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Abstract

Background: Chromatin remodeler chromodomain helicase DNA-binding protein

8 (CHD8) defines a subtype of autism that is associated with immune disorders. It
remains unknown whether CHD8 plays a cell-intrinsic role in immune cells such

as regulatory T cells (Tregs) that maintain immune tolerance through suppressing CD4*
and CD8* effector T cells.

Methods: Treg-specific conditional CHD8-deficient mice were generated by crossing
Chdg™/f1o* mice with Foxp3'™ <" transgenic mice. Effects of CHD8 deficiency were
investigated using hematoxylin and eosin (H&E) staining, flow cytometry, and multi-
omics, including RNA-sequencing (RNA-seq), assay for transposase-accessible chro-
matin sequencing (ATAC-seq), and chromatin immunoprecipitation sequencing
(CHIP-seq).

Results: We found that Treg-specific CHD8 deletion led to early, fatal inflammation
owing to increased CD4* and CD8* effector T cells. CHD8 deletion did not alter Treg
homeostasis but increased their functional plasticity with elevated expression of effec-
tor T cell cytokines. CHIP-seq of Tregs uncovered that CHD8 binding genes were
enriched in phosphatidylinositol-3 kinase (PI3K)—protein kinase B (Akt)-mammalian
target of rapamycin (mTOR) signaling and several other pathways. RNA-seq and ATAC-
seq revealed that CHD8 deletion upregulated a number of pathways, notably mam-
malian target of rapamycin complex 1 (mTORCT) signaling and its mediated glyco-
lysis that have been reported to promote Treg plasticity. Integrating RNA-seq data
with CHIP-seq and ATAC-seq data identified a number of CHD8 target genes whose
expression depends on CHD8 direct binding-mediated chromatin remodeling.

Conclusions: Our findings suggest that CHD8 plays an important role in maintaining
Treg fitness through genetic and epigenetic mechanisms to control autoimmunity,
which may have important implications in immune changes in autism.
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Introduction

CD4" regulatory T cells (Tregs) are a specialized subset of T cells that suppress the acti-
vation and proliferation of other immune cells, particularly conventional/effector T cells
[1]. Tregs play a crucial role in maintaining immune tolerance. They are important in pre-
venting autoimmune diseases, allergies, and other immune-related disorders [2, 3]. Tregs
express high levels of forkhead box P3 (Foxp3), a transcription factor that is unique to Tregs
and required for Treg development and suppressive function [4]. Recent studies indicate
that Tregs possess functional plasticity, manifested by being skewed toward effector-like
Tregs that express effector T cell cytokines [4, 5].

Chromodomain helicase DNA-binding (CHD) proteins are crucial regulators of chroma-
tin remodeling, gene transcription, and expression. As ATP-dependent chromatin modifi-
ers, CHD proteins control the access of transcription factors and RNA polymerases to DNA
by either “opening” or “closing” the structure of chromatin, which serve as gatekeepers of
genomic access and deposit histone variants required for gene regulation [6]. CHD pro-
teins are indispensable for developmental processes and are well-known to regulate autism
pathogenesis [7, 8]. CHDS8 of the CHD proteins is involved in many important signaling
pathways, such as p53 and Wnt-[-catenin pathways [9, 10]. It is one of the most frequently
mutated genes involved in the autism spectrum disorder [7, 11, 12]. Patients with CHD8
mutations often present with a distinctive phenotype, which includes not only the typical
features of autism, such as social communication deficits and repetitive behaviors, but also
macrocephaly, craniofacial abnormalities, intellectual disability, and overgrowth. Recent
studies have demonstrated that CHD8 haploinsufficiency leads to disrupted brain develop-
ment, particularly in the areas responsible for social and cognitive functions. These find-
ings underscore the importance of CHDS8 in neurogenesis and brain development, offering
insights into the molecular mechanisms underlying CHD8-mediated autism [8, 13].

We have reported that CHDS is essential for regulating hematopoiesis [9], similar to
several other CHD proteins, including CHD3, CHD4, and CHD?7. Loss of CHD8 impairs
hematopoietic stem and progenitor cell (HSPC) survival and hematopoiesis [9, 14]. CHD8
deficiency leads to defective erythroblast cytokinesis and erythroid differentiation [15]. To
date, the cell-intrinsic role of CHD8 in immune cells remains unknown. Given that autism
is often accompanied by inflammatory disorders, including autoimmunity [16—19], and
that an imbalance between T helper 17 cells (Th17) and Tregs may play a vital role in the
progression of autism [20], it is conceivable that CHD8 impacts the immune system.

In this study, we aimed to investigate whether CHDS8 in Tregs affected Treg behaviors
to implicate its role in immune changes in autism. By characterizing Treg-specific CHD8
knockout (KO) mouse models, we found that loss of CHD8 dampened Treg fitness, which
was associated with genetic and epigenetic alterations, leading to early, fatal, effector T cell-
mediated inflammation, offering an explanation for the immune disorders in autism.

Materials and methods
Mouse model
Chd8F¥/Flx mice were used, as reported previously [21]. To delete CHDS8 in vivo in

Tregs, Chd87°/F** mice were mated with Foxp3YfP-¢re

mutant mice, which express a
knocked-in yellow fluorescent protein (YFP)/iCre-recombinase fusion protein from the

Foxp3 locus without disrupting expression of the endogenous Foxp3 gene (strain no.
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016959, Jackson Laboratory, Bar Harbor, ME, USA). Mouse genotyping was performed
by PCR with primers for wild type (WT), floxed (Flox), and KO allele of Chd8 or Foxp3-
Cre. In each experiment, 5-7 week-old and sex-matched Chd8~/~ and their WT litter-
mates were used.

Cell preparation and flow cytometry

Splenocytes were prepared freshly from Chd8~~ mice and their WT littermates.
Tregs were isolated from spleen with a CD4*CD25" Regulatory T Cell Isolation kit by
AutoMACS Pro (Cat no. 130-091-041, Miltenyi Biotec, Auburn, CA, USA). The purity
of isolated Tregs was checked by fluorescence-activated cell sorting (FACS). Where indi-
cated, splenocytes were stimulated with phorbol 12-myristate 13-acetate (PMA) (25 ng/
ml) plus ionomycin (500 ng/ml) (Sigma, St Louis, MO, USA) for 5 h with GolgiStop (BD
Bioscience, San Jose, CA, USA) in the last 2 h. Cells were then processed for surface and
intracellular FACS staining, and cell proliferation was evaluated by in vivo bromodeoxy-
uridine (BrdU) incorporation assay, as previously reported [22].

Real-time quantitative reverse transcription PCR (qPCR)

Total RNA was extracted from splenic Tregs with the RNeasy Mini kit (Qiagen, Valencia,
CA, USA), and cDNA was prepared and qPCR was performed with SYBR Green qPCR
or TagMan Gene Expression Master Mix (Life Technologies, Carlsbad, CA, USA) on a
StepOnePlus Real-Time PCR System (Thermo Fisher Scientific), as previously reported
[22].

Histology

The organs from mice were fixed freshly with 4% paraformaldehyde in phosphate buffer
saline (PBS) and processed for histological examination with hematoxylin and eosin
(H&E) staining.

RNA sequencing (RNA-Seq)

Splenic CD4" T cells were isolated from WT and Chd8~'~ mice by AutoMACS Pro.
YFP* cells were then sorted by FACS and analyzed for gene expression profiles by RNA-
Seq. The next generation sequencing technology (10X Genomics Next GEM 3 version
3.1 assay) was performed by the Single Cell Genomics Core, Cincinnati Children’s Hos-
pital Medical Center. RNA-seq libraries were prepared using Illumina RNA-Seq Prepa-
ration Kit and sequenced using a Novaseq 6000 sequencer at the DNA core of Cincinnati
Children’s Hospital Medical Center.

