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Expression of thyroid hormone
response genes. Xenopus laevis
* XL58-TRE-Luc cells or tadpoles at
stage 53 were treated without (open
x| 1 bar) or with (closed bar) 2 nM 3,3',5-
40 B triiodothyronine (T3). Total RNA was
extracted from the cultured cells or
tadpole tissues (tails and intestines).
Amounts of thrb transcript were
analyzed by reverse transcription-
quantitative polymerase chain
*%* *

)]

reaction (RT-gPCR). The cell lysate
from XL58-TRE-Luc cells was also

]!

assayed for luciferase activity (luc).

1
The vertical axis represents the
amounts of the thrb transcript or the
luciferase activity as a magnitude of
* induction (fold induction). Each value
* is the mean + standard error of the
 — mean (SEM, n=3). *P < 0.05,
P <0.01; *™P < 0.001. The
experiment was repeated 3 times,
I___. with similar results.
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Expression of DNA methyltransferase
genes. Xenopus laevis tadpoles at
stage 53 were treated without (open
bar) or with (closed bar) 2 nM 3,3',5-
triiodothyronine (T3). Total RNA was
extracted from the cultured cells or
tadpole tissues (tails and intestines).
Amounts of dnmt1 or dnmt3
transcript were analyzed by reverse
transcription-quantitative polymerase
chain reaction (RT-gPCR). The
vertical axis represents the amounts
of the dnmt1 or dnmt3 transcript as a
magnitude of induction (fold
induction). Each value is the mean
+ standard error of the mean (SEM,
n=3). The experiment was repeated 3
times, with similar results.
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Effects of TH on methylation status of
the thrb promoter in Xenopus laevis
XL58-TRE-Luc cells or tadpole
tissues. Total genomic DNA was
extracted from X. laevis XL58-TRE-
Luc cells or tadpole tails (stage 53),
which were were treated without or
with 2 nM 3,3',5-triiodothyronine (T3).
Polymerase chain reaction (PCR)
amplicons obtained from bisulfite-
modified DNA with primer sets were
cloned into pMD20 or pGEM vector,
and individual clones from each
sample were sequenced. Closed
circle, methylated CpG site; open
circle, unmethylated CpG site; vertical
arrow, developmentally specific
unmethylated CpG site detected in
TRE(DR3) and TRE(DRA4).
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Effects of exposure to 3,3',5-
triiodothyronine (T3) on histone H4
acetylation, histone H3K4
trimethylation, recruitment of RNAPII
and RNAPIIS5 phosphorylation in the
thrb gene. Xenopus laevis XL58-TRE-
Luc cells (A, C, E, Gand |) or
tadpoles tails at stage 53 (B, D, F, H
and J) were treated without (open
bar) or with (closed bar) 2 nM T3.
Signals of chromatin
immunoprecipitation (ChlP) were
detected by quantitative polymerase
chain reaction (gPCR) following
immunoprecipitation with antibodies
against acetylated histone H4 (A and
B), trimethylated histone H3K4 (C
and D), RNAPII (E and F),
phosphorylated RNAPIISS (G and H),
and normal immunoglobulin G (I and
J). Primers used in gPCR are primer
sets C1, C2, C3, C4 and Cb5. Each
value is the mean + standard error of
the mean (SEM, n=3). *P < 0.05,
P < 0.01; P < 0.001. P values of
several non-significant increases are
also shown. The experiment was
repeated 3 times for cultured cells
and 4 times for tadpoles, with similar
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XL58-TRE-Luc cells Effects of exposure to 3,3',5-
triiodothyronine (T3) on histone H4

