringe filters, aliquoted, and stored at —80°C. A similar protocol was used to prepare
control and Cre-expressing retrovirus with pMigR1-IRES-Thy1.1 or pMigR1-Cre-IRES-
Thy1.1 plasmids, respectively.

Retrovirus titration and transduction—Titers of retroviral preps were assessed to
ensure proper transduction efficiency. Specifically, 1 x 10° Tn cells were seeded on one
well of 96-well plates precoated with anti-CD3 and anti-CD28 antibodies (1 ug/mL each

in PBS) to induce Tyeq cell differentiation with recombinant human IL-2 (100 U/mL) and
recombinant human TGF-p (1 ng/mL). 24 h later, 10 mg/mL polybrene and titrated amounts
of viral preps were added. Cells were centrifuged at 1,200 g, 37°C for 90 min. After
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transduction, culture medium was changed to fresh complete RPMI11640 supplemented with
new IL-2 and TGF-B. 3 d later, cells were stained and analyzed for Thy1.1 expression by
flow cytometry to determine the transduction efficiency and viral titers.

To examine the factors controlling Foxp3 expression after Tet-induced DNA demethylation,
CD4 Tn cells sorted from Rosac@9%* Foxp39™P mice were cultured in 6-well plates precoated
with anti-CD3 and anti-CD28 antibodies at 1 x 106 cells per well in Treg-induction medium
supplemented with 0.25 mM ascorbic acid-2-phosphate. After 3 d of culture, cells were
transduced with sgRNA-expressing retrovirus. To assay the stability of Foxp3 expression,
cells were collected and reseeded into aCD3/aCD28 precoated 96-well plate with complete
RPMI1640 supplemented with 100 U/mL recombinant human IL-2 for 4 d. Cells were then
harvested, stained, and analyzed by flow cytometers.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bisulfite sequencing—Bisulfite sequencing data were aligned to mouse genome mm39 by
using BSMAP2.74 (Xi and Li, 2009). The methylation ratio for each CpG site was extracted
by methratio.py from BSMAP2.74 and then converted to bw file for visualization. The M
values for the 3,000 most variable CpG sites were used for hierarchical clustering and PCA
analyses. M value = log, (C count/T count) at a CpG site (an offset value of 0.5 was added).

ATAC sequencing—Paired-end reads of 100 bp were trimmed by cutadapt (version 1.9,
paired-end mode, default parameter with “-m 25 -O 6”) (Martin, 2011) and aligned to
mouse genome mm9 (MGSCv37 from Sanger) by BWA (version 0.7.12-r1039, default
parameter) (Li and Durbin, 2009). Duplicate reads were marked by biobambam2 (version
v2.0.87) (Tischler and Leonard, 2014); non-duplicate, properly paired reads were kept by
samtools (parameter “-q 1 -F 1804” version 1.2) (Li et al., 2009). To adjust Tn5 shift,

reads were offset by +4 bp for the sense strand and -5 bp for the antisense strand. We

used fragment size to separate reads into nucleosome-free, mononucleosome, dinucleosome,
and trinucleosome groups as described (Buenrostro et al., 2013) and generated bw files

by using the center 80 bp of fragments and scale to 20 million nucleosome-free reads.

Two replicates were merged to enhance peak calling by MACS2 (version 2.1.1.20160309
default parameters with “—extsize 200-nomodel *) (Zhang et al., 2008). All the important
nucleosome-free regions were considered to have been called if a sample had more than

15 million nucleosome-free reads after merging. To ensure reproducibility, we first merged
peaks from different cell types to create a set of reference chromatin-accessible regions.
We then used bedtools (v2.24.0) (Quinlan and Hall, 2010) to count nucleosome-free reads
from each sample to overlay with the reference regions. To identify differentially accessible
regions, we first normalized raw nucleosome-free reads counts by using trimmed mean of
M-values (TMM) and then applied empirical Bayes statistics testing after linear fitting with
voom package (R 3.23, edgeR 3.12.1, limma 3.26.9) (Law et al., 2014). A false discovery
rate (FDR) adjusted P value < 0.05 and fold change > 2 were used as cutoff values for
differentially accessible regions.