Chromatin immunoprecipitation sequencing (CHIP-seq)

Splenic CD4*CD25" Tregs were isolated from C57B6/] mice by AutoMACS Pro. Half
million Tregs were used for ChIP-seq that was performed according to a previously
described protocol with slight modifications [23, 24]. In brief, Tregs were crosslinked
with 1% formaldehyde at room temperature for 15 min with rotation and then quenched
with 125 mM glycine. Isolation of nuclei, extraction of chromatin, and shearing with
sonication were carried out as previously described [25] using the Magna ChIP A/G
kit (Millipore Sigma, catalog no. 17-10,085). Chromatin was immunoprecipitated by



Yang et al. Cellular & Molecular Biology Letters (2025) 30:36 Page 4 of 21

incubating soluble chromatin with 1.5 pug of CHDS8 antibody (Bethyl Laboratories, no.
A301-224) or 1.5 pg of immunoglobulin G (IgG) antibody (Abcam, ab37355) at 4 °C
overnight. Magna ChIP® Protein A+G Magnetic Beads (Millipore Sigma, catalog no.
16—663) were added next day and incubated for 2 h. CHD8-bound beads were washed
in low salt wash buffer, high salt wash buffer, LiCl wash buffer, and Tris-EDTA (TE)
buffer subsequentially. Harvested chromatin was then eluted from the beads, crosslinks
were reversed, and DNA was purified as previously described [25], using the MinElute
PCR Purification Kit (QIAGEN no. 28,204). Libraries were prepared with the NEB-
Next® Ultra™ I DNA Library Prep Kit for Illumina (no. E7645). Barcoded libraries were
sequenced using a Novaseq 6000 sequencer at the DNA core of Cincinnati Children’s
Hospital Medical Center.

Assay for transposase-accessible chromatin sequencing (ATAC-seq)
ATAC-seq was carried out as described by Buenrostro et al. [26]. Briefly, ~50,000 sorted
WT and Chd8™/~ CD4"YFP" Tregs were centrifuged at 500 x g for 20 min at 4 °C. Cells
were lysed in ice cold lysis buffers (10 mM Tris-HCI pH 7.4, 10 mM NacCl, 3 mM MgCl2,
and 0.1% NP-40) and centrifuged at 500 X g at 4 °C for isolation of nuclei. Transposase
reaction was performed by incubating the isolated nuclei with Tn5 transposase from
the Nextera DNA Library Preparation Kit (Illumina) for 30 min at 37 °C. Transposed
DNA was purified using QIAGEN mini elute DNA purification kit per manufacturer’s
instructions. PCR amplification and barcoding were done using forward (i5 Forward)
and reverse (i7 Reverse) primers with specific index, NEB 2xXPCR Mix (New England
Biolabs), and tagmented DNA. PCR conditions were the following: 72 °C for 5 min, 98 °C
for 30 s, five cycles of 98 °C for 10 s, 63 °C for 30 s, and 72 °C for 1 min. After the first
PCR, DNA size was selected with 0.5 X volume SPRI beads (Agencourt AMPure, Beck-
man Coulter) and cleaned up with 1.5 X SPRI beads. The second PCR (98 °C for 30 s, fol-
lowed by five cycles of 98 °C for 10 s, 63 °C for 30 s, and 72 °C for 1 min) was performed
with same forward and reverse primers. Libraries were purified with 1.5 SPRI beads,
and concentration and ATAC DNA profiles were analyzed with the Bioanalyzer DNA
High Sensitivity Kit (Agilent). Libraries were sequenced on Novaseq 6000 (Illumina),
with an average of 25 million paired-end reads per sample.

Primers used:

i5-1-Forward: AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTC
GGCAGCGTCAGATGTGTAT.

i7-1-Reverse: CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGG
CTCGGAGATGTG.

i5-2-Forward: AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCGTC
GGCAGCGTCAGATGTGTAT.

i7-2-Reverse: CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGG
CTCGGAGATGTG.

i5-3-Forward: AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTC
GGCAGCGTCAGATGTGTAT.

i7-3-Reverse: CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGG
CTCGGAGATGTG.
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Bioinformatic analysis

RNA-seq reads in FASTQ format were first subjected to quality control to assess
the need for trimming of adapter sequences or bad quality segments. The programs
used in these steps were FastQC version 0.11.7 [27], Trim Galore! version 0.4.2 [28],
and cutadapt version 1.9.1 [29]. The trimmed reads were aligned to reference mouse
genome version mm10 with the program STAR version 2.6.1e [30]. Aligned reads
were stripped of duplicate reads with the program sambamba version 0.6.8 [31].
Gene-level expression was assessed by counting features for each gene, as defined
in the NCBI'’s RefSeq database [32]. Read counting was carried out with the program
featureCounts version 1.6.2 from the Rsubread package [33]. Raw counts were nor-
malized as transcripts per million (TPM). The list of differentially expressed genes
and log2 fold changes were further used for gene set enrichment analysis (GSEA).
GSEAPreranked tool within GSEA version 3.0.0 [34, 35] was applied with MH gene
set from the Molecular Signatures Database (MSigDB) [36, 37]. Heatmap was gener-
ated using base graphics in R.

ATAC-seq and CHIP-seq raw reads in FASTQ files were assessed for quality con-
trol using FastQC version 0.11.9 [27]. Trimming of raw reads was performed using
TrimGalore! version 0.6.7 [28] and cutadapt version 3.5 [29]. The trimmed reads
were aligned to mouse reference genome mm39 with HISAT?2 version 2.2.1-3n-0.0.2.
[38]. Duplicate reads were removed using sambamba version 0.8.2 [31]. Peaks were
called using Macs2 version 2.2.7.1 [39] and aggregated on each duplicate sample by
combining overlapping peaks with bedtools version 1.16.1 [40]. A minimum of 50%
overlap was considered. Peaks showing in only one replicate were removed. A final
list of peaks was derived by taking the union of all aggregated peak lists. Reads under
the final list of peaks were counted using featureCounts version 1.5.3 [41] on each
binary alignment and map (BAM) file. Heatmaps and peak profiles were generated
using deeptools version 3.5.5 (computeMatrix, plotHeatmap, and plotProfile) [42].
CHIP peaks were further overlapped with Chd8~/~ ATAC peaks. The overlapping
Chd8~/~ ATAC peaks were split up into three classes: up, down, and same, according
to their log2FC between WT and CHD8™/~ ATAC. ‘Regions’ 1.5 Kb around center
of the described CHD8™/~ ATAC peaks were then employed to generate heatmaps
and profiles using deeptools. These regions, defined by the overlapped Chd8~/~
ATAC peaks, were used to pair WT and CHD8 ™/~ regions and plotted side by side in

~/= ATAC peaks non-overlapping with CHIP peaks were

/-

heatmaps. In parallel, Chd8
processed similarly to CHD87'~ ATAC peaks overlapping with CHIP peaks. Two
methods were used for gene set enrichments: (1) GSEA [34] when using a ranked
list (the list of genes is ranked by the log2FC values) and (2) Enrichr [43-45]. Out of
the complete Enrichr output, only the hallmark gene set was used, with the ten most
enriched gene sets. Venn diagrams and bar graphs were generated using the R envi-

ronment and the ggplot2 package [46].

