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Summary
Proteins involved in transcriptional regulation harbor a demonstrated enrichment of mutations in neurodevelopmental disorders. The

Sin3 (Swi-independent 3)/histone deacetylase (HDAC) complex plays a central role in histone deacetylation and transcriptional repression.

Among the two vertebrate paralogs encoding the Sin3 complex, SIN3A variants cause syndromic intellectual disability, but the clinical con-

sequences of SIN3B haploinsufficiency in humans are uncharacterized. Here, we describe a syndrome hallmarked by intellectual disability,

developmental delay, and dysmorphic facial features with variably penetrant autism spectrum disorder, congenital malformations, corpus

callosum defects, and impaired growth caused by disruptive SIN3B variants. Using chromosomal microarray or exome sequencing, and

through international data sharing efforts, we identified nine individuals with heterozygous SIN3B deletion or single-nucleotide variants.

Five individuals harbor heterozygous deletions encompassing SIN3B that reside within a �230 kbminimal region of overlap on 19p13.11,

two individuals have a rare nonsynonymous substitution, and two individuals have a single-nucleotide deletion that results in a frameshift

and predicted premature termination codon. To test the relevance of SIN3B impairment to measurable aspects of the human phenotype,

we disrupted the orthologous zebrafish locus by genome editing and transient suppression. The mutant and morphant larvae display

altered craniofacial patterning, commissural axon defects, and reduced body length supportive of an essential role for Sin3 function in

growth and patterning of anterior structures. To investigate further the molecular consequences of SIN3B variants, we quantified

genome-wide enhancer and promoter activity states by using H3K27ac ChIP-seq.We show that, similar to SIN3Amutations, SIN3B disrup-

tion causes hyperacetylation of a subset of enhancers and promoters in peripheral blood mononuclear cells. Together, these data demon-

strate that SIN3Bhaploinsufficiency leads to a hitherto unknown intellectual disability/autism syndrome, uncover a crucial role of SIN3B in

the central nervous system, and define the epigenetic landscape associated with Sin3 complex impairment.
Impairment of transcriptional regulation has been linked

closely to the molecular etiology of intellectual disability

(ID) and autism spectrum disorders (ASDs).1–3 Specifically,
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multiple genes mutated in Mendelian disorders with a

neurodevelopmental or neuroanatomical aspect, and

notably ID/ASD genes, have been found to encode
es Cedex 1, France; 2Center for Human Disease Modeling, Duke University
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chromatin regulators.4–6 Eukaryotic chromatin structure is

organized in histone octamers of the four core histones,

H2A, H2B, H3, and H4, forming nucleosomes to ensure

DNA compaction. Post-translational modifications of his-

tone N termini, particularly acetylation, play decisive

roles in the dynamic regulation of gene transcription. His-

tone deacetylation is executed by the histone deacetylase

(HDAC) enzymes HDAC1 and HDAC2 and is dependent

upon complexes containing Sin3, MecP2,7 NuRD, and

CoREST.8–10 Recruitment of the Sin3 corepressor module

leads to deacetylation of histones H3 and H4.11 The core

SIN3-HDAC complex acts as a scaffold for the assembly

of multiple cofactors.12–14 In mammals, two genes encode

master factors of the Sin3 complex, SIN3A (MIM: 607776)

and SIN3B (MIM: 607777). SIN3A disruption in humans

causes syndromic ID with craniofacial defects (Wit-

teveen-Kolk syndrome [MIM: 613406]).15 Consequences

of SIN3B disruption in humans are hitherto poorly

understood.

In this study, we report the phenotypic features associ-

ated with haploinsufficiency at the SIN3B locus through

combined analysis of clinical and cerebral MRI data

collected for nine individuals harboring rare SIN3B vari-

ants (seven de novo and two of undetermined origin due

to an inaccessible parental sample). We identified five

copy number variant (CNV) deletions at 19q13.11, which

encompass SIN3B (0.427 to 1.5 Mb; smallest region of

overlap, SRO, �230 kb, hg19), and four single nucleotide

variants (SNV) in the coding regions of SIN3B (Table 1). To

investigate the consequences of SIN3B loss in vivo, we ab-

lated sin3b in zebrafish (Danio rerio) larvae with a trans-

genic reporter of cartilage formation in the pharyngeal

skeleton by CRISPR/Cas9 genome editing and transient

morpholino (MO)-based suppression. We recapitulate

multiple aspects of the human phenotype in zebrafish

and demonstrate pathogenicity for the two missense var-

iants. Furthermore, we investigated the epigenetic conse-

quences of SIN3B variation by epigenomic profiling the

peripheral blood mononuclear cells (PBMCs) from an

affected CNV deletion-bearing individual compared with

his family members and compared with data generated

from PBMCs from a SIN3A CNV deletion pedigree. The re-

sults suggest that SIN3B disruption leads to increased his-

tone acetylation in this individual, which is consistent

with SIN3A ablation and the repressor function of the

Sin3 complex.

