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ARTICLE

De novo variants implicate chromatin modification,
transcriptional regulation, and retinoic acid
signaling in syndromic craniosynostosis

Andrew T. Timberlake,! Stephen McGee,? Garrett Allington,? Emre Kiziltug,? Erin M. Wolfe,*
Amy L. Stiegler,> Titus J. Boggon,® May Sanyoura,”> Michelle Morrow,? Tara L. Wenger,”

Erica M. Fernandes,® Oana Caluseriu,® John A. Persing,'® Sheng Chih Jin,'! Richard P. Lifton,!2*
Kristopher T. Kahle,!3.1415* and Paul Kruszka?

Summary

Craniosynostosis (CS) is the most common congenital cranial anomaly. Several Mendelian forms of syndromic CS are well described, but
a genetic etiology remains elusive in a substantial fraction of probands. Analysis of exome sequence data from 526 proband-parent trios
with syndromic CS identified a marked excess (observed 98, expected 33, p = 4.83 x 10~2°) of damaging de novo variants (DNVs) in genes
highly intolerant to loss-of-function variation (probability of LoF intolerance > 0.9). 30 probands harbored damaging DNVs in 21 genes
that were not previously implicated in CS but are involved in chromatin modification and remodeling (4.7-fold enrichment, p = 1.1 X
1071, 17 genes had multiple damaging DNVs, and 13 genes (CDK13, NFIX, ADNP, KMT5B, SON, ARID1B, CASK, CHD7, MED13L,
PSMD12, POLR2A, CHD3, and SETBPI) surpassed thresholds for genome-wide significance. A recurrent gain-of-function DNV in the ret-
inoic acid receptor alpha (RARA; c.865G>A [p.Gly289Arg]) was identified in two probands with similar CS phenotypes. CS risk genes
overlap with those identified for autism and other neurodevelopmental disorders, are highly expressed in cranial neural crest cells,
and converge in networks that regulate chromatin modification, gene transcription, and osteoblast differentiation. Our results identify
several CS loci and have major implications for genetic testing and counseling.

dozen proband-parent trios with unexplained syndromic
CS and identified likely pathogenic variants in 9 of 12 cases
studied.” These data suggest that syndromic CS is a partic-
ularly rich vein for the discovery of CS loci. We sought to
build on these findings by studying a substantially larger
CS cohort.

Introduction

Craniosynostosis (CS; [MIM: PS123100]) is the most
frequent cranial birth defect in humans (1/2,000 births),
requiring surgical intervention in infancy to decrease life-
threatening increases in intracranial pressure and mitigate
the risk of adverse neurodevelopmental outcomes.
Approximately 15% of cases are syndromic and present

with extracranial and developmental anomalies." More
than 40 known Mendelian forms of CS are caused by vari-
ants in genes that impact the FGF/MAPK, BMP, Wnt,
hedgehog, retinoic acid, STAT, and ephrin signaling path-
ways.” These genetic variants have been speculated to
cause premature suture fusion by altering the balance be-
tween suture stem cell proliferation and differentiation,
but the molecular mechanisms of syndromic CS are still

Subjects and methods

Enroliment

Individuals in this study were referred to GeneDx for clinical
exome trio sequencing for diagnosis of a suspected Mendelian dis-
order. Clinical testing, including collection of structured pheno-
typic information as Human Phenotype Ontology (HPO) terms,
was conducted as previously described.® 549 probands were iden-

tified with HPO terms under the parent term “craniosynostosis”
(HP:0001363), and six additional parent-child trios from Yale
were included for analysis in tandem with the GeneDx cohort;
in total, we studied 526 probands to identify risk loci after
excluding 29 probands with pathogenic variants at established
loci. This study was conducted in accordance with all guidelines
set forth by the Western institutional review board, Puyallup,

poorly understood.’