ChlIP sequencing—Single-end reads of 50 bp were mapped to mouse genome mm9
(MGSCv37 from Sanger) by BWA (version 0.7.12-r1039, default parameter) (Li and
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Durbin, 2009). Duplicate reads were marked with biobambam2 (version v2.0.87) (Tischler
and Leonard, 2014); non-duplicate reads were kept by samtools (parameter “-q 1 -F 1024”
version 1.2) (Li et al., 2009). We followed ENCODE guidelines to assess the quality

of our data as previously described (Yang et al., 2019). Next, we extended reads to

fragment size (detected by SPP v1.1) (Kharchenko et al., 2008) and generated bw tracks
(normalized to 10 million uniquely mapped reads) for visualization. We used MACS?2
(version 2.1.1.20160309, parameters “—nomodel—extsize fragment size”) to call peaks. To
assure reproducibility, we finalized the peaks for each group if they were called with a
stringent cutoff value (FDR-adjusted P value < 0.05 in MACS2) in one sample and at least
called with a lower cutoff value (FDR-corrected P value < 0.5 in MACS2) in the other.
Peaks were further merged between groups. Reads were extended to fragment size for each
sample via bedtools (v2.24.0) (Quinlan and Hall, 2010). We used correlation plots to assess
the reproducibility among replicates. After TMM normalization, we used empirical Bayes
statistics testing after linear fitting from voom package (R 3.23, edgeR 3.12.1, limma 3.26.9)
(Law et al., 2014) to identify differential binding sites. FDR-adjusted P value < 0.05 and fold
change > 2 were used as cutoff values.

Cut&Run sequencing—After adaptor trimming by cutadapt (version 1.9, paired-end
mode, default parameter with “ -m 25 -0 6 ) (Martin, 2011), 50-bp paired-end reads

were mapped to mouse genome mm9 (MGSCv37 from Sanger) by using BWA (version
0.7.12-r1039, default parameter) (Li and Durbin, 2009). Duplicate reads were marked with
biobambam2 (version v2.0.87) (Tischler and Leonard, 2014); non-duplicate reads were kept
by samtools (parameter “-q 1 -F 1804” version 1.2) (Li et al., 2009). At least 5 million reads
per sample were used for further analysis, as suggested in published research (Skene et al.,
2018). We generated bw files using the center 80 bp of fragments smaller than 2000 bp and
normalizing the reads counts to 10 million fragments.

SLAM sequencing—Single-end reads of 100 bp were first trimmed by cutadapt (version
1.9, default parameter with “ -m 25 -O 6 ) (Martin, 2011) and then aligned to mouse
genome mm9 (MGSCv37 from Sanger) by SLAMDUNK (version 0.4.0, parameters “~5

12 -n 100 -¢ 2 -mv 0.2 -m -rl 100”) (Neumann et al., 2019). 3"UTR bed files from

Gencode vM17 (liftOver from mm9) (Harrow et al., 2012) were used for reads counting

and gene-based counting (SLAMDUNK collapse function). All samples achieved more than
100 million reads (median 120 million) and at least 98.4% mapping rate. Quality control
results from SLAMDUNK (alleyoop function, all default parameters except “-mgq 2” for
rates subfunction) were comparable to those from published SLAM-seq data (Muhar et al.,
2018).

We took the results table from SLAMDUNK and first filtered genes that required at least
10 “readCount,” 2 “tcReadCount,” and counts per million (CPM) > 1. For each comparison,
we performed two differential expression analyses using two normalization methods. For
nascent RNA analysis (new mRNA), we normalized nascent RNA (“tcReadCount”) with
trimmed mean of M-values normalization method (TMM). For normalized nascent RNA
analysis (normalized new mRNA), we normalized nascent RNA with total “readCount.” We
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then applied Empirical Bayes Statistics test to “tcReadCount” after linear fitting from voom
packge (R 3.23, edgeR 3.12.1, limma 3.26.9) (Law et al., 2014).

STATISTICAL ANALYSIS

Statistical tests were performed using GraphPad Prism (GraphPad Software) or the R
statistical environment. For data with a small sample size, a robust nonparametric Mann-
Whitney test was used; otherwise, an unpaired t test was applied. All the statistical details
can be found in the figure legends. ns, not significant. * p < 0.05; ** p < 0.01; *** p <
0.001; and **** p < 0.0001.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Promoter histone acetylation facilitates Foxp3 induction in cis

Histone acetylation maintains Foxp3 transcription in frans before DNA
demethylation

Tet-induced DNA demethylation rewires Foxp3 transcriptional regulation in
cis

Histone acetylation is dispensable for stable Foxp3 transcription afterward
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Figure 1. Histone acetylation drives Foxp3 induction efficiency and expression levels during early
iTreg cell development

(A) Histone H3K27ac around the Foxp3locus assessed by Cut&Run-seq. Pro, promoter.
Cons, DNA sequence conservation among placental mammals. Data represent 3
experiments.