Nine affected individuals were referred independently

for genetic counseling and clinical genetic testing because

of unexplained ID or ASD (Table 1). We obtained written

informed consent from each affected individual and avail-

able family members prior to inclusion in genetics research

in accordance with each respective institution’s human

subjects ethics committee. All participants were assessed

by at least one expert clinical geneticist from each respec-

tive participating center (Table 1; supplemental notes).

To investigate the possibility that CNVs could contribute

to the ID/ASD features, we performed chromosomalmicro-
930 The American Journal of Human Genetics 108, 929–941, May 6,
array studies (Table S1). Individuals 1, 2, 3, 4, and 5 carry

microdeletions of 1.02, 1.5, 0.87, 0.88, and 0.43 Mb,

respectively, at the 19p13.11 locus, all of which encompass

SIN3B (Figure 1A; Table S2). Notably, de novo deletions of

this chromosomal region have been implicated previously

in multi-system pathologies in humans, including neuro-

developmental disorders. Aten and colleagues reported

an affected male who harbored a 0.99 Mb de novo deletion

that contains 28 genes (Table 1; Table S2),16 and Bens et al.

described a female pediatric affected individual with an

overlapping 1.12 Mb microdeletion at 19p13.11 (Table 1;

Table S2).17 Comparison of the microdeletions reported

in these two affected individuals with the five individuals

in our study yielded a smallest region of overlap (SRO) of

�230 kb, which contains four genes (NWD1 [MIM:

616250], SIN3B, F2RL3 [MIM: 602779], and CPAMD8

[MIM: 608841]; Figure 1A; Table S2). In silico predictions

suggested SIN3B to be the most likely candidate disease

driver gene because of its high probability of loss of func-

tion (LoF) intolerance (pLI) score18 (SIN3B pLI > 0.9;

NWD1, F2RL3, CPAMD8 pLI ¼ 0; Table S2). Individual 3

carried an additional de novo deletion of 1.6 Mb at

18p11.31 (chr18: 3,192,682–4,854,252, GRCh37/hg19),

encompassing four genes (MYOM1 [MIM: 603508],

MYL12B [MIM: 609211], TGIF1 [MIM: 602630], and

DLGAP1 [MIM: 605445]). TGIF1 loss-of-function variants

have been described in holoprosencephaly type 4 (MIM:

142946).19 MYOM1, MYL12B, and DLGAP1 have not

been linked to a human disorder. However, this second

mutational event most likely plays a role in the phenotype

of individual 3. Additionally, the individual described by

Aten et al. presents with split hand and foot malformation

(SHFM) (Table 1).16 EPS15L1 (MIM: 616826) was consid-

ered to be responsible for the limb phenotype and is

not included in the SRO reported in our study (Figure 1;

Table S2).

Next, we asked whether pathogenic variants in any of

these genes in the SRO had been implicated in phenotypes

overlapping with 19p13.11 deletion carriers. NWD1 and

F2RL3 have not been implicated previously in human ge-

netic disorders. Bi-allelic mutations in CPAMD8 cause ante-

rior segment dysgenesis20 (MIM: 617319), but carriers of

heterozygous loss-of-function variants are not known to

have neurodevelopmental symptoms. Individual 3 pre-

sents with ocular anterior segment dysgenesis (Table 1),

and we cannot exclude the possibility of a variant in

CPAMD8 on the non-deleted allele that could explain a

part of this individual’s ocular phenotype. However, a

likely disruptive variant was identified in SIN3B in a previ-

ous study within a large syndromic ID cohort21 but was

only reported as a candidate because of a lack of genetic ev-

idence in support of causality. Here, we report the same in-

dividual with the frameshift de novo variant located in

exon 1 of SIN3B (c.31delA [p.Ser11Alafs*11] [GenBank:

NM_015260.4]) as individual 6 (Figure 1B; Table 1). This

SNV is absent from >240,000 alleles in the Genome Aggre-

gation Database (gnomAD; accessed September 22, 2019),
2021



Table 1. Clinical features of five individuals with de novo 19p13.11 microdeletions encompassing SIN3B and four individuals with point mutations in SIN3B

Individual
identifier 1 2 3 4 5 6 7 8 9 Total

Aten
et al.,
200916

Bens
et al.,
201117

DECIPHER
identifier
(v.9.21)

332280 262142 NA NA 308455 325602 NA NA NA NA 4101 NA

Genotypea,b

Variant type CNV,
deletion

CNV,
deletion

CNV,
deletion

CNV, deletion CNV, deletion SNV, frameshift SNV,
frameshift

SNV,
nonsynonymous

SNV,
nonsynonymous

5 CNV
del,
4 SNV

CNV,
deletion

CNV,
deletion

Inheritance de novo de novo de novo de novo de novo de novo parents
unavailable
for testing

de novo father
unavailable
for testing

7 confirmed
de novo

de novo de novo

Variant
details

19:
16848440–
17871985

19:
15978604–
17500427

19: 16599950–
17469382

19: 16456955–
17333482

19: 16652215–
17079033

c.31delA
(p.Ser11Alafs*11)

c.1579delC
(p.Arg527
Glyfs*12)

c.249C>G
(p.Ile83Met)

c.58G>A
(p.Gly20Arg)