Statistical analysis
Two-tailed Student’s t or Mann—Whitney U test were used for experimental data

analysis. P value of <0.05 was considered significant.
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Results

CHD8 deficiency causes effector T cell-mediated inflammatory disorders

To investigate the role of CHDS in Tregs, we crossed Chd8FFIX mice [21] with
Foxp3YfP~¢ transgenic mice, which express a knocked-in YFP/iCre-recombinase fusion
protein under the control of X chromosome-linked Foxp3 gene, to generate Treg-spe-
cific Chd8~/~ mice (Chd8F/FoxEoxp3YFP=Cre male mice or Chd8Fo¥/Floxfoxp3YFP-Cre/
YEP=Cre fomale mice) (Supplementary Fig. 1A). Splenic Tregs were purified from Chd8~/~
mice and WT mice (Chd8**Foxp3¥f"~C"* male mice or Chd8*/*Foxp3YFP-Cre/YFP-Cre
or Chd8**Foxp3 P+ female mice) by AutoMACS using a CD4*CD25" regulatory
T Cell Isolation kit. The purity of isolated Tregs was confirmed by FACS showing over
95% of CD4*CD25* cells (Supplementary Fig. 1B). Tregs were genotyped by PCR for
Chd8 and Cre. Chd8~/~ Tregs showed a strong KO allele with a faint Flox allele (Supple-
mentary Fig. 1C). The faint flox allele was likely from the small proportion of non-Tregs.
Through qRT-PCR analysis, we found that Chd8 expression was markedly reduced in
Chd8~/~ Tregs (Supplementary Fig. 1D).

Chd8~'~ mice were small, lacked mobility, lost hair, developed skin ulceration, and
deceased in 5-7 weeks after birth (Fig. 1A, data not shown). The mice showed enlarged
spleen (Fig. 1B) and massive leukocyte infiltration and/or distorted architecture in the
skin and lung, with intact heart, kidney, and liver (Fig. 1C). CHD8 deficiency decreased
the frequencies of CD4" but not CD8" T cells. However, the numbers of CD4* T cells
were not affected and the numbers of CD8' T cells were increased, likely owing to
increased total splenocytes (Supplementary Fig. 2). CHD8 depletion upregulated the
proportions of CD4*CD44* (Fig. 1D) and CD8*CD44* (Fig. 1E) T cells.

To evaluate the potential effects of CHDS8 deficiency on T cell cytokine secretion,
spleen cells from both genotypes were briefly activated ex vivo with PMA plus iono-
mycin to induce cytokine production. GolgiStop was added in the last 2 h to block
the intracellular protein transport processes required for the subsequent intracellular
cytokine staining by FACS. We found that effector cytokines, namely interferon-gamma
(IFN-y), interleukin-4 (IL-4), IL-13, and/or IL-17 were significantly upregulated in CD4*
and CD8" (Fig. 1F) T cells from Chd8~/~ mice. Given that IL-4 and IL-13 are known
to promote allergic airway inflammation [22, 47], their increase may have contributed
to the lung inflammation in CHD8/~ mice. However, IL-4 and IL-13 could inhibit
inflammatory response [48]. It is thus plausible that the increased IL-4 and IL-13 acted
to resolve IFN-y- and IL-17-induced inflammation but IFN-y and IL-17 outperformed
IL-4 and IL-13, resulting in net inflammation. Overall, these findings suggest that CHD8
deficiency induced effector T cell activation, which led to the observed inflammatory
diseases.

CHD8 deficiency does not affect Treg homeostasis

Chd8™'~ mice did not show alterations in the frequencies and absolute numbers of Tregs
(Fig. 2A). Thymic Treg output may affect peripheral Treg homeostasis. We thus exam-
ined thymocyte development in Chd8~'~ and WT mice. We found that Chd8~'~ mice
had comparable CD4~CD8~, CD4*CD8", and CD4*CD8" thymocytes with a mod-
erate decrease in CD4~CD8" cells to WT mice (Supplementary Fig. 3A). Consistent
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Fig. 1 CHDS deficiency causes effector T cell-mediated inflammatory disorders. A-C WT and Chd8™~ mice
were sacrificed at around 4-5 weeks old. Photos of mice A, spleens B, and their weights (right) are shown.
Scale bars equal 1 cm or 2 cm, as indicated. WT: three males + two females; Chd8™~: two males +two
females. Mouse tissues, as indicated, were processed for H&E staining. Representative images are shown (C).
The magnified views of skin and lung are also shown on the right of the original images, with red arrows
pointing to the infiltrating leukocytes (scale bars equal 100 um or 200 um, as indicated). D-E Freshly isolated
splenocytes were stained for CD4, CD8, CD62L, and CD44, followed by FACS analysis. Representative dot
plots of CD62L and CD44 staining gated on CD4* (D) or CD8* (E) cells are shown (left). The percentages of
CD44* cells are shown in bar graphs (right). F Splenocytes were stimulated with PMA plus ionomycin for

5 h, with BD GolgiPlug™ added during the last 2 h. The cells were collected for surface staining of CD4 and
CD8 and intracellular cytokine staining for IFN-y, IL-4, IL-13, and/or IL-17, gated on CD4* or CD8"cells, as
indicated. Representative dot plots (upper) and percentages of cytokine positive CD4* or CD8* cells in bar
graphs (lower) are shown. Results in bar graphs (D-F) represent mean plus standard deviation (SD) (WT: five
males + five females; Chd8™: three males +five females). *P < 0.05, **P < 0.01 versus WT control group
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with intact peripheral Treg homeostasis, the frequencies of thymic Tregs remained
unchanged in Chd8~/~ mice (Supplementary Fig. 3B). Hence, it seems that CHDS8 defi-
ciency did not affect overt thymocyte/thymic Treg cell development. We next exam-
ined Chd8~/~ Treg proliferation and survival. We found that Chd8~/~ Tregs exhibited
increased proliferation, as reflected by elevated BrdU incorporation (Fig. 2B) but were
more susceptible to cell death, as evidenced by upregulated active caspase 3 (Fig. 2C).
We reason that counterbalance between increased proliferation and decreased survival
led to no changes in Treg homeostasis.

CHD8-deficient Tregs are activated, plastic, and impaired in functional competitiveness
with CHD8-proficient Tregs

CHD8 deficiency significantly upregulated Treg activation marker CD44 (Fig. 2D) and
several functional markers, including glucocorticoid-induced TNFR-related protein
(GITR) (Fig. 2E), inducible T cell costimulator (ICOS) (Fig. 2F), and programmed death
1 (PD-1) (Fig. 2G) on Tregs. These data suggest that deletion of CHD8 leads to spontane-
ous Treg activation. In addition, CHDS8 deficiency upregulated effector T cell cytokines
IFN-y (Fig. 3A), IL-4 (Fig. 3B), IL-13 (Fig. 3C), and IL-17 (Fig. 3D) in Tregs. The results
suggest that CHD8 deficiency converted Tregs to effector-like Tregs and thus CHD8™/~
Tregs became plastic.

We then examined female Chd8FoFlXFoxp3YFP=Cre/+ mijce in comparison with
female Chd8*/*Foxp3Yf=*/* mice that were heterozygous for Foxp3¥f'=Cr, As
both CHD8-deficient Foxp3*YFP* Tregs and CHDS8-proficient Foxp3*YFP~ Tregs
were present in female Chd8F1o¥/Floxpoxp3YFP=Cre/+ mjce, the mice did not show signs
of disease or weight loss. Owing to the X chromosome-linked nature of Foxp3 and
random X chromosome inactivation by Foxp3Yf’~“' knock-in transgene, female
Foxp3YfP=Cre/+ mice are expected to maintain~50% Foxp3TYFP* Tregs and~50%
of Foxp3*YFP~ Tregs [4]. Indeed, female Chd8*/*Foxp3Yf’=C/* mice showed ~1:1
ratio of Foxp3*YFP*/Foxp3*YFP~ cells (Fig. 3E). Nonetheless, female Chdgox/lox-
Foxp3YfP=C’+ mice had only~0.25:1 ratio of Foxp3tYFP*/Foxp3*tYFP~ (Fig. 3E).

(See figure on next page.)