Despite many recent advances in CS genetics, a molecu-
lar diagnosis is still only achieved in about 70% of syn-
dromic cases studied; nearly 30% of genetic evaluations
remain unrevealing despite striking clinical presenta-
tions.* We previously reported exome sequencing of a
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Washington (WIRB 20162523), and the inclusion of six trios from
Yale was approved by the Yale Human Investigation Committee
institutional review board. Informed consent for genetic testing
was obtained from all individuals undergoing testing, and WIRB
waived authorization for use of de-identified aggregate data for
these purposes. Individuals or institutions who opted out of this
type of data use were excluded. GeneDx exomes were captured
with either SureSelect Human All Exon v.4 (Agilent Technologies,
Santa Clara, CA), Clinical Research Exome (Agilent Technologies,
Santa Clara, CA), or xGen Exome Research Panel v.1.0 (IDT, Coral-
ville, IA) and sequenced with either 2 x 100 or 2 v 150 bp reads on
the HiSeq 2000, 2500, or 4000 or NovaSeq 6000 (Illumina, San
Diego, CA) platform. GATK joint genotyping variant calling was
performed as previously described.” Exome sequencing of these
samples was performed by exon capture with the same IDT
xGen capture reagent, followed by 99-base paired-end sequencing
on the [llumina HiSeq 2000. For identification of novel CS loci, de-
identified data pertaining to DNVs in probands was abstracted
from the combined 555 trios. For participating individuals with
identifiable clinical images, explicit written consent was provided
for publication of these images and associated clinical data.

Variant annotation and imputation of ethnicities
Annotation of aggregated DNVs was performed with RefSeq tran-
scripts and ANNOVAR.® The transcript with the most severe conse-
quence was selected, and all associated annotations were based on
the predicted effect of the variant on that specific transcript. Allele
frequencies of identified variants were taken from the ExAC and
GnomAD databases. Principal-component analysis, as previously
described,” led to the following ancestry groups: 270 European,
95 Hispanic, 27 African American, 24 South Asian, 9 East Asian,
and 22 Middle Eastern among the 526 individuals studied. The
impact of nonsynonymous variants was predicted from the
MetaSVM rank score; scores greater than 0.83357 served as a
threshold for predicting that the variant was deleterious
(MetaSVM “D,” D-mis).’ Heterozygous variants (hemizygous for
males in non-PAR X chromosome regions) with wildtype parental
genotypes were considered. Variants were filtered on the basis of
read depths of at least 10X in all family members, variant qual-
ity-score log odds (VQSLOD) of at least —10, Phred-scaled p value
(Fisher’s exact test) < 30, with an alternate allele count of at least 4
in the proband, and MAF > 0.2 in the proband. Variants were
further filtered on the basis of a population frequency not above
10™* in gnomAD. The number of observed de novo variants
matched both expectation and prior experimental results. There
were no differences in the rates of de novo variants identified
among different ancestry groups.

Burden of de novo variants

Statistical analysis of the burden of DNVs in individuals with CS
and in autism controls was performed in R with the denovolyzeR
package as previously described.'’ The expected number of DNVs
in case and control cohorts across variant classes was calculated,
and this value was compared with the observed number in each
cohort via Poisson statistics.'" For gene-set enrichment analyses,
only variants observed or expected in genes within the specified
gene set were included in each statistical test. Statistical analysis
of the probability of observing multiple damaging DNVs in an in-
dividual gene in the syndromic-CS cohort was also performed in R
with denovolyzeR.'""'? p values for enrichment in damaging
DNVs at the individual gene level represent the upper tail of the

Poisson probability density function. These values were corrected
via the Benjamini-Hochberg method for all genes with probability
of LoF intolerance (pLI) > 0.9 (n = 3,063) to give false discovery
rates; q values < 0.05 were considered significant. Control trios
were those sequenced from the Simons Foundation Autism
Research Initiative Simplex Collection.'® Simplex families,
comprising two unaffected parents, one child with autism, and
one unaffected sibling, underwent whole-exome sequencing;
1,789 trios of unaffected family members were sequenced on the
same platform and served as controls for this study.

Contribution of de novo variants to syndromic CS

We infer that the number of probands with de novo loss-of-func-
tion (LoF) variants in high-pLI genes in 526 trios who had sporadic
syndromic CS but did not have variants in known genes (n = 97)
more than those expected by chance (n = 33) represents the num-
ber of subjects in whom these variants confer CS risk (n = 64).
Comparing this number to the total number of trios considered
(64/526) yields an estimate of the fraction of individuals in
whom these variants are expected to contribute to disease risk:
~12.2%.

DisGeNET analysis

Overlap between the genes with damaging DNVs in our CS cohort
and the DisGeNET Intellectual Disability, Neurodevelopmental
Disorder, and Autism Spectrum Disorder curated gene lists were
mapped with the disease2disease_by_gene function of the disge-
net2r R package (www.disgenet.org). The significance of each over-
lap was calculated with one-sided Fisher’s exact tests corrected for
false discovery via the Benjamini-Hochberg method. The total
background number of DisGeNET risk genes used for these calcu-
lations at the time of accession was 21,666.