NA 19:
16548375–
17547292

19:
16611808–
17733344

Size 1.02 Mb 1.52 Mb 869 kb 877 kb 427 kb NA NA NA NA NA 0.99 Mb 1.12 Mb

Clinical phenotypes

Sex M F M F M M M M M NA M F

Age at last
clinical
examination

20 years 11 years 2 years
6 months

8 years
10 months

3 years
10 months

15 years 50 years
4 months

3 years 5 years NA 6 years 4 years

Growth
parameters

W: �4 SD, H:
�2 SD, OFC:
0 SD

W: þ1 SD, H:
�0.5 SD,
OFC: �0.5 SD

W: �0.5
SD, H: N,
OFC: �3 SD

W: �1 SD,
H: þ0.5 SD,
OFC: �1.5 SD

W: �0.75 SD, H:
�1.04 SD, OFC:
�0.97 SD

W: þ3 SD,
H: þ2.5 SD,
OFC: þ2.5 SD

W: �1 SD,
H: �2 SD,
OFC: N

W: þ1.2 SD,
H: �0.5 SD,
OFC: �0.5 SD

W: þ2 SD,
H: þ2 SD,
OFC: þ2 SD

NA W: ND,
H: �0.3 SD,
OFC: �1 SD

W: �1.4 SD,
H: �1.9 SD,
OFC:
�3.5 SD

DD/ID � (IQ 96) þ (IQ 41) þ (IQ ND) þ (WISC-IV) þ (IQ ND) þ (IQ ND) þ (IQ 56) þ (IQ ND) þ (IQ ND) 8/9 þ (IQ ND) þ (IQ ND)

DD/ID
severity

NA moderate moderate mild mild mild mild moderate mild 5 mild,
3 moderate

severe severe

Age at
independent
walking

18 months 2 years
8 months

2 years
4 months

13 months 24 months 24 months ND 22 months 18 months NA ND ND

Speech delay � þ þ � (articulation
problems)

� þ þ þ þ 6/9 þ þ

ASD þ � � � � þ � � þ 3/9 � �

Other
behavioral
disorders

ADHD ADHD � hyperactivity,
impulsivity, low
frustration
tolerance,
anxiety

� aggressive
behavior

echolalia � ADHD 6/9 � �

(Continued on next page)
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Table 1. Continued

Individual
identifier 1 2 3 4 5 6 7 8 9 Total

Aten
et al.,
200916

Bens
et al.,
201117

Epilepsy � � � � � � þ � � 1/9 � �

Brain MRI N N short CC,
olfactory
bulb
agenesis

mild tonsillar
ectopia

ND defects
in CC and
subependymal
nodular
heterotopia

N ND ND 3/6 ND ND

Dysmorphic
featuresc

þ þ þ þ þ þ þ þ þ 9/9 þ þ

Limb
abnormalities

short hands bilateral
fifth fingers
clinodactyly,
genu
recurvatum

� clinodactyly
of the 2nd

and 5th digits,
tapered
distal
phalanges

� � � � bilateral
radio-ulnar
synostosis

4/9 SHFM �

MCA � VSD, bifid
uvula,
strabismus

VSD, left iris
coloboma,
ocular
anterior
segment
dysgenesis,
left cleft lip
and palate,
micropenis

bifid uvula,
strabismus

tetralogy
of Fallot,
preauricular
pit

� � intestinal
malrotation

ND 5/8 tetralogy
of Fallot

�

Additional
phenotypic
features

myopia,
daytime
hypersomnia,
decreased
melatonin
urinary
excretion

ataxia � umbilical
hernia,
clumsiness,
myopia,
hypotonia

pectus
carinatum

conductive
hearing loss

hand tremor � ND NA strabismus initial
poor
feeding,
premature
pubarche,
strabismus,
ataxia

Additional
genetic
findings

� � CNV deletion
(1.6 Mb)
de novo, 18:
3192682–
4854252

� � � � � CNOT1
c.4861A>G
(p.Ile1621Val)
(unknown
inheritance)