Fig. 2 CHD8 deficiency does not affect Treg homeostasis but causes Treg activation. A Freshly isolated
splenocytes were subjected to surface staining of CD4 and intracellular staining of Foxp3 (versus isotype
control) and then analyzed by FACS. Representative dot plots of Foxp3 staining gated from CD4* cells are
shown. The graph panels show the proportions and absolute numbers of Tregs. B Treg proliferation. BrdU
was injected into WT and Chd8™~ mice 16 h before splenocytes were harvested for surface staining of

CD4 and intracellular staining of Foxp3 and BrdU (versus isotype control). Representative dot plots of BrdU
staining gated on CD4*Foxp3™ cells are shown. The percentages of CD4*Foxp3* Tregs incorporated with
BrdU are shown in a bar graph. CTreg apoptosis. Splenocytes were subjected to surface staining of CD4 and
intracellular staining of Foxp3 and active caspase 3 (versus isotype control). Representative dot plots of active
caspase3 staining gated on CD4*Foxp3* cells are shown. The percentages of CD4 Foxp3™ Tregs expressing
active caspase 3 are shown in a bar graph. D Splenocytes were subjected to surface staining of CD4, CD62L,
and CD44 and intracellular staining of Foxp3. Representative dot plots of CD62L and CD44 staining gated
on CD4*Foxp3* cells are shown. The percentages and mean fluorescence intensity (MFI) of CD44™ cells are
shown in bar graphs. E-G Splenocytes were subjected to surface staining of CD4 E-G, GITRE, ICOS F, and
PD-1 G, and intracellular staining of Foxp3 E-G. Representative dot plots of GITR, ICOS, and PD-1 staining
gated on CD4*Foxp3™* cells are shown. The percentages and MFI of the positively stained cells are shown

in bar graphs. Results in bar graphs represent mean plus SD (WT: five males + five females; Chd8™/~: three
males + three females). *P<0.05, **P < 0.01 versus WT control group
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Thus, CHDS8-deficient Foxp3*YFP* Tregs were outcompeted by CHDS8-proficient
Foxp3*YEP™ Tregs in the same female Chd81o*/FloXFoxp3YFP=Cre/+ mijce,

Although Treg functional markers GITR, ICOS, and PD-1 were all increased on
Chd8~/~ Tregs from Chd8~/~ mice bearing homozygous Foxp3'F’~“" (Fig. 2 E-G),
only PD-1 was elevated on CHDS8-deficient Foxp3*YFP* Tregs when compared
with CHDS8-proficient Foxp3"YFP~ Tregs in the same mice bearing heterozygous
Foxp3YFP=Cr (Fig, 3F). Noting that PD-1 is a negative regulator of Treg function [49],
our data suggest that loss of functional competence of CHD8-deficient Tregs is attrib-
utable to increased PD-1 expression. However, increased GITR and ICOS expression
on Chd8~/~ Tregs from inflammatory Chd8~'~ mice may reflect a compensatory effect
of dampened Treg function and the resultant inflammation.

Together, these findings suggest that CHD8 deficiency compromises Treg fitness, as
reflected by increased plasticity that may lead to their conversion to CD4" effector T
cells and dampened function in suppressing CD4* and CD8* effector T cells.

CHD8 deficiency alters gene expression in Tregs

Next, we explored potential mechanisms of CHD8-regulated Treg fitness. Sorted
YFP* Tregs were analyzed for gene expression profiles by RNA-Seq. Overall, 218
genes were upregulated, whereas 167 genes were downregulated in Chd8~/~ Tregs as
compared with WT Tregs (Log2FC cutoft: 1.0) (Fig. 4A). Hallmark pathway analy-
sis revealed that a number of pathways were upregulated, represented by mTORCI,
p53, glycolysis, oxidative phosphorylation, reactive oxygen species (ROS), and inflam-
matory pathways such as IL-2-Stat5, which is important for IFN-y expression, TNFA
signaling via NFKB, inflammatory response, IFN-y response, and IL-6-JAK-Stat3,
which is essential for IL-17 expression (Fig. 4B and C). Of note, the most upregulated
gene in Chd8™/~ cells was Cdknla (Fig. 4D), a target of various upregulated path-
ways such as mTORC1, p53, G2/M checkpoint, early region 2 binding factor (E2F),
hypoxia, apoptosis, inflammatory response, IFN-y response, and tumor necrosis fac-
tor alpha (TNFA) signaling via nuclear factor kappa-light-chain-enhancer of activated
B cells (NFKB). The fold increase (Chd8~/~ versus WT) of representative genes in
signaling pathways of mTORC1, p53, and ROS are shown (Fig. 4E), and upregulation
of several key genes in these pathways was verified by qPCR (Supplementary Fig. 4).

(See figure on next page.)

Fig. 3 CHD8-deficient Tregs become plastic and are outcompeted by CHD8-proficient Tregs. A-D Freshly
isolated splenocytes were stimulated with PMA plus ionomycin for 5 h with BD GolgiPlug™ added during
the last 2 h. The cells were collected for surface staining of CD4 and intracellular staining of Foxp3, IFN-y IL-4,
IL-13, and IL-17. Percentages of IFN-y* (A), IL-4* B, IL-13* (C), and IL-17" (D) cells gated on CD4*Foxp3™ cells
are shown in representative dot plots and summarized in bar graphs. E Percentages of YFP* and YFP™ cells
gated on CD4*Foxp3* cells are shown in representative dot plots from Chd8**Foxp3'™ ¢+ and Chdg"*¥
FloxEoxp3"FP=e/+ mice. The ratios of YFP*/YFP~ cells are summarized in a bar graph. F Expression of the
indicated Treg functional markers on Foxp3*YFP~ and Foxp3*YFP* cells from Chd8™/ o Foxp3 "™ ="/+ mice.
Numbers indicate % and MFI. Data are representative of five mice. Results in bar graphs represent mean plus
SD (WT: three males + three females; Chd8™~: two males + three females). **P < 0.01 versus WT control group
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Fig. 4 CHD8 deficiency alters global gene expression. Splenic CD4* T cells were isolated from WT and
Chd8~~ mice (WT: one male +one female; Chd8™~: one male + one female) by AutoMACS. YFP* cells were
then sorted by FACS and analyzed for gene expression profiles by RNA-Seq. A Heatmap of differentially
expressed genes between WT and Chd8™~ Tregs. B Representative upregulated hallmark pathways in
Chd8™~ Tregs. C Representative GSEA enrichment plots of upregulated pathways in Chd8™~ Tregs. D Volcano
plot of differentially expressed genes between WT and Chd8~/~ Tregs. Log2FC cutoff: 1.0; FDR< 0.05. E Fold
changes (Chd8~~ versus WT) of representative genes in mTORC1, p53, and ROS signaling pathways

CHDS8 regulates chromatin remodeling either dependent or independent of CHD8 direct
binding

CHDS8 plays an important role in chromatin remodeling. We investigated whether
CHDS8 deficiency in Tregs affected chromatin remodeling, leading to altered chromatin
accessibility. To this end, we performed an assay for transposase-accessible chromatin
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sequencing (ATAC-Seq) with sorted Tregs from WT and Chd8~/~ mice. Principal com-
ponent analysis (PCA) revealed that chromatin accessibility in Chd8™~ Tregs was clearly
different from that in WT Tregs, and the Chd8~/~ biological duplicates exhibited simi-
lar chromatin accessibility (Supplementary Fig. 5A). Fragment size distribution analy-
sis found that there was a high proportion of short fragments (<100 base pairs (bp))
in each sample (Supplementary Fig. 5B), indicative of a successful ATAC-seq. A clear
peak at ~200 bp was present in each sample (Supplementary Fig. 5B), suggesting that the
ATAC-seq captured the expected pattern of nucleosome positioning. The fragment size
distribution data also implicate that the library we prepared was of good quality. Heat-
maps and peak profiles uncovered that CHD8 deficiency caused either increased (up) or
decreased (down) chromatin accessibility (Fig. 5A; Supplementary Fig. 5C). Among all
ATAC peaks, there were 6641 ATAC up and 3283 ATAC down peaks, whereas 71,165
peaks were not altered (same) by the loss of CHDS (Fig. 5A), suggesting that CHD8 only
regulates chromatin accessibility at a small proportion of genomic loci. Hallmark path-
way analysis of genes with altered ATAC peaks upon CHD8 loss showed upregulation
of hypoxia and TNFA signaling via NFKB, both of which contain mTORCI1 target genes
Cdknla and Bhlhe40 (Fig. 5B; Supplementary Fig. 5D).