(B) CD4 Tn cells were cultured in Tyeg-induction medium with or without C646 for 4 d
before analysis of Foxp3 expression in live cells. Data show means + SEMs of triplicates
and represent 3 experiments.

(C and D) JQ1 was added during iTyeg cell induction and live cells were gated for analysis
at d 4. MFI, median fluorescence intensity. Data show means + SEMs of triplicates and
represent 3 experiments.

Cell Rep. Author manuscript; available in PMC 2021 December 27.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 25

(E) CD4 Tn cells were cultured in ThO or Tyeg-induction conditions for 24 h in the presence
of DMSO, JQ1 (1 uM), or C646 (10 uM) before analyzing H3K27ac by ChIP qPCR.
Triplicates are shown. Data represent 2 experiments.

(F and G) H3K27ac ChlP-seq of cells described above (E). Numbers of genes significantly
(p < 0.01) increased or decreased are shown (F). H3K27ac around the Foxp3locus is
compared among samples (G). Data were pooled from 2 biological replicates. FC, fold
change.

(H) JQ1 (1 uM) was added at d 2 during iTreg induction and cells were analyzed at d 4. Data
show means + SEMs of triplicates and represent 2 experiments.

(1) Quantification of nascent Foxp3 mRNA during acute JQ1 treatment. Triplicates are
shown. Data represent 2 experiments.

(J) H3K27ac at the Foxp3 promoter. Cells were cultured in ThO or Tyeg-induction media for
24 h or 4 d before ChIP gPCR. Data show means + SEMs of triplicates and represent 2
experiments.

(K and L) Foxp3 induction from CD4 Tn cells in the presence of titrated C646 (K) or JQ1
(L) for 4 d. Data show means + SEMs of triplicates and represent 2 experiments.

Unpaired, two-tailed t test.

See also Figure S1.
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Figure 2. Histone acetylation signal via BRD proteins targeted by JQ1 is dispensable for stable
Foxp3 expression in ASC-treated iTgg cells

(A) Schematic processes of Tyeq cell lineage commitment. mCpG, methylated CpG. Off rate
indicates unstable Foxp3 expression.
(B) Experimental procedures for assaying the stability of Foxp3 expression in iTyeq cells.
(C) The stability and levels of Foxp3 expression in mock- and ASC-pretreated iTeq cells.
Technical replicates are shown. Data represent 2 experiments.
(D and E) Quantification of Foxp3 transcription by EU pulse labeling and RT-qPCR.
Triplicates are shown. Data represent 2 experiments.
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(F and G) Foxp3 expression in mock- and ASC-pretreated iTygq cells grown in media
containing titrated JQ1 for an additional 4 d. Data represent 3 experiments.

(H-J) CD4 Tn cells isolated from 7etZ-3"" mice were cultured in Tyeg-induction medium.
Retroviral Cre was transduced at d 1 and PBS or ASC was added from d 3 to d 5. Cells were
then grown in media containing DMSO (with 1L-2), alL-2, or JQ1 (with IL-2) with TCR
agonists for an additional 3 d before analyzing Foxp3* cells (H, 1). Total live cells were also
used to quantify Foxp3 and Gapdh mRNA with RT-gPCR (J). Data show means + SEMs of
triplicates and represent 2 experiments.

Unpaired, two-tailed t test.

See also Figure S2.