NA ND ND

Abbreviations are as follows: NA, not applicable; M, male; F, female; W, weight; H, height; OFC, occipitofrontal head circumference; SD, standard deviation; ND, no data; N, normal; DD, developmental delay; ID, intellectual
disability; WISC-IV, Wechsler Intelligence Scale for Children; ASD, autism spectrum disorder; MRI, magnetic resonance imaging; MCA, multiple congenital anomalies; ADHD, attention deficit hyperactivity disorder; CC,
corpus callosum; VSD, ventricular septal defect; SHFM, split hand and foot malformation; p, percentile; þ, affected; �, not affected; CNV, copy number variant; del, deletion; SNV, single-nucleotide variant.
aThe reference genome used for annotations is GRCh37/hg19.
bCoding DNA/protein variant described according to the nomenclature HGVS v.2.0 established by the Human Genome Variation Society; GenBank: NM_015260.4 and NP_056075.1.
cFor dysmorphic features, see supplemental notes.
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Figure 1. Copy number variants and single nucleotide variants altering SIN3B cause intellectual disability with autistic features
(A) Schematic depicting SIN3B (GRCh37.p13; chr19: 16,940,211–16,991,164) at the 19p13.11 locus. CNV deletions (red bars) encom-
passing SIN3B in individuals 1, 2, 3, 4, and 5, as well as two previously reported individuals,16,17 are shown. Gene positions are indicated
by black boxes, and genes located in smallest region of overlap are included in orange box between vertical dashed lines.
(B) Exon structure of longest SIN3B transcript, containing 20 exons (GenBank: NM_015260.4). Variants c.31delA (p.Ser11Alafs*11) (in-
dividual 6); c.1579delC (p.Arg527Glyfs*12) (individual 7); c.249C>G (p.Ile83Met) (individual 8); and c.58G>A (p.Gly20Arg) (individual
9) are indicated with red arrows.
and the variant transcript is predicted to be degraded by

nonsense-mediated decay, resulting in SIN3B haploinsuffi-

ciency. However, cell lines derived from the affected indi-

vidual were not available to test this possibility

experimentally.

We turned to community data-sharing platforms22 to ask

whether additional affected individuals might be present

with deleterious mutations and overlapping clinical fea-

tures at this locus. We identified individual 7, who carries

a c.1579delC (p.Arg527Glyfs*12) frameshift variant in

exon 12 (Figure 1B; Table 1). Parental samples were not

available for segregation analysis. Exome sequencing (ES)

of individual 8 identified a de novo c.249C>G (p.Ile83Met)

change that is predicted to be damaging by in silico classi-

fiers and is absent from gnomAD (Figures 1B, 2, and S1; Ta-

bles 1, S1, and S3). This change affects a conserved residue

within the first paired amphipathic helix (PAH) domain of

SIN3B, which is responsible for interaction with members

of Sin3/HDAC complex (Figures 2 and S1). Individual 9 har-

bors a heterozygous c.58G>A (p.Gly20Arg) variant (Figures

1B, 2, and S1; Tables 1 and S1). This variant is absent from

gnomAD and is predicted to be deleterious in silico (Table
The Ame
S3). This change was not detected in genomic DNA from in-

dividual 9’s mother, but the paternal sample was not avail-

able to confirm the mode of inheritance. Individual 9 also

harbors a variant of uncertain significance in CNOT1

(MIM: 604917), a locus known to cause either dominant

holoprosencephaly23,24 (MIM: 618500) or Vissers-Bodmer

syndrome25 (MIM:619033; c.4861A>G [p.Ile1621Val]

[GenBank: NM_001265612.2]), for which contribution to

the phenotype cannot be excluded (Table 1). Even so, we

considered this SIN3B variant, in combinationwith individ-

ual 9’s neurodevelopmental phenotypes, to be potentially

relevant to our case series. Together, these two ultra-rare

missense variants were supportive, but not conclusive, in

implicating SIN3B involvement in the ID/developmental

delay (DD) phenotypes observed in individuals 1–5, who

harbor CNVs on 19p13.11, and in individuals 6 and 7,

who harbor frameshift variants.

All nine individuals presented with a constellation of

cognitive and neuroanatomical phenotypes. The most

frequently reported features included ID and DD (in 8/9),

classified as mild (individuals 4, 5, 6, 7, and 9) and moder-

ate (individuals 2, 3, and 8; Table 1). In addition to ID/DD,
rican Journal of Human Genetics 108, 929–941, May 6, 2021 933



Figure 2. In silico protein modeling of SIN3B nonsynonymous variants indicate likely disruption of protein function
(A) SIN3B protein structure (GenBank: NP_056075.1). Three paired amphipathic helix (PAH domains) predicted on the N-terminal re-
gion of SIN3B are indicated by light blue boxes. Regions that interact (predicted by similarity with murine Sin3b) with CRY1 (crypto-
chrome circadian clock 1), REST (RE1-silencing transcription factor), SUDS (Sin3 histone deacetylase corepressor complex component
SDS), HDAC1 (histone deacetylase 1), NCOR1 (nuclear receptor corepressor 1), and HID (HDAC-interacting domain) are indicated by
light-colored boxes.
(B) In silico three-dimensional view of SIN3B. Variant c.249C>G encodes p.Ile83Met, which affects a residue located in the PAH1 domain
nearest to the N terminus, which is predicted to mediate protein-protein interaction with transcriptional corepressors REST and CRY1.
Protein Data Bank (PDB) file was generated by RaptorX and analyzed in Pymol 2.0. PAH domains are colored in turquoise and HID is
colored in light green. Distance (Å) between side chains of wild-type (Ile83; left box) and mutant (Met83; right box) SIN3B and the
closest residue on the opposing side of the protein are measured as indicated (blue dashed lines).
three individuals fulfilled clinical diagnostic criteria for