CHDS is a DNA binding protein. We thus carried out CHIP-seq to identify CHDS8
binding sites in Tregs. PCA confirmed that CHD8 bound to DNA in Tregs and that
the biological duplicates were reproducible (Supplementary Fig. 5E). The CHIP-seq
found that most of the CHDS8 binding peaks in Tregs were located within 5" untrans-
lated regions (UTR), transcription start sites (TSS), and exons (Fig. 5C; Supplementary
Fig. 5F). Of note, TSS + 5" UTR regions contained more than 80% of peaks, indicative of
a strong enrichment around the promoter region. Hallmark pathway analysis of CHD8
binding genes showed enrichment in PI3K-Akt-mTOR signaling, G2M checkpoint, E2F
targets, and Myc targets (Fig. 5D; Supplementary Table 1).

To examine whether CHDS8 deficiency affected chromatin accessibility at CHD8 bind-
ing sites versus non-CHDS8 binding sites, we overlapped ATAC peaks with CHIP peaks
and found that CHD8 deficiency either increased or decreased chromatin accessibility
at CHDS8 binding sites (Fig. 5E; Supplementary Fig. 5G). There were 45 ATAC up and
31 ATAC down peaks at CHDS8 binding sites upon CHDS loss (Fig. 5E). Meanwhile,
we found 946 ATAC up and 314 ATAC down peaks at non-CHD8 binding sites in the
absence of CHD8 (Fig. 5F; Supplementary Fig. 5H). Our finding of ATAC up or ATAC
down at CHDS8 binding sites in Chd8~'~ Tregs suggests that chromatin closing or open-
ing at certain genomic regions of Tregs is regulated by CHD8 direct binding. However,
the finding of ATAC up or ATAC down at non-CHDS$ binding sites in Chd8~/~ Tregs
suggests that chromatin closing or opening at certain genomic regions of Tregs is regu-
lated by CHD8 but not through CHD8 direct binding.

Identification of CHD8 target genes whose expression is regulated by CHD8 direct
binding-mediated chromatin remodeling

Next, we wished to identify CHDS8 direct targets in Tregs. To this end, we overlapped
CHDS8 binding genes revealed by CHIP-seq with upregulated or downregulated genes in
Chd87/~ cells revealed by RNA-seq. We found that 199 genes (Supplementary Table 2)
bound by CHDS8 were upregulated and 122 genes (Supplementary Table 3) bound by
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CHDS8 were downregulated upon CHD8 loss (Fig. 6A), suggesting that 321 genes are
CHDS direct targets, among which the expression of 199 genes is inhibited by CHD8
binding, and the expression of 122 genes is induced by CHD8 binding. Hallmark path-
way analysis of the CHDS8 direct targets revealed that a number of pathways were
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upregulated upon CHDS deficiency. These pathways include p53, IL-2-Stat5, IL-6-JAK-
Stat3, TNFA signaling via NFKB, Myc targets V1, apoptosis, and oxidative phosphoryla-
tion (Fig. 6B).

We then analyzed chromatin accessibility of the CHDS direct targets by overlapping
the upregulated or downregulated targets with genes bearing ATAC up or ATAC down
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in Chd87/~ cells. We found that (1) 20 upregulated targets (Adam9, Bhlhe40, Cdké,
Cdknla, Dagla, Dclk2, Dscam, Gpm6b, Map2, Mid2, Mocos, Mtmr9, Ncoa7, Ncs1, Nfia,
Perp, Rgs12, Slc25a36, Tpd52, and Ubtdl) showed ATAC up (Fig. 6C), suggesting that
expression of those 20 genes is inhibited by CHD8 direct binding that closes the gene
loci; (2) 1 upregulated target (Ndufal3) showed ATAC down (Fig. 6C), suggesting that
expression of that gene is inhibited by CHDS8 direct binding that opens the gene loci;
(3) 6 downregulated targets (2510009E07Rik, Hdac9, Igf2bp3, Ryr2, Wwox, and Zbtb20)
showed ATAC up (Fig. 6C), suggesting that expression of those 6 genes is promoted by
CHDS direct binding that closes the gene loci; and (4) 10 downregulated targets (Adk,
Atplbl, Bsn, Cntln, Dleu2, Fbxo27, Rampl,Sesnl, Srebf2, and Ubash3b) showed ATAC
down (Fig. 6C), suggesting that expression of those 10 genes is promoted by CHD8
direct binding that opens the gene loci. Collectively, our data indicate that expression
of the above-mentioned genes is regulated by CHDS8 binding-mediated chromatin
remodeling, which may contribute to CHD8-mediated Treg phenotypes. To elaborate on
this, CHD8-regulated expression of Cdknla, Bhlhe40 (a target of mTORC1, IL-2-Stat5,
hypoxia, and TNFA signaling via NFKB), and Perp (a p53 target) appears to depend on
CHDS8 binding-mediated chromatin remodeling, as upregulation of Cdknla, Bhlhe40,
and Perp in Chd8~/~ cells (Fig. 4D, E) was associated with increased chromatin acces-
sibility at CHD8 binding sites (Fig. 6D).

Treg-specific and Treg-nonspecific regulation of chromatin accessibility and gene
expression by CHD8

Lastly, we examined whether CHDS8 binding to DNA and its regulation of chroma-
tin accessibility and gene expression in Tregs are specific to Tregs. We overlapped our
CHIP-seq, ATAC-seq, and RNA-seq data with that from hematopoietic stem and pro-
genitor cells (HSPCs) [9]. We found that among 6370 CHD8 binding genes in Tregs and
2261 CHDS binding genes in HSPCs, 1069 CHD8 binding genes were shared by Tregs
and HSPCs (Supplementary Table 4), whereas 5301 CHDS binding genes in Tregs were
specific to Tregs (Supplementary Table 5) and 1192 CHD8 binding genes in HSPCs were
specific to HSPCs (Supplementary Table 6; Supplementary Fig. 6A). Among 854 ATAC
up genes in Chd8~/~ Tregs and 1409 ATAC up genes in Chd8~/~ HSPCs, 134 ATAC up
genes were shared by Tregs and HSPCs (Supplementary Table 7), whereas 720 ATAC up
genes in Tregs were specific to Tregs (Supplementary Table 8), and 1275 ATAC up genes
in HSPCs were specific to HSPCs (Supplementary Table 9; Supplementary Fig. 6B).
Among 307 ATAC down genes in Chd8~/~ Tregs and 714 ATAC down genes in Chd8~/~
HSPCs, 24 ATAC down genes were shared by Tregs and HSPCs (Supplementary
Table 10), whereas 283 ATAC down genes in Tregs were specific to Tregs (Supplemen-
tary Table 11), and 690 ATAC down genes in HSPCs were specific to HSPCs (Supple-
mentary Table 12; Supplementary Fig. 6B). Among 218 RNA up genes in Chd8~/~ Tregs
and 455 RNA up genes in Chd8™/~ HSPCs, 25 RNA up genes were shared by Tregs
and HSPCs (Supplementary Table 13), whereas 193 RNA up genes in Tregs were spe-
cific to Tregs (Supplementary Table 14), and 430 RNA up genes in HSPCs were specific
to HSPCs (Supplementary Table 15; Supplementary Fig. 6C). Among 167 RNA down
genes in Chd8™'~ Tregs and 989 RNA down genes in Chd8~'~ HSPCs, 18 RNA down
genes were shared by Tregs and HSPCs (Supplementary Table 16), whereas 149 RNA
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down genes in Tregs were specific to Tregs (Supplementary Table 17), and 971 RNA
down genes in HSPCs were specific to HSPCs (Supplementary Table 18; Supplemen-
tary Fig. 6C). We also compared Tregs and HSPCs for hallmark pathway enrichment of
CHDS binding genes and genes with altered ATAC peaks or RNA expression in Chd8~/~
cells. While CHD8 binding genes in Tregs were enriched in PI3K-Akt-mTOR signaling,
G2M checkpoint, E2F targets, and Myc targets (Fig. 5D), those in HSPCs were enriched
in mTORCI1 signing and E2F targets only (Supplementary Fig. 6D). Genes with altered
ATAC peaks in Chd8~/~ Tregs showed enrichment in hypoxia and TNFA signaling via
NEKB (Fig. 5B; Supplementary Fig. 5B), however, those in Chd8~'~ HSPCs showed
enrichment in inflammatory response (Supplementary Fig. 6E). In addition, genes with
altered RNA expression in Chd8™/~ Tregs were enriched in numerous pathways, includ-
ing but not limited to Myc targets, E2F targets, mTORCI, p53, glycolysis, and oxida-
tive phosphorylation (Fig. 4B and C). In contrast, genes with altered RNA expression in
Chd8~/~ HSPCs were only enriched in Myc targets, oxidative phosphorylation, epithe-
lial mesenchymal transition, and the p53 pathway (Supplementary Fig. 6F). Altogether,
these results suggest that CHDS8 plays a Treg-specific as well as universal role in Tregs.