Cell Rep. Author manuscript; available in PMC 2021 December 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lietal. Page 28
A SLAM-Seq B © Total reads C - New mRNAs
Mock * Mock Mock *
- Mock Jat Jat
antoDB = Eabiis RNA isolation gw‘ owso) O | oo o0,
w IL-2, TGF-B ‘qo,. —JQ1 or DMSO 4sU conversion < o‘ % ol
ASC or mock ete 0 1 2 3 4 5h sequencing 5 ‘ 2
Precursors iTreg 4sU mapping & 50 8% ‘asc ¥
. ASC ASC . (DMSO) ASC
. (OVSO) @an ¢ ol ©at),
-50 0 50 -80 -40 o 40 8
PC1 (58.3%) PC1 (53.9%)
D r;{eua rER{wt\s[ 4 E New mRNA (Mock)
(normalized by total reads) 56 (normalized by total reads)
kapa P <007 (944) olgfopd P<0.01 JQ1 vs DMSO (Mock)
Up D Tnst
cAkap2 1 6oy 150 ”"“‘“"I - Up
40 3% 6% Q Elka\ 4%] LO8
°Gja5 2 Histthic
lo vII1lrn ’, g 1004 Wmos‘\ & H‘ MQaHahm
> - \mmmri’a //‘"“’25 3,793
o 20 <Car5b Runx1 5,620 s Down
X o 9,566 50 54%
°Gpresb ra
F 91%
| iy ° oTetex1d1 /'{%C
Unchanged o 1
5 -10 5 0 5 10
-5 0 5 1 log, FC (JQ1 vs DMSO)
log, FC (ASC vs Mock)
G New mRNAs (normalized by total reads)
F New mRNA (ASC) ) R?=0.7959
(normalized by total reads) )
<
oTnst
. ong'%P‘ P<001 cHstinte S s , Shiee
. 'Pge'; JQ1 vs DMSO (ASC) 2
Wiy cnza Ml Hi o
o 404 A \ lkzf2 /
2 Wcrﬂ\\em Pl / Hls\znzbe <]
Gaai~” e o (M 2
Tnisfs\ K e / Histhzoo 5
204 e | [Forals o= Histnza 2
Gbp2b/ & I » o— Strip2 o~
Sexo- Kene3 2 Rhoj® © Px<0.01 (4,890)
0 et Run - . = © Py<0.01 (3,608)
-10 5 0 5 10 o g 2 7]
log, FC (JQ1 vs DMSO) log, FC (JQ1 vs DMSO, Mock)
o 5
H ) e 938%  oifowvers 5885, 8879 £2
0B 5etaNNnlE85888 a0 o380 00 8L e O EEEE20RE RO EE
EE R e L Rk e L PR e E e
JQ1 vs DMSO (Mock) )
JQ1 vs DMSO (ASC) 2
Mock ASC Mock ASC
| J . s K .
100 i = £ 20 '
H 1
H ~ H
anti-CD3 anti-CD3 80 ! 2 1
lamzI coze ant.Co28 ' 215 1
L o, L2 & 6 : 3
*4ﬁ> &% > Analysis [ 60 1 = 1
ASC ormock @S 2h 3 : 4 1
CD4 Tn iTreg — 4h L 40 H 5 o}
p— 12h ES ! 3 |
—_— 24h 20 ! 5 5 !
— H * H
JQ1 or DMSO : o [

o
ey 0O qS p SP

Oy ,Lx\h’(\\,f ,Lb:(\’bb’l}\ <
TgM 5pM 1M 5uM

Ja1

Jat

P RS pCa® O O R QD

RO @wu.@,ﬂaawu
1uM  5pM 1uM  5pM
Jai Jai

&N

Figure 3. The role of histone acetylation via BRD proteins targeted by JQ1 in controlling Foxp3

expression in differentiated iTeq cells

(A) Experimental procedures for quantifying global transcriptional activity by SLAM-seq.
(B and C) Principal components analysis of total RNA (B) and 4sU-labeled new mRNA
reads (C). n = 2 replicates. Percentages of total variations are shown in parenthesis.

(D-F) Differentially expressed genes between comparison groups assessed by new RNAs.
Genes significantly up- and downregulated (p < 0.01) are highlighted and counted by the pie

charts.

(G) Comparison of the changes of JQ1 versus DMSO treatment between mock- and ASC-
pretreated iTyeq cells. Genes differentially expressed (p < 0.01) on the x axis are colored in

blue and those on the y axis in green.

(H) Select genes downregulated in JQ1- versus DMSO-treated iTyeq cells (p < 0.01).
(1-K) Mock- or ASC-treated iTyeq cells were sorted at d 4 to assay the reversibility of Foxp3
expression upon JQ1 treatment. Cells were analyzed 3 d later (I). Live cells were gated to
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quantify Foxp3* cells (J) and Foxp3 MFI (K). Data represent two experiments. Unpaired,
two-tailed t test.
See also Figure S3.
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Figure 4. CNS2 is required for Tet/DNA demethylation-dependent stabilization of Foxp3
expression

(A) Experimental procedures.