ASD (individuals 1, 6, and 9). Moreover, three individuals

had attention deficit hyperactivity disorder (ADHD; indi-

viduals 1, 2, and 9). Cerebral MRI showed variable features;

these included corpus callosum defects and subependymal

nodular heterotopia (individual 6, Figure 3B), hypoplastic

corpus callosum (individual 3, who also has a TGIF1 dele-

tion), and mild tonsillar ectopia (individual 4); the other

half of the cohort presented no detectable MRI abnormal-

ities at last assessment or did not have brain imaging (Table

1). Individual 7 had generalized tonic-clonic seizures start-

ing at age 3. Some individuals presented with short stature

for age (individuals 1 and 7). Additionally, cardiac defects

were present in three individuals, specifically ventricular
934 The American Journal of Human Genetics 108, 929–941, May 6,
septal defect (VSD; individuals 2 and 3) and tetralogy of

Fallot (individual 5). Three individuals presented with la-

biopalatine cleft or bifid uvula (individuals 2, 3, and 4).

Although several affected individuals displayed dysmor-

phic facial features, including broad nasal root, arched

and full eyebrows, synophrys, or epicanthus, no unifying

facial gestalt was evident across all affected individuals

(Figure 3A).

Zebrafish mutants harboring truncating mutations in

sin3b display locomotion defects, delayed ossification,

and shortened body length.26 With the exception of vari-

able growth phenotypes in our cohort (Table 1), these aber-

rant zebrafish mutant phenotypes did not have discrete

anatomical correlates with features of our human cohort.
2021



Figure 3. Facial photographs and mag-
netic resonance imaging (MRI) of individ-
uals who harbor CNVs or SNVs impacting
SIN3B
(A) Front view of individual 3, who has an
869 kb deletion CNV; note the bulbous
nose, arched eyebrows, epicanthus, broad
nasal root, and prominent forehead. Front
view of individual 7, who harbors the
c.1579delC (p.Arg527Glyfs*12) variant;
note large ears and full and arched eye-
brows. Front view of individual 8, carrying
the c.249C>G (p.Ile83Met) variant; note
prominent coronal suture, arched eye-
brows, and small palpebral fissures.
(B) Brain MRI from individuals 3 and 6. In-
dividual 3: note short corpus callosum
(blue segment) and olfactory bulb agenesis
(asterisk). Individual 6: note polymicrogy-
ria (blue circle) with corpus callosum de-
fects (blue arrow) and subependymal
nodular heterotopia (dotted blue circle).
To test whether we could link anatomical phenotypes

observed in individuals with SIN3B haploinsufficiency,

we disrupted the SIN3B ortholog in zebrafish (Ensembl:

ENSDARG00000062472, GRCz10; 63% identity, 74% sim-

ilarity versus human [GenBank: NP_056075.1];

Figure S2A). All experiments involving zebrafish were

approved by the Duke University Institutional Animal

Care and Use Committee. These experiments were per-

formed at least twice with similar results, with the investi-

gator masked to experimental condition, and all statistical

comparisons were performed with a non-parametric Krus-

kal-Wallis test. We generated F0 mutant models by target-

ing exon 13 of sin3b by using CRISPR/Cas9 genome edit-

ing; we confirmed a high level of mosaicism for

frameshifting events through heteroduplex analysis and

sequencing of PCR amplicons flanking the target sites

(>90%; Figures S2A and S2B).

Given that several individuals in our study displayed

dysmorphic facial features (Figure 3A), we first focused

on cartilage patterning as a readout for sin3b effects on

development. We and others have shown previously that

morphometric assessment of the pharyngeal skeleton in

zebrafish is directly relevant to craniofacial features associ-

ated with neurodevelopmental defects in humans.27–33 We

injected guide RNA (gRNA) and Cas9 protein into the cell

of single cell-staged embryos carrying a 1.4col1a1:egfp

transgene,34 performed live bright-field and fluorescent

imaging at 3 days post fertilization (dpf), and analyzed

cartilaginous ventral structures of the developing larval

head bymeasuring the ceratohyal (CH) angle. sin3b F0mu-

tants display a significantly increased CH angle compared

with control larvae or larvae injected with gRNA alone,

supporting a role for the Sin3 complex in patterning of

anterior facial structures (p < 0.0001, gRNA þ Cas9 versus

gRNA alone or controls; n ¼ 21–34 larvae/batch; repeated,

masked scoring; Figures 4A–4C). Additionally, and consis-

tent with stable sin3b mutants,26 sin3b F0 larvae display

significantly shorter body length compared with control
The Ame
larvae or larvae injected with gRNA alone (p < 0.0001,

gRNA þ Cas9 versus gRNA alone; p < 0.005, gRNA þ
Cas9 versus controls; n ¼ 21–27 larvae/batch; repeated,

masked scoring; Figure 4C). Further, to detect neuroana-

tomical defects, we investigated the integrity of commis-

sural axon tracts in the zebrafish brain at 3 dpf as a proxy

for the corpus callosum defects observed in two affected in-

dividuals with SIN3B variants. We fixed larvae, immuno-

stained with acetylated tubulin antibody, and quantified

the number of intertectal neurons crossing the dorsal

midline between the optic tecta as described.35 We

observed a significant depletion of commissural axons in

sin3b F0 mutants compared with both gRNA alone batches

or uninjected controls (Figures 4D and 4E; p < 0.0001 for

gRNA þ Cas9 versus gRNA alone or controls; n ¼ 49–50

larvae/batch; repeated).