Discussion

In this study, we show that CHD8 deficiency in Tregs causes increased CD4" and
CD8" effector T cells, leading to early, fatal inflammation in the skin and lung. Loss of
CHDS8 renders Tregs to become plastic, which may result in Treg reprogramming to
CD4* effector T cells. Plastic Tregs are generally thought to have dampened function
in suppressing CD4" and CD8™ effector T cells [4, 5]. In support, CHD8-deficient Tregs
are incapable of competing with CHD8-proficient Tregs. Thus, it is conceivable that
increased CD4" effector T cells in CHD8-deficient mice are attributable to either Treg
conversion or impaired Treg function or both, whereas increased CD8" effector T cells
are attributable to impaired Treg function.

Mechanistically, RNA-seq has found that CHDS8 deficiency upregulates mTORC1
signaling and glycolysis. Given that mTOR signaling and its mediated glycolysis are asso-
ciated with Treg plasticity [50, 51], CHD8 deficiency may induce Treg plasticity through
upregulation of mTOR-glycolysis pathway. In support of this notion, mTOR target genes
Cdknla and Bhlhe40 are CHDS8 direct targets whose upregulation in the absence of
CHD8 appears to be mediated by increased chromatin accessibility at CHD8 binding
site of the gene loci. In addition, Chd8~/~ Treg plasticity may be attributed to upregula-
tion of a number of inflammatory pathways revealed by hallmark pathway analysis of
RNA-seq, ATAC-seq, and/or CHD8 direct targets, notably IL-2-Stat5 signaling, which is
important for IFN-y expression and IL-6-JAK-Stat3 pathway, which is essential for IL-17
expression.

CHDS8 is well-known to regulate p53 and Wnt pathways. Our RNA-seq reveals
that CHDS8 deficiency in Tregs upregulates p53 pathway; however, it does not affect
Wnt pathway (data not shown), suggesting that CHD8 modulates p53 but not Wnt-
B-catenin signaling in Tregs, reminiscent of that in HSPCs [9]. p53 signaling pro-
motes cell apoptosis and cell cycle arrest. Consistent with enhanced p53 signaling
(e.g., Cdknla and Perp) in CHD8-deficient Tregs, CHDS8 deficiency increases apop-
tosis of Tregs. Unexpectedly, CHD8 deletion accelerates Treg cell cycle progression/
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proliferation. Noting that Cdké promotes cell cycle progression and is a CHD8 direct
target whose expression presumably depends on CHD8 binding-mediated chromatin
remodeling, the increased Treg cell cycle progression may be mediated by upregu-
lated Cdk6 and reflect a compensatory phenomenon of the increased cell apoptosis.
Of note, p53 gene itself is not affected by CHDS8 deficiency in both Tregs (data not
shown) and HSPCs [9]. However, CHDS8 deletion stabilizes p53 protein in HSPCs.
Thus, it remains to be seen whether CHD8 deficiency increases p53 stability in Tregs.

It has been indicated that CHDS8 regulates chromatin remodeling/accessibility in a
cell type-specific manner. For example, CHD8 promotes chromatin opening in oli-
godendrocyte progenitors [21] but chromatin closing/compaction in HSPCs [9]. Our
study reveals that CHD8 plays a binary role in chromatin remodeling in Tregs, as its
deletion results in both ATAC up and ATAC down. How CHDS8 regulates chromatin
remodeling is not well-understood. We suggest that in Tregs, CHD8 regulates chro-
matin remodeling either dependent or independent of direct binding.

Taken together, by characterizing mouse models of Treg-specific deletion of
autism-associated CHDS8, we demonstrated that CHDS8 plays an important role in
maintaining Treg fitness, by manipulating genetic and epigenetic programs, to con-
trol autoimmunity. Of note, patients with autism have increased inflammatory
cytokines IL-21, IL-22, IFN-y, and IL-4 from T cells [16, 17], decreased antiinflamma-
tory cytokines TGFP and IL-10, two functional cytokines produced by Tregs [16-18],
activated T cells, and/or autoimmunity [19]. Our findings suggest that the neuroin-
flammatory processes in patients with autism may be attributed to CHD8 deficiency
in Tregs.

Abbreviations

ATAC-seq Assay for transposase-accessible chromatin sequencing
BrdU Bromodeoxyuridine

CHD8 Chromodomain helicase DNA-binding protein 8
CHIP-seq Chromatin immunoprecipitation sequencing

E2F Early region 2 binding factor

Flox Floxed, flanked by loxP

Foxp3 Forkhead box P3

GITR Glucocorticoid-induced TNFR-related protein

H&E Hematoxylin and eosin

HSPC Hematopoietic stem and progenitor cell

ICOS Inducible T cell costimulatory

IL-4 Interleukin-4

KO Knockout

MFI Mean fluorescence intensity

mTORC1 Mammalian target of rapamycin complex 1

NFKB Nuclear factor kappa-light-chain-enhancer of activated B cells
PBS Phosphate buffer saline

PD-1 Programmed death 1

PI3K/Akt/mTOR  Phosphatidylinositol-3 kinase-protein kinase B-mammalian target of rapamycin
gPCR Quantitative real-time polymerase chain reaction
RNA-seq RNA sequencing

ROS Reactive oxygen species

Th T helper

TNFA Tumor necrosis factor alpha

Tregs Regulatory T cells

WT Wild type

YFP Yellow fluorescent protein
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Additional File 1: Fig. 1. Verification of deletion of Chd8 in Tregs. (A) Schema of mouse crossing to generate Chd8-/-
mice. (B) Splenic Tregs (CD4+CD25+) were isolated from both genotypes of mice with a CD4+CD25+ regulatory

T cell isolation kit. Cell purity was confirmed by FACS (B). The cells were used for PCR genotyping with primers for
WT, Flox and KO allele of Chd8 or Foxp3-Cre (C). Total RNA was extracted from Tregs for gPCR to confirm deletion

of Chd8.The mRNA levels of Chd8 are shown (arbitrary unit). The data are normalized to an 18S reference and
expressed as mean plus SD of triplicates representative of two separated experiments (D). **P < 0.01 vs. WT control
group. Fig. 2. CHD8 deficiency increases CD8+ T cells. Splenocytes were analyzed for CD4+ and CD8+ T cells by
FACS. Representative dot plots are shown. The proportions and absolute numbers of CD4+ and CD8+ cells are
summarized in bar graphs (mean plus SD) (WT: 6 males + 6 females; Chd8-/-: 4 males + 6 females). *P < 0.05, **P