(B) DNA methylation status around the Foxp3locus. Vertical lines represent individual CpG
sites and methylation levels (MCpG and hmCpG combined) range from 0 (unmethylated)

to 1 (methylated). Data were merged from 2 biological replicates. Regions covered by <5
reads are marked as —0.2.

(C) Methylation status at select CpG sites of CNS2 quantified by bisulfite PCR-seq in iTygq
cells after acute deletion of 7etZ-3followed by mock or ASC treatment. Rows of dots
represent individual DNA molecules.

(D and E) Stability of Foxp3 expression in WT Foxp and Foxp3ACNSZ9M (ACNS2) iTeg
cells pretreated with or without ASC. Stability assay was performed as described in (Figure
2B) in the presence of DMSO (D) or JQ1 (2 uM; E). Data show means + SEMs of triplicates
and represent 3 experiments.
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(F) Quantification of Foxp3 transcripts in iT g cells described above by RT-gPCR. Data
show triplicates represent 2 experiments.

(G) Quantification of nascent Foxp3 transcripts in iTyeg cells upon acute JQ1 treatment. Data
show triplicates and represent 2 experiments.

Unpaired, two-tailed t test.

See also Figure S4.
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Figure 5. DNA methylation controls chromatin accessibility and nuclear factor binding at CNS2
(A) Epigenetic modifications and RNA Pol 11 and Stat5 binding around the Foxp3locus in

mock- and ASC-treated iTyeq cells. Data represent 2 biological replicates.

(B-E) Effects of ASC on H3K27ac (B), chromatin accessibility (C), and Stat5 (D) and RNA
Pol Il binding (E) in iTyeq cells after 4 d treatment. Data were pooled from 2 biological
replicates. Differentially represented peaks are highlighted and counted (p < 0.01).

(F and G) Cross comparison of the levels of mCpG and H3K27ac in regions showing
differential (p < 0.05) Stat5 (F) or RNA Pol Il (G) binding in ASC- versus mock-treated
iTreg cells. Unpaired two-samples Wilcoxon test.

(H) Stat5 ChIP-gPCR with mock- and ASC-treated iTreg and ThO cells after 30 min of IL-2
stimulation. Data represent 2 experiments.

(I and J) Stat5 (1) and Foxp3 (J) ChIP gPCR at CNS2 in iTyeq cells upon acute deletion of
Tet1-3followed by ASC treatment. 7etZ-3%" CD4 Tn cells were transduced with retroviral
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Cre 1 d after activation. ASC or PBS was added to media at d 3. Transduced cells were
sorted 3—-4 d later for ChIP qPCR. Data show means + SEMs of triplicates and represent 2
experiments.

See also Figure S5.
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Figure 6. Assessment of the role of Foxp3 feedforward loop in maintaining Foxp3 transcription

and Teg cell fitness

(A) Schematic of Foxp39™ and Foxp3-St knockin mice.
(B) Experimental procedures for Thy1.1 induction and stability assays /n vitro.

(C) Stability of Foxp3 expression in iTyeq cells and Thy1.1 expression in wannabe iTyeq cells
pretreated with or without ASC. Data show means + SEMs of triplicates and represent 2

experiments.

(D) Quantification of nascent Thy1.1 transcripts in wannabe iTyeq cells upon acute JQ1
treatment by EU pulse labeling and RT-qPCR. Data represent 2 experiments. Unpaired,

two-tailed t test.

(E) Experimental procedures for assessing the stability of Thy1.1 expression in wannabe

iTreg cells /n vivo.
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(F and G) Thy1.1 expression in recovered live CD45.1"CD4*TCRB* cells. n = 5 each

group. LN, lymph node; MLN, mesenteric lymph node. Data represent 2 experiments.
Mann-Whitney test.

(H-K) Assessment of the stability of Foxp3 or Thy1.1 transcription in nTyeg or wannabe Tyeg
cells in vivo. The percentages of GFP* or Thy1.1* cells among live CD45.1"CD4*TCRB*
cells (H, I) and CD25 (J) and CTLA-4 (K) MFIs were calculated in live GFP* or live
Thy1.1* cells. n = 6 each group. Data represent 2 experiments. Mann-Whitney test.