We then confirmed the specificity of the craniofacial and

body length phenotypes in F0 mutants by performing MO-

based knockdown of sin3b. We obtained a splice-blocking

(sb) MO targeting the splice donor site of sin3b exon 2

(e2i2), injected it into embryo batches at the one-to-four

cell stage, and generated cDNA from whole larvae at 3 dpf

to monitor mRNA splicing. We performed RT-PCR to

amplify and sequence regions of interest encompassing

exon 2 and confirmed a frameshifting event induced by

exclusion of sin3b exon 2 (Figures S3A–S3C). Next, we

injected increasing concentrations of e2i2 sb MO (3, 6,

and 9 ng) into �1.4col1a1:egfp embryos and subjected

larvae to the same craniofacial phenotyping paradigm

described for F0 mutants. We observed a dose-dependent

increase in CH angle in sin3b morphants (p < 0.0001; n

¼ 35–58 larvae/condition; Figure S3D). Moreover, coinjec-

tion of e2i2 sb MO with wild-type (WT) human SIN3B

mRNA (GenBank: NM_015260.4; generated with a

commercially obtained ORF clone; Genecopoeia, Z4616)

as described36 rescued these craniofacial defects, indicating

MO specificity (p < 0.0001 for MO versus MOþWTmRNA;

n ¼ 34–72 larvae/batch; repeated; Figure S3E). To test the
rican Journal of Human Genetics 108, 929–941, May 6, 2021 935



Figure 4. Modeling of sin3b disruption in zebrafish shows abnormal craniofacial patterning, reduced body length, and pathogenicity
of case-associated missense variants
(A) Schematic of structures of interest used for in vivo measurements in developing zebrafish larvae at 3 days post fertilization
(dpf); cartilaginous craniofacial structures (left, angle between dashed lines); body length (right, red horizontal arrow); CH, ce-
ratohyal cartilage; MK, Meckel cartilage. �1.4col1a1:egfp transgenic zebrafish larvae were positioned with the Vertebrate Auto-
mated Screening Technology (VAST) BioImager and ventral fluorescent images were captured as indicated (right panel, red ver-
tical arrow).
(B) Representative ventral images of in vivo models of sin3b disruption in zebrafish. CH angle was measured as indicated in (A). UI, un-
injected; MO, morpholino; WT, human SIN3B mRNA. Scale bar, 100 mm.
(C) Quantification of craniofacial defects and body length in CRISPR/Cas9 F0 mutants. Small insertions and deletions were introduced
into sin3b exon 13 via a high-efficiency guide RNA (gRNA). Targeting with gRNA leads to an increase of CH angle (left) and decrease in
body length (right), indicating a crucial role for the Sin3 complex in the patterning of anterior structures and growth (n¼ 21–34 and 21–
27 larvae/batch, repeated, for craniofacial and body length, respectively).
(D) Representative images showing fluorescent signal detected from the dorsal aspect of fixed and acetylated tubulin antibody-stained
3dpf larvae. Zoomed insets (left and right) show the region assessed for commissural neurons that cross the midline.
(E) Quantification of intertectal neurons in sin3b F0 mutants as a proxy for corpus callosum defects in SIN3Bmutation-bearing humans.
n ¼ 49–50 larvae/batch, repeated.
(F) Transient suppression models mimic sin3b CRISPR F0 mutants. sin3b morphants (injected with 9 ng of e2i2 splice-blocking
[sb] MO) display a broadened CH angle (left) and shortened body length (right) compared with uninjected controls. Coinjec-
tion of sin3b e2i2 splice-blocking MO with 100 pg of SIN3B WT human mRNA rescues this phenotype significantly. Coinjec-
tion of MO with case-specific variant mRNA (encoding p.Gly20Arg and p.Ile83Met) resulted in significantly reduced ability to
rescue CH and body length compared with SIN3B WT mRNA (n ¼ 41–61 larvae/batch, repeated). p.Pro767Leu is a negative
control variant (rs117307745; six homozygotes in gnomAD). Statistical analyses were performed via a non-parametric Krus-
kal-Wallis test. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant; error bars represent standard error
of the mean.
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Figure 5. Histone acetylation (H3K27ac) analysis in cells derived from affected individuals with SIN3A or SIN3B deletion CNVs
compared with within-pedigree control individuals reveals hyperacetylation in affected individuals
(A) Diagram showing the experimental approach of the ChIP-seq H3K27ac analysis performed on peripheral blood mononuclear cells
(PBMCs) from affected individuals compared with their healthy family members. We characterized genome-wide histone acetylation
changes in one individual with a SIN3A deletion (individual 4 in Witteveen et al. 15 with a �350 kb microdeletion) and individual 1
from this study with a SIN3B deletion (see Figure 1).
(B) PCA (principal-component analysis) plot of peak heights from the 532 differentially acetylated peaks between all control individuals
compared with affected individuals.
(C) MA (log ratio-mean average) plot showing hyperacetylated (red) and hypoacetylated (blue) peaks for both SIN3A/B-affected individ-
uals versus all control individuals.
(D) Top three most significant functional groups corresponding to hyperacetylated peaks. GO, gene ontology.
(E) Heatmap of unsupervised clustering of differentially acetylated peaks; Z scores were calculated from normalized counts per million
reads.
(F) Representative ChIP-seq genome browser tracks highlighting commonly hyperacetylated peaks in SIN3A and SIN3B deletion-bearing
individuals (left) and exemplar hyperacetylated peaks distinct to either SIN3A (center)- or SIN3B (right)-affected individuals. CTL, con-
trol; Ind, affected individual.
pathogenicity of the p.Gly20Arg and p.Ile83Met variants,