w

3

acetylation, histone H3K4
- 1?9"%‘1ﬁ w2t A L B RNAPII trimethylation, histone H3K36
7EFIE BB ) RNAG LEZ DfEE trimethylation, recruitment of RNAPII,
b/ 1F RNAPIIS5 phosphorylation and
RNAPIIS2 phosphorylation in the
0 "_. L il 'l-— oL I\ e ) e | CDS of thrb gene. Xenopus laevis
3 3 XL58-TRE-Luc cells were treated
H3K4me3 .l C L D RNAPIIS5P without (open bar) or with (closed
X F)AL . e BEXH Ak . Dar) 2nM T3. Signals of chromatin
ft - &54] WEEE1 | N RNAS BB SR DR - immunoprecipitation (ChlP) were
= i B EAHEE detected by quantitative polymerase
ol e | ceme . " |, chain reaction (GPCR) following
30 3 immunoprecipitation with antibodies
H3K36me3 s E — F RNAPIIS2P against acetylated histone H4 (A),
L e20r LI RNAZ FEESE O (E8 - RNAPII (B), trimethylated histone
AFIUE %5%%@5 L I * SRR OIEED - aia (), phosphorylated RNAPISS
2 |.. |—l ! — BB L IEE (D), trimethylated histone H3K36 (),
0 ! ! 0 . . phosphorylated RNAPIIS2 (F), and
3 C6 C7 C8 normal immunoglobulin G (G).
IgG G Primers used in gPCR are primer sets
2r C86, C7, and C8. Each value is the
mean + standard error of the mean
T (SEM, n=3). *P < 0.05, **P < 0.01;
0 He= N **P < 0.001. P values of several non-
B FEE 5  cs6 c7 cs 3 significant increases are also shown.

The experiment was repeated 3 times
for cultured cells and 4 times for
tadpoles, with similar results.
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(A) TH-dependent luciferase assay
was conducted with or without 2nM
T3, in the presence or absence of
indicated concentrations of IOX (I) or
TBBPA (Il). The vertical axes
represent the luciferase activity as a
magnitude of the induction (fold). (B)
Amounts of T3-induced transcripts of
the thrb (l) and thibz (Il) genes were
estimated by RT-gPCR as a
magnitude of the induction (fold) after
normalization with the rpl8 gene
expression. Cells were treated with or
without (vehicle control) 2nM T3, in
the presence or absence of 1M
chemicals. Each value is the mean +
SEM (n = 3). Distinct letters denote
significantly different means and were
determined by a one-way analysis of
variance and Fisher’s least significant
difference test for multiple
comparisons (p < 0.05).
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Cells were treated with or without
2nM T3, in the presence or absence
3 of 1M 10X or TBBPA. Signals of ChIP
were detected by gPCR following
immunoprecipitation with antibodies
against H4Ac (I-IV) and RNAPII (V-
VIII). Primers used in gPCR are primer
sets A1 and B1 (land V), A2 and B2
(Iand VI), A3 and B3 (lll and VII), and
A4 and B4 (IV and VIII; see
Supplementary table 1 and Fig. 1) in
Figures 3A and B, respectively. Each
value is the mean + SEM (n = 3).
Distinct letters denote significantly
different means and were determined
by a one-way analysis of variance
and Fisher’s least significant
3’ difference test for multiple
comparisons (p < 0.05).
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Cells were treated with or without
2nM T3, in the presence or absence
of 1M 10X or TBBPA. Signals of ChIP

were detected by gPCR following
immunoprecipitation with antibodies

against H3K4me3 (I-1V) and
RNAPIIS5P (V=VIII). Primers used in

gPCR are primer sets A1 and B1 (I
and V), A2 and B2 (Il and VI), A3 and
B3 (lll and VII), and A4 and B4 (IV and
VIlIi; see Supplementary table 1 and

Fig. 1) in Figures 4A and B,
respectively. Each value is the mean
+ SEM (n = 3). Distinct letters denote
significantly different means and were
determined by a one-way analysis of
variance and Fisher’s least significant