< 0.01 vs. WT control group. Fig. 3. CHD8 deficiency does not affect overt thymocyte and thymic Treg develop-
ment. Thymocytes were analyzed for CD4-CD8- (DN), CD4+CD8+ (DP), CD4+CD8- (SP4), CD4-CD8+ (SP8) (A), and
CD4+Foxp3+ (B) cells by FACS. Representative dot plots are shown. The proportions and absolute numbers of the
cells are summarized in bar graphs (mean plus SD) (WT: 3 males; Chd8-/-: 3 males). *P < 0.05 vs. WT control group.
Fig. 4. Verification of gene expression changes in p53 and mTOR pathways by quantitative real-time RT-PCR. The
expression changes of the indicated genes in p53 (A) and mTOR (B) pathways in Chd8-/- Tregs revealed by RNA-seq
as shown in Fig 4E were verified by gPCR. The data are normalized to an 18S reference and expressed as mean +

SD of triplicates. *P < 0.05, **P < 0.01 vs. WT control group. Fig. 5. Profiles and enrichment plots of ATAC-seq and
CHIP-seq A PCA of ATAC-seq. B Fragment size distribution of ATAC-seq. C Profile of ATAC-seq peaks in Chd8-/- (vs WT)
Tregs. D GSEA enrichment plots of ATAC up pathways in Chd8-/- Tregs. E PCA of CHIP-seq. F Pie plot of distribution of
CHDS8 binding peaks in the genome of Tregs. The proportion of peaks in an indicated genomic region was calculated
by dividing the number of peaks in that region by the total number of peaks in the genome. The proportion of an
indicated genomic region size was determined by dividing the region’s size by the total genome size. The proportion
of peaks was then normalized to the proportion of genomic region size. Normalized proportion of peaks is shown.

G Profile of ATAC up and ATAC down peaks at CHD8 binding sites in Chd8-/- (vs WT) Tregs. H Profile of ATAC up and
ATAC down peaks at non-CHD8 binding sites in Chd8-/- (vs WT) Tregs. Fig. 6. Treg-specific and -nonspecific patterns
of CHD8 in DNA binding and regulation of chromatin accessibility and gene expression. A Overlapping of CHD8
binding genes between Tregs and HSPCs. B Overlapping of ATAC up or ATAC down genes between Chd8-/- Tregs
and Chd8-/- HSPCs. Cutoff: Log2FC = 0.4. C Overlapping of RNA up or RNA down genes between Chd8-/-Tregs and
Chd8-/- HSPCs. Cutoff: Log2FC = 1.0. D Hallmark pathways of CHD8 binding genes in HSPCs. E Hallmark pathways of
genes with altered ATAC peaks in Chd8-/- versus WT HSPCs. F Hallmark pathways of genes with altered RNA expres-
sion in Chd8-/- versus WT HSPCs.

Acknowledgements
We thank Aditi Paranjpe from Biomedical Informatics Core of the Cincinnati Children’s Hospital Medical Center for RNA-
seq data analysis.

Author contributions

JQJY.initiated, performed, and analyzed the experiments and wrote the manuscript; CW., RCN,, MK, and M.C. per-
formed the experiments; M. P. analyzed the experiments; Y. Z. and QR.L. designed the experiments; and F. G. conceived
the study, supervised the project, designed and analyzed the experiments, and wrote the manuscript.

Funding
This work was supported by NCI (R01CA234038-01A1 and RO1CA278756-01A1) awards to F.G. and Y.Z.

Data availability
All data relevant to the study are included in the article, uploaded as online supplemental information, or deposited in
the National Center for Biotechnology Information GEO (accession no. GSE279810).

Declarations

Ethics approval and consent to participate

All animal experiments were approved and reviewed by the Institutional Animal Care and Use Committee (IACUC) at the
Cincinnati Children’s Hospital Medical Center (CCHMC) (approved no. IACUC2023-0016; date: 21 April 2023). The IACUC
at CCHMC is properly constituted and functions in compliance with the Public Health Service Policy on Humane Care
and Use of Laboratory Animals (PHS policy). All studies were conducted in accordance with approved protocols and the
Basel Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 1 October 2024 Accepted: 25 February 2025
Published online: 28 March 2025

Page 19 of 21


https://doi.org/10.1186/s11658-025-00711-z

Yang et al. Cellular & Molecular Biology Letters (2025) 30:36

References

1.

2.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Guo F. RhoA and Cdc42 in T cells: are they targetable for T cell-mediated inflammatory diseases? Precis Clin Med.
2021;4(1):56-61.

Georgiev P, Benamar M, Han S, Haigis MC, Sharpe AH, Chatila TA. Regulatory T cells in dominant immunologic toler-
ance. J Allergy Clin Immunol. 2024;153(1):28-41.

Sumida TS, Cheru NT, Hafler DA. The regulation and differentiation of regulatory T cells and their dysfunction in
autoimmune diseases. Nat Rev Immunol. 2024;24(7):503-17.

Kalim KW, Yang JQ, Li Y, Meng Y, Zheng Y, Guo F. Reciprocal regulation of glycolysis-driven Th17 pathogenicity and
regulatory T cell stability by Cdc42. J Immunol. 2018;200(7):2313-26.

Malviya V, Yshii L, Junius S, Garg AD, Humblet-Baron S, Schlenner SM. Regulatory T-cell stability and functional plas-
ticity in health and disease. Immunol Cell Biol. 2023;101(2):112-29.

Muhammad T, Pastore SF, Good K, Ausio J, Vincent JB. Chromatin gatekeeper and modifier CHD proteins in develop-
ment, and in autism and other neurological disorders. Psychiatr Genet. 2023;33(6):213-32.

Weissberg O, Elliott E. The mechanisms of CHD8 in neurodevelopment and autism spectrum disorders. Genes.
2021;12(8):1133.

Hoffmann A, Spengler D. Chromatin remodeler CHD8 in autism and brain development. J Clin Med. 2021;10(2):366.
Tu Z,Wang C, Davis AK, Hu M, Zhao C, Xin M, et al. The chromatin remodeler CHD8 governs hematopoietic stem/
progenitor survival by regulating ATM-mediated P53 protein stability. Blood. 2021;138(3):221-33.

Durak O, Gao F, Kaeser-Woo YJ, Rueda R, Martorell AJ, Nott A, et al. Chd8 mediates cortical neurogenesis via tran-
scriptional regulation of cell cycle and Wnt signaling. Nat Neurosci. 2016;19(11):1477-88.

Kawamura A, Nishiyama M. Deletion of the autism-related gene Chd8 alters activity-dependent transcriptional
responses in mouse postmitotic neurons. Commun Biol. 2023;6(1):593.

FanY, LiY,Yang X, Zhang H, Wang B, Guan J, et al. Generation and characterization of PBMCs-derived human
induced pluripotent stem cell (iPSC) line SDQLCHIO51-A from an autism spectrum disorder patient with compound
CHD8 gene mutations. Stem Cell Res. 2023;69: 103114.

Mitchel MW, Myers SM, Heidlebaugh AR, Taylor CM, Rea H, Neuhaus E, et al. CHD8-related neurodevelopmen-

tal disorder with overgrowth. In: Adam MP, Feldman J, Mirzaa GM, Pagon RA, Wallace SE, Bean LJH, et al. (eds).
GeneReviews((R)). Seattle (WA)1993.

Tu Z, Zheng Y. Role of ATP-dependent chromatin remodelers in hematopoietic stem and progenitor cell mainte-
nance. Curr Opin Hematol. 2022;29(4):174-80.

Tu Z, Fan C, Davis AK, Hu M, Wang C, Dandamudi A, et al. Autism-associated chromatin remodeler CHD8 regulates
erythroblast cytokinesis and fine-tunes the balance of Rho GTPase signaling. Cell Rep. 2022;40(2): 111072.