we compared the efficiency of variant SIN3B mRNA to

rescue the morphant phenotype versus WT mRNA for

both craniofacial patterning and body length. We used a

common variant from gnomAD, p.Pro767Leu, as a negative

control (dbSNP: rs117307745, six homozygotes in 282,500

individuals). In replicate experiments, the case-associated

SNVs scored as hypomorphic (significantly less rescue

thanWTmRNA but also different fromMO alone). Howev-

er, the negative control variant scored consistently as

benign (not significantly different from WT mRNA rescue;

Figure 4F). Finally, to rule out a gain-of-function hypothesis

for the nonsynonymous variants and exclude an effect of

WT mRNA alone on the detected phenotypes, we
The Ame
confirmed that expression of WT or case-associated variant

human SIN3BmRNAdoes not induce craniofacial defects or

body length variations in injected larvae at 3 dpf (n¼ 36–46

larvae/batch; repeated; Figures S4A and S4B). Together, our

in vivo complementation data in larval zebrafish withmuta-

tion or suppression of sin3b reinforce the deleterious effects

of SIN3B haploinsufficiency resulting in the clinical features

noted in our human cohort.

To investigate the consequences of SIN3B alteration on

gene regulation, we used histone H3 K27 acetylation

(H3K27ac) ChIP-seq to map genome-wide enhancer and

promoter states in cells derived from an individual carrying

a de novo SIN3B deletion and his healthy family members

(individual 1; Figure 5A). H3K27ac is a histone mark found
rican Journal of Human Genetics 108, 929–941, May 6, 2021 937



at active gene regulatory elements (enhancers and pro-

moters) and is thought to be highly cell type specific.37,38

This mark is therefore used to define active gene regulatory

elements, and because of its robustness, this mark has been

used to identify disease-specific mechanisms, especially for

neurodevelopmental and degenerative disorders.39,40

Here, we used the genome-wide distribution of this mark

to test whether the regulatory landscape is altered in

PBMCs, which would suggest that the putative repressor

gene function of SIN3B is abrogated. Because SIN3A is

thought to have a similar molecular function,41 we also

profiled an individual with a SIN3A deletion (individual 4

from Witteveen et al.15 with a �350 kb microdeletion) to

test whether SIN3A and SIN3B gene disruption leads to

similar epigenetic alterations. For comparison with

healthy individuals, we also profiled PBMCs from the

healthy parents of the SIN3A and SIN3B deletion-bearing

individuals as well as the unaffected brother of the individ-

ual with the SIN3A (Figure 5A).

For each individual, we isolated PBMCs and performed

two replicate H3K27ac ChIP-seq experiments. We

sequenced ChIP-seq libraries and performed quality con-

trol analysis; two samples were removed because of a low

fraction of reads in peaks (FrIP) or low non-redundant frac-

tion (NRF) (see supplemental methods and Table S5). For

each of the remaining samples, we called peaks by using

dfilter42 (average N of peaks ¼ 23,043), merged all the

peaks, and counted reads for each sample within the

merged peak set. We used these peaks to calculate differen-

tial acetylation peaks between the individuals with SIN3A

and SIN3B CNVs and their within-pedigree control indi-

viduals. In total, we found 500 upregulated and 32 down-

regulated peaks at an FDR cut-off of 5%. Principal-compo-

nent analysis (PCA) of differential peaks reveals that while

the healthy control individuals cluster together, the pro-

files from SIN3A and SIN3B CNV carriers are distinct, sug-

gesting that their epigenomic state is altered (Figure 5B).

Notably, more peaks were upregulated than downregu-

lated, suggesting that SIN3A and SIN3B contribute to

repressor function of enhancers and promoters in PBMCs

(Figure 5C). To categorize the biological functions of genes

with altered H3K27ac profiles, we performed Gene

Ontology analysis. Among the gene regulatory elements

upregulated in either mutant context, we found that

various gene pathways are altered, and nucleosome assem-

bly was the most significantly enriched (Figure 5D).