See also Figure S6.
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Figure 7. Multiple pathways regulate the stability of Foxp3 expression in fully differentiated
iTreg cells
(A-C) Foxp3 expression in iTygq cells upon CRISPR knockdown of known regulators. CD4

Tn cells isolated from Foxp39 Rosac?s9 mice were cultured in Treg-induction media with
or without supplemented ASC. Cells were transduced by retroviral sgRNA at d 3 and
GFP-Foxp3* cells were sorted at d 4 to assay the stability of Foxp3 expression (A). Live
cells were gated to quantify Foxp3* cells (B) and Foxp3 MFI (C). NC, non-targeting control
sgRNA. Data show triplicates and represent 2 experiments. Unpaired, two-tailed t test.
(D) A model of transcriptional drivers of Foxp3 expression during iTyeq cell development.
At the initiation stage, Treg-induction cues deposit histone acetylation at Foxp3 promoter
to promote Foxp3 transcription. During the transition state before Tet-induced DNA
demethylation, Foxp3 transcription is maintained by histone acetylation signal in #rans via
multiple positive regulators. After DNA demethylation, both cisand trans mechanisms of
histone acetylation signal are dispensable for maintaining Foxp3 expression. Ac, histone
acetylation.

Cell Rep. Author manuscript; available in PMC 2021 December 27.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lietal.

KEY RESOURCES TABLE

Page 37

Reagent or resource Source Identifier
Antibodies
AF488 anti-CD90.1(Thy1.1) (Clone: OX-7) BioLegend Cat#202506

APC anti-CD44 (Clone: IM7)

Biotin anti-CD90.1(Thy1.1) (Clone: OX-7)
BV711 anti-CD4 (Clone: RM4-5)

BV785 anti-CD25 (Clone: PC61)

CD45.1 (Clone: A20)

eFlour780 Fixable Viability Dye
eFluor450 anti-CD4 (Clone: RM4-5)

FITC anti-CD25 (Clone: PC61)

FITC anti-Foxp3 (Clone: FIK-16 s)

PE anti-CD152(Ctla-4) (Clone: UC10-4B9)
PE anti-CD4 (Clone: RM4-5)

PE anti-mouse 19gG2a

PE Streptavidin

Thermo Fisher Scientific
BioLegend

BioLegend

BioLegend

BioLegend

Thermo Fisher Scientific
Thermo Fisher Scientific
BioLegend

Thermo Fisher Scientific
BioLegend

BioLegend

Jackson ImmunoResearch

Tonbo Biosciences

Cat#17-0441-82
Cat#202510
Cat#100550
Cat#102017
Cat#110724
Cat#65-0865-18
Cat#48-0042-82
Cat#102006
Cat#11-5773-82
Cat#106306
Cat#100512
Cat#115-115-206
Cat#50-4317-U500

PE-Cy7 anti-CD25 (Clone: PC61) BioLegend Cat#102016
PE-Cy7 anti-CD62L (Clone: MEL-14) BioLegend Cat#104418
Purified anti-CD90.1(Thy1.1) (Clone: HIS-51) BD Biosciences Cat#554892
Purified anti-mouse CD3 (Clone: 145.2C11) Bio X Cell Cat#BE0001
Purified anti-mouse DC28 (Clone: 37.51) Bio X Cell Cat#BE0015
Purified anti-mouse IL-2 (Clone: JES6-54H) Bio X Cell Cat#BE0042
Purified anti-mouse IL-2 (Clone: S4B6-1) Bio X Cell Cat#BE0043
Rabbit 19gG CST Cat##2729S
Rabbit mAb anti-histone H3K27ac Abcam Cat#ab4729
Rabbit mAb anti-Stat5 (Clone: D206Y) CST Cat#94205
Rabbit pAb anti-Foxp3 Abcam Cat#ab150743
Rabbit pAb Anti-RNA polymerase Il CTD repeat Abcam Cat#ab26721
Rabbit pAb Anti-RNA polymerase Il CTD repeat YSPTSPS Abcam Cat#ab5131
(phospho S5)

Rabbit pAb Anti-RNA polymerase 1l CTD repeat YSPTSPS Abcam Cat#ab5095
(phospho S2)

Bacterial and virus strains

Stable Competent £. coli NEB Cat#C30401
Chemicals, peptides, and recombinant proteins

(+)-JQ1 Sigma-Aldrich Cat#SML1524
Ascorbic acid 2-phosphate Sigma-Aldrich Cat#A8960
BioMag Plus Concanavalin A Bangs Laboratories, Inc. Cat#BP531
C646 Sigma-Aldrich Cat#SML0002
DSG Cross Linker Thermo Fisher Scientific Cat#20593
GlycoBlue Coprecipitant Thermo Fisher Scientific Cat#AM9515
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Reagent or resource Source Identifier
I1-BET151 Sigma-Aldrich Cat#SML0666
1-CBP112 Sigma-Aldrich Cat#SML1134