difference test for multiple
comparisons (p < 0.05).
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Post-translational modifications of
histone and RNAPII occur during
transcription including initiation, early
elongation, progressive elongation,
and termination. TH stimulates
coregulator switch from corepressor
complexes with histone deacetylase
activity to coactivator complexes
histone acetylase activity, which
induces H4Ac and RNAPII
recruitment in 5’ regulatory regions of
direct T3-response genes. TH also
enhances the amounts of RNAPIIS5P
with H3K4me3 in 5’ regulatory
regions and the amounts of
RNAPIIS2P with H3K36me3 in
coding regions. Anti-TH actions of
the chemicals in the thrb and thibz
genes represent as black downward
arrows. *, TBBPA was effective, but
IOX not; +, TBBPA and IOX were
effective in the thrb gene, but not in
the thibz gene; and #, TBBPA was
effective in the thrb and thibz genes,
but 10X was effective in the thrb gene
alone. GTFs, general transcription
factors; TR, TH receptor; and TRE,
TH-response element.
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- THs exert biological effects in
most tissues. In general, THs
control metabolism (basic
metabolic rate, lipid and
carbohydrate metabolism,
body heat production, and
oxygen consumption), growth
In children and young
animals, and development
(fetal and neonatal brain, and
animal metamorphosis). THs
affect cardiovascular, nervous
and reproductive systems.
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% I$ IE\ 1K % fd\ GEN268 ABAT 4-aminobutyrate aminotransferase Genetic Association 15830322 Edit
GEN749 ABCA10 ATP-binding cassette, sub-family A (ABC1), member 10 17 Rare single gene variant 1 23352160 Edit
GEN590 ABCA7 ATP-binding cassette, sub-family A (ABC1), member 7 19 Rare single gene variant 2 24360806 Edit
F l \E GEN822 ACE angiotensin I converting enzymeA 17, Rare single gene variant 2 27082837 Edit
% E‘ , % | GEN771 ACHE Acetylcholinesterase (Yt blood group)A 7 Rare single gene variant 4 26402605 Edit
ﬁ GEN672 ACTN4 Actinin, alpha 4 19 Rare single gene variant 3 25549968 Edit
GEN573 ACY1 Aminoacylase 1 3 Syndromic 5 20480396 Edit
GEN002 ADA adenosine deaminase 20 Genetic Association 5 11354825 Edit
:l:- E j:t E \J \ GEN567 ADAMTS18 ADAM metallopeptidase with thrombospondin type 1 motif, 18 16 Rare single gene variant 1 23356391 Edit
ql- / \ GEN407 ADARB1 Adenosine deaminase, RNA-specific, B1 21 Functional 2 22869036 Edit
GEN470 ADCY5 Adenylate cyclase 5 3] Rare Single Gene variant 4 22495309 Edit
GEN274 ADK adenosine kinase 10 Rare Single Gene variant 1 21937992 Edit
'_'\\ W GEN471 ADNP Activity-dependent neuroprotector homeobox 20 Rare Single Gene variant 17 22495309 Edit
% /\ _ Z GEN003 ADORA2A adenosine A2a receptor 22 Syndromic 7 19565319 Edit
GEN562 ADORA3 Adenosine A3 receptor 1 Functional 2 23953133 Edit
GEN004 ADRB2 adrenergic, beta-2-, receptor, surface 5 Genetic Association 10 17199132 Edit
A\ 7— 7_ GEN005 ADSL adenylosuccinate lyase 22 Rare Single Gene variant 5 15471876 Edit
\ _?_ j: 2 l % GEN289 AFF2 AF4/FMR2 family, member 2 X Syndromic 13 9034011 Edit
O GEN006 AFF4 AF4/FMR2 family, member 4 5 Rare Single Gene variant 7 22495306 Edit
GEN047 AGAP1 ArfGAP with GTPase domain, ankyrin repeat and PH domain 1 2 Rare Sin_gle Gen.e v.ariant, 8 15892143 Edit
Genetic Association

GEN333 AGBL4 ATP/GTP binding protein-like 4 1 Rare Single Gene variant 3 20531469 Edit
GEN253 AGMO alkylglycerol monooxygenase 7 Genetic Association 5 17363630 Edit
GEN007 AGTR2 angiotensin II receptor, type 2 X Rare Single Gene variant 3 12089445 Edit
— GEN824 AHDC1 AT-hook DNA binding motif containing 1 1 Syndromic 6 25363768 Edit
S FA R | L(_ ci Iﬁ} GEN008 AHI1 Abelson helper integration site 1 6 Rare Single Gene variant 17 18782849 Edit
GEN761 AKAP9 A kinase (PRKA) anchor protein 9A 7 Rare single gene variant 4 26402605 Edit
GEN510 ALDH1A3 Aldehyde dehydrogenase 1 family, member A3 15 Syndromic 5 23312594 Edit
GENOOS ALDH5A1 aldehyde dehydr?genase 5 family, member Al (succinate- 6 Syndromic s 12743223 Edit