To investigate potential differences in regulatory ele-

ments influenced by either SIN3A or SIN3B independently,

we analyzed differential peaks identified in each sample.

These were detected when each individual was compared

with his respective family members (Figure S5A), suggest-

ing that haploinsufficiency of either SIN3A or SIN3B leads

to hyperacetylation at several loci. Importantly, the epige-

netic alterations observed in affected individuals with

SIN3A and SIN3BCNVswere distinct in their intensity, sug-

gesting that although they may be part of the same com-

plex, their regulatory function appears to be non-redun-
938 The American Journal of Human Genetics 108, 929–941, May 6,
dant (Figure 5E). For example, analysis of specific loci

shows that some peaks are altered similarly (e.g., TTC28

[MIM: 615098]), while other peaks are SIN3A or SIN3B spe-

cific (Figure 5F). Overall, fold changes between affected in-

dividuals and control individuals were similar for 16% of

hyperacetylated peaks (logFC > 1.5; Figure S5B). These

data are supported further by the observation that peaks

significantly upregulated in the context of SIN3A haploin-

sufficiency are also significantly upregulated in the SIN3B

mutant cells as compared with in-family controls (p <

0.001); there was a similar observation in the reciprocal

context (peaks significantly upregulated in SIN3B mutant

cells are also significantly upregulated in SIN3A CNV-

bearing cells [p< 0.001]; Figure S5C). Taken together, these

results suggest that, as is the case for heterozygous deletion

of SIN3A, heterozygous SIN3B deletion leads to epigenetic

alterations at specific loci in circulating immune cells, a cell

type shown previously as a reasonable proxy for neurode-

velopmental traits.43 However, we are cautious in the inter-

pretation of our data and recognize the need to analyze

cells from additional SIN3A and SIN3B pedigrees, particu-

larly those with single-gene deletions or pathogenic SNVs.

Here, we show genetic and in vivo modeling evidence

that de novo SIN3B pathogenic variants cause a neurodeve-

lopmental syndrome characterized by syndromic ID/DD

with variable ASD, growth defects, congenital anomalies,

and dysmorphic craniofacial features. Variants in epige-

netic regulators, and particularly in genes modulating his-

tone acetylation, have been associated previously with

several neurodevelopmental disorders, reinforcing the

importance for tightly regulated histone post-translational

modification events. For example, disruptive variants in

HDAC4 (MIM: 605314) likely resulting in haploinsuffi-

ciency have been described in individuals with brachydac-

tyly-mental retardation syndrome44,45 (MIM: 600430).

Additionally, HDAC8 (MIM: 300269) loss-of-function vari-

ants cause an X-linked form of Cornelia de Lange syn-

drome46,47 (MIM: 300882), although the likely pathogenic

mechanism is impairment of cohesin subunit SMC3 deace-

tylation by HDAC8. These rare disorders exemplify how

histone deacetylation acts as a key molecular process dur-

ing human development. Moreover, although no Mende-

lian disorder has been associated with disrupted HDAC7

(MIM: 606542) in humans, Hdac7�/� mice are embryonic

lethal.48 Hdac1 and Hdac2 disruption in mice leads to

developmental defects.48 Homozygous mouse Sin3b mu-

tants display embryonic development defects at embry-

onic day (E) 13.5 with increased mortality rate and a

growth retardation phenotype.49

The closely related SIN3A paralog (48% similarity to

SIN3B protein sequence, CLUSTALW v.1.81, multiple

sequence alignment, GenBank: NP_056075; Figure S6),

located on chromosome 15q24.2, has been associated

with syndromic ID and ASD.15 Clinical features of SIN3A-

affected individuals include mild ID, recognizable facial

gestalt, abnormalities in brain MRIs including ventricular

dilatation, corpus callosum dysgenesis, and aberrant
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cortical development. Some affected individuals were also

described with ASD, seizures, microcephaly, and short stat-

ure. In vivo knockdown of Sin3a in mice impairs cortical

neurogenesis, leading to a decreased number of cortical

progenitors and altered cortical projections in the devel-

oping brain. Clinical features described in our SIN3B

cohort overlap with previously described phenotypes

associated with the SIN3A-related disorder. Our H3K27ac

ChIP-seq experiments on cells from SIN3A and SIN3B

CNV deletion pedigrees offer initial molecular insight to

explain these similarities as well as subtle differences.

In summary, our data expand the phenotypic spectrum

associated with Sin3 complex haploinsufficiency to

syndromic ID/ASD, arguing against the functional redun-

dancy of SIN3A and SIN3B. Our findings confirm the

importance of Sin3 complex integrity for central nervous

system development, anterior cartilage patterning, and

growth and highlight a major role for SIN3B in this

process.
Data and code availability

The NCBI reference sequence numbers for human SIN3B tran-

script and zebrafish sin3b transcript are GenBank NM_015260.4
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NP_001038410 (GRCz10), respectively.
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