Recombinant human IL-2

Frederick National Laboratory for
Cancer Research

Recombinant human TGF-p R&D Systems Cat#240-B-002
Recombinant mouse 1L-4 PeproTech Cat#214-14
Recombinant mouse IL-6 PeproTech Cat# 216-16
SGC-CBP30 Sigma-Aldrich Cat#SML1133
Critical commercial assays

Accel-NGS Methyl-Seq DNA Library Kit Swift Biosciences Cat#30024
AMPure XP for PCR purification Beckman Coulter Cat#A63880
CellTrace Violet Cell Proliferation Kit Thermo Fisher Scientific Cat#C34571
Nextara DNA Library Prep Kit Hlumina Cat#15028212
Click-iT Nascent RNA Capture Kit Thermo Fisher Scientific Cat#C10365
Dynabeads Mouse T-Activator CD3/CD28 Thermo Fisher Scientific Cat#11452D
Dynabeads Protein A beads Thermo Fisher Scientific Cat#10001D
Dynabeads Protein G beads Thermo Fisher Scientific Cat#10009D
EasySep Mouse CD4 T Cell Isolation Kits STEMCELL Cat#19767

Foxp3 / transcription factor staining buffer set
KAPA Hyper Prep Kit

NEBNext Library Quant Kit

PowerUp SYBR Green Master Mix

SLAMseq Kinetics Kit — Anabolic Kinetics Module
SPRiselect

SuperScript VILO cDNA Synthesis Kit

Thermo Fisher Scientific
Roche

NEB

Thermo Fisher Scientific
Lexogen

Beckman Coulter

Thermo Fisher Scientific

Cat#00-5523-00
Cat#KK8500
Cat#E7630S
Cat#A25779
Cat#061.24
Cat#B23318
Cat#11754050

TransIT-293 Transfection Reagent Mirus Cat#MIR 2705
TRIzol reagent Thermo Fisher Scientific Cat#15596026
NucleoSpin Gel and PCR Clean-up kit MACHEREY-NAGEL Cat#740609
truChIP Chromatin Shearing Kit Covaris Cat#520154
Phenol/Chloroform/Isoamyl Alcohol, 25:24:1 Calbiochem Cat#516726
Deposited data

All raw and analyzed data This paper GEO: GSE146250
ATAC-Seq This paper GEO: GSE146209
WGBS This paper GEO: GSE146248
ChlP-seq and Cut&Run-seq This paper GEO: GSE146442
SLAM-seq This paper GEO: GSE162805

Experimental models: Cell lines

Platinum-E Cell Biolabs, Inc. Cat#RV-101

Experimental models: Organisms/strains

B6 CD45.1 The Jackson Laboratory Stock #002014

Foxp39® Alexander Rudensky Reference (Fontenot et al., 2005)
Foxp3 LSt Hu et al. Reference (Hu et al., 2021)
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Reagent or resource Source Identifier

Foxp34cNsz-gio Alexander Rudensky Reference (Feng et al., 2014;
Zheng et al., 2010)

Foxp3ACNs0-gio Dikiy et al. Reference (Dikiy et al., 2021)

Rosa €29 The Jackson Laboratory Stock #026179

Rosac®s9 Foxp39? This paper

Tet1™1 Tet2" Tet3 (Tet1-37

Jacob Hanna

Reference (Herzig et al., 2017)

Oligonucleotides

Primers for cloning U6-sgRNA cassette (see Table S1) This paper N/A

Primers for amplicon-based bisulfite sequencing (see Table S1) This paper N/A

Primers for ChIP qPCR (see Table S1) This paper N/A

Primers for RT-gPCR (see Table S1) This paper N/A

Primers for quantifying 7etZand 7et3 deletion (see Table S1) This paper N/A

sgRNA sequences (see Table S1) This paper N/A
Recombinant DNA

pCAG-Eco Addgene Cat# #35617
pCl-Eco Addgene Cat# 12371
pMigR1-Cre-IRES-Thy1.1 Feng et al. References (Feng et al., 2015)
pSIR-DsRed (Bbsl) This paper

pSIR-DsRed-Express2 Addgene Cat#51135
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