7— semialdehyde dehydrogenase ) 7
j: N %/\] 8 6 O *E @ GEN830 ALG6 ALGS, alpha-1,3-glucosyltransferase 1 Syndromic 1 27287710 Edit
GEN010 ALOX5AP arachidonate 5-lipoxygenase-activating protein 3 Functional 4 16709250 Edit
GEN631 AMPD1 Adenosine monophosphate deaminase 1 1 Genetic association 3 24189344 Edit
\\ GEN526 AMT Aminomethyltransferase 3 Rare single gene variant 1 23352163 Edit
% GEN587 ANK2 Ankyrin 2, neuronal 4 Rare Single Gene variant 9 22542183 Edit
F*ﬁ 1 1K b GEN406 ANK3 Ankyrin 3, node of Ranvier (ankyrin G) 10 Genetic Association 19 22865819 Edit
GENO11 ANKRD11 ankyrin repeat domain 11 16 Rare Single Gene variant 26 18252227 Edit
GEN673 ANKS1B Ankyrin repeat and sterile alpha motif domain containing 1B 12 Rare single gene variant 1 25549968 Edit
GEN609 ANXA1 Annexin Al 9 Rare single gene variant 24720851 i
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CHDS8 haploinsufficiency results in autistic-like

phenotypes in mice

Yuta Katayama', Masaaki Nishiyama!, Hirotaka Shoji?, Yasuyuki Ohkawa?, Atsuki Kawamura', Tetsuya Sato*, Mikita Suyama®,

Toru Takumi®, Tsuyoshi Miyakawa? & Keiichi I. Nakayama!

Autism spectrum disorder (ASD) comprises a range of
neurodevelopmental disorders characterized by deficits in social
interaction and communication as well as by restricted and
repetitive behaviours'. ASD has a strong genetic component with
high heritability. Exome sequencing analysis has recently identified
many de novo mutations in a variety of genes in individuals with
ASD?%3, with CHDS, a gene encoding a chromatin remodeller, being
most frequently affected*-8. Whether CHD8 mutations are causative
for ASD and how they might establish ASD traits have remained
unknown. Here we show that mice heterozygous for Chd8 mutations
manifest ASD-like behavioural characteristics including increased
anxiety, repetitive behaviour, and altered social behaviour. CHD8
haploinsufficiency did not result in prominent changes in the
expression of a few specific genes but instead gave rise to small but
global changes in gene expression in the mouse brain, reminiscent
of those in the brains of patients with ASD. Gene set enrichment
analysis revealed that neurodevelopment was delayed in the mutant
mouse embryos. Furthermore, reduced expression of CHD8 was
associated with abnormal activation of RE-1 silencing transcription
factor (REST), which suppresses the transcription of many neuronal
genes. REST activation was also observed in the brains of humans
with ASD, and CHD8 was found to interact physically with REST
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macrocephaly of ASD patients with CHD8 mutations”%. In addition,
mutant mice had a shorter intestine and tended to manifest slower
intestinal transit (Extended Data Fig. 3d), consistent with gastrointes-
tinal defects in humans and zebrafish with CHD8 mutations®.

A range of behavioural tests (Supplementary Tables 1, 2) revealed
that the mutant mice manifested increased anxiety (Fig. 1c—f), similar
to findings with patients with ASD and other ASD model mice!>18,
whereas they showed no apparent change in general health (Extended
Data Fig. 3e-h) and motility (Fig. 1g).

We examined the acoustic startle response and prepulse inhibition
(PPI). Both of the Chd8 mutant mice showed a lower acoustic startle
response (Extended Data Fig. 4a) as well as increased PPI for 74- or 78-dB
prepulses before a 120-dB startle stimulus (Extended Data Fig. 4b),
revealing that Chd8 mutation affects both sensorimotor arousal and
gating.

We next evaluated learning and memory in Chd8 mutant mice. The
T-maze forced-alternation test revealed that Chd8+/~L mice did not
show any change in memory compared with wild-type mice (Fig. 2a, b).
The T-maze left-right discrimination test showed that the percentage
of correct responses was reduced for Chd8*/A! mice after directional
reversal compared with control animals (Fig. 2c), suggesting that the
mutant mice exhibit increased persistence reminiscent of ASD in
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