Ahmad SF, Nadeem A, Ansari MA, Bakheet SA, Attia SM, Zoheir KM, et al. Imbalance between the anti- and pro-
inflammatory milieu in blood leukocytes of autistic children. Mol Immunol. 2017,82:57-65.

Ashwood P, Wakefield AJ. Immune activation of peripheral blood and mucosal CD3+ lymphocyte cytokine profiles
in children with autism and gastrointestinal symptoms. J Neuroimmunol. 2006;173(1-2):126-34.

Ashwood P, Enstrom A, Krakowiak P, Hertz-Picciotto |, Hansen RL, Croen LA, et al. Decreased transforming growth
factor betal in autism: a potential link between immune dysregulation and impairment in clinical behavioral out-
comes. J Neuroimmunol. 2008;204(1-2):149-53.

Ashwood P, Wills S, Van de Water J. The immune response in autism: a new frontier for autism research. J Leukoc Biol.
2006;80(1):1-15.

Moaaz M, Youssry S, Elfatatry A, El Rahman MA. Th17/Treg cells imbalance and their related cytokines (IL-17, IL-10
and TGF-beta) in children with autism spectrum disorder. J Neuroimmunol. 2019;337: 577071.

Zhao C, Dong C, Frah M, Deng Y, Marie C, Zhang F, et al. Dual requirement of CHD8 for chromatin landscape
establishment and histone methyltransferase recruitment to promote CNS myelination and repair. Dev Cell.
2018;45(6):753-68.

Yang JQ, Kalim KW, LiY, Zhang S, Hinge A, Filippi MD, et al. RhoA orchestrates glycolysis for TH2 cell differentiation
and allergic airway inflammation. J Allergy Clin Immunol. 2016;137(1):231-45.

Boyer LA, Lee Tl, Cole MF, Johnstone SE, Levine SS, Zucker JP, et al. Core transcriptional regulatory circuitry in human
embryonic stem cells. Cell. 2005;122(6):947-56.

Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA, Flynn RA, Wysocka J. A unique chromatin signature uncovers early
developmental enhancers in humans. Nature. 2011;470(7333):279-83.

Cotney J, Leng J, Yin J, Reilly SK, DeMare LE, Emera D, et al. The evolution of lineage-specific regulatory activities in
the human embryonic limb. Cell. 2013;154(1):185-96.

Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: a method for assaying chromatin accessibility genome-
wide. Curr Protoc Mol Biol. 2015. https://doi.org/10.1002/0471142727.mb21295109.

Andrews S. FastQC: A quality control tool for high throughput sequence data http://www.bioinformatics.babraham.
ac.uk/projects/fastqc

Krueger F. A wrapper tool around Cutadapt and FastQC to consistently apply quality and adapter trimming to FastQ
files, with some extra functionality for Mspl-digested RRBS-type (Reduced Representation Bisufite-Seq) libraries
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore [

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnetjournal.
2011;17(1):10-2.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-seq aligner. Bioinfor-
matics. 2013;29(1):15-21.

Tarasov A, Vilella AJ, Cuppen E, Nijman 1J, Prins P. Sambamba: fast processing of NGS alignment formats. Bioinformat-
ics. 2015;31(12):2032-4.

O'Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, et al. Reference sequence (RefSeq) database at
NCBI: current status, taxonomic expansion, and functional annotation. Nucl Acids Res. 2016;44(D1):D733-45.

Liao Y, Smyth GK, ShiW.The R package Rsubread is easier, faster, cheaper and better for alignment and quantifica-
tion of RNA sequencing reads. Nucleic Acids Res. 2019;47(8): e47.

Page 20 of 21


https://doi.org/10.1002/0471142727.mb2129s109
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore

Yang et al. Cellular & Molecular Biology Letters (2025) 30:36 Page 21 of 21

34, Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment analy-
sis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci USA.
2005;102(43):15545-50.

35. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al. PGC-1alpha-responsive genes involved
in oxidative phosphorylation are coordinately downregulated in human diabetes. Nat Genet. 2003;34(3):267-73.

36. Castanza AS, Recla JM, Eby D, Thorvaldsdottir H, Bult CJ, Mesirov JP. Extending support for mouse data in the
molecular signatures database (MSigDB). Nat Methods. 2023;20(11):1619-20.

37. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P, Mesirov JP. Molecular signatures database
(MSigDB) 3.0. Bioinformatics. 2011;27(12):1739-40.

38. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nat Methods.
2015;12(4):357-60.

39. Zhang, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. Model-based analysis of ChIP-Seq (MACS).
Genome Biol. 2008;9(9):R137.

40. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics.
2010;26(6):841-2.

41. LiaoY, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence reads to
genomic features. Bioinformatics. 2014;30(7):923-30.

42. Ramirez F, Ryan DP, Gruning B, Bhardwaj V, Kilpert F, Richter AS, et al. deepTools2: a next generation web server for
deep-sequencing data analysis. Nucl Acids Res. 2016;44(W1):W160-5.

43. Chen EY, Tan CM, Kou Y, Duan Q Wang Z, Meirelles GV, et al. Enrichr: interactive and collaborative HTMLS5 gene list
enrichment analysis tool. BMC Bioinform. 2013;14:128.

44. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. Enrichr: a comprehensive gene set
enrichment analysis web server 2016 update. Nucl Acids Res. 2016;44(W1):W90-7.

45. Xie Z, Bailey A, Kuleshov MV, Clarke DJB, Evangelista JE, Jenkins SL, et al. Gene set knowledge discovery with Enrichr.
Curr Protoc. 2021;1(3): €90.

46. Wickham H. ggplot2: elegant graphics for data analysis. Berlin: Springer International Publishing; 2016.

47. Yang JQ, Kalim KW, Li Y, Duan X, Nguyen P, Khurana Hershey GK, et al. Rational targeting Cdc42 restrains Th2 cell
differentiation and prevents allergic airway inflammation. Clin Exp Allergy. 2019;49(1):92-107.

48. lwaszko M, Bialy S, Bogunia-Kubik K. Significance of interleukin (IL)-4 and IL-13 in inflammatory arthritis. Cells.
2021;10(11):3000.

49. Singh AK, Al Qureshah F, Drow T, Hou B, Rawlings DJ. Activated PI3Kdelta specifically perturbs mouse regulatory T
cell homeostasis and function leading to immune dysregulation. J Immunol. 2024;213(2):135-47.

50. Huynh A, DuPage M, Priyadharshini B, Sage PT, Quiros J, Borges CM, et al. Control of PI(3) kinase in Treg cells main-
tains homeostasis and lineage stability. Nat Immunol. 2015;16(2):188-96.

51. Shrestha S, Yang K, Guy C, Vogel P, Neale G, Chi H. Treg cells require the phosphatase PTEN to restrain TH1 and TFH
cell responses. Nat Immunol. 2015;16(2):178-87.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.



	Genetic and epigenetic regulation of Treg cell fitness by autism-related chromatin remodeler CHD8
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Mouse model
	Cell preparation and flow cytometry
	Real-time quantitative reverse transcription PCR (qPCR)
	Histology
	RNA sequencing (RNA-Seq)
	Chromatin immunoprecipitation sequencing (CHIP-seq)
	Assay for transposase-accessible chromatin sequencing (ATAC-seq)
	Bioinformatic analysis
	Statistical analysis

	Results
	CHD8 deficiency causes effector T cell-mediated inflammatory disorders
	CHD8 deficiency does not affect Treg homeostasis
	CHD8-deficient Tregs are activated, plastic, and impaired in functional competitiveness with CHD8-proficient Tregs
	CHD8 deficiency alters gene expression in Tregs
	CHD8 regulates chromatin remodeling either dependent or independent of CHD8 direct binding
	Identification of CHD8 target genes whose expression is regulated by CHD8 direct binding-mediated chromatin remodeling
	Treg-specific and Treg-nonspecific regulation of chromatin accessibility and gene expression by CHD8

	Discussion
	Acknowledgements
	References