Probability of observing 17 genes with multiple
damaging DNVs

We determined the probability of observing 17 genes with at least
two damaging DNVs in our cohort by using a permutation func-
tion in denovolyzeR-denovolyzeMultiHits().]1 In total, 182
damaging (LoF + deleterious missense [D-mis]) DNVs were
observed in our cohort. Given the individual probability of DNV
in each gene, the probability of observing more than two
damaging DNVs by chance in 17/182 genes was determined."!
The number of times at least 17 genes had more than one hit in
an iteration was counted and was found to be zero. The expected
number of genes that would be mutated more than once, on the
basis of individual mutation probabilities, was 2.2.

Probability of observing two identical de novo HUWET1
(p-Arg110Trp) or RARA (p.Gly289Arg) variants
Calculating this probability is analogous to the “birthday
paradox”; i.e., the chance that in a set of “n” randomly chosen
people, at least one pair will have the same birthday. A complete
description of this calculation is found in Note S1.

Determination of risk gene lists

The “cohort syndromic CS risk gene list” includes individual genes
surpassing thresholds for genome-wide significance in our cohort;
these are genes in which damaging DNVs were identified in the
chromatin organization gene ontology term and genes in which
DNVs were identified in known syndromic loci. We added syn-
dromic genes well established in the literature but not identified
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in our cohort to this list to generate the “all high-confidence syn-
dromic CS risk genes” list. A complete list of risk genes in each
group can be found in Table S1. We compiled a list of genes with
rare risk variation in ASD from two papers describing genes that
contribute to ASD risk via both de novo and rare inherited variants
(Table S1).'*1> We compiled a list of developmental disorder (DD)
risk genes from the Deciphering Developmental Disorders study,'®
which describes genes enriched in damaging DNVs (Table S1).

Assessing for enrichment in cranial neural crest cell
genes

We used processed RNA-seq data from six human cranial neural
crest cell (CNCC) samples derived from embryonic stem cells or
induced pluripotent stem cells (GEO: GSM1817212, GSM1817
213, GSM1817214, GSM1817215, GSM1817216, and GSM1817
217). FKPM values across each sample were averaged, and the genes
included in our exome capture were ranked according to expres-
sion. Genes in the top 25% of expression were designated “highly
expressed” in human CNCCs (Table S2). The number of protein-
damaging DNVs was compared to the expected distribution in de-
novolyzeR with the “includeGenes” function, which included
those genes highly expressed in CNCCs with pLI > 0.9 (n =1,593).

Weighted gene co-expression network analysis

A processed bulk-mRNAseq expression dataset encompassing
sixteen human brain regions across human development was
used for robust consensus weighted gene co-expression network
analysis tWGCNA).!” The analysis was limited to the timepoints
between gestational week 9 and postnatal year 3. Samples that
were more than 3 standard deviations above the mean sample
network connectivity were removed. Network analysis was per-
formed with WGCNA, and genes were assigned to specific mod-
ules on the basis of bi-weight mid-correlations among genes.'® A
soft threshold power of 10 was chosen to yield scale-free topology
(r* > 0.9). Then a signed co-expression network was generated.
The topological overlap matrix was clustered hierarchically via
average linkage hierarchical clustering (“1 - TOM” was used as a
dis-similarity measure). The topological overlap dendrogram was
used for defining modules with a minimum module size of 40,
deep split of 4, and merge threshold of 0.1.

Module enrichment analysis

Module gene lists were obtained via WGCNA as described above.
In a background set of all genes categorized in co-expression mod-
ules, logistic regression was used for an indicator-based enrich-
ment: is.disease ~ is.module + gene covariates (GC content,
gene length, and mean expression in bulk RNA-seq atlas), as
described previously.'” Of the 88 WGCNA modules, the gray mod-
ule, by WGCNA convention,'” contains all genes that do not co-
express and are consequently unassigned to a co-expression
network. Thus, the gray module was excluded from enrichment
testing, and enrichment significance was defined at the Bonferroni
multiple-testing cutoff (& = 0.05/88 = 5.68 x 107%).

Gene ontology enrichment analysis

Using the the EnrichR R package?® and identified gene modules
significantly enriched for genes in our cohort’s CS gene list
(“brown,” “greenyellow,” “royalblue,” and “salmon” modules),
we performed enrichment analysis for gene ontologies (biological
processes). The top 10 terms with lowest p values were reported
in the order of highest to lowest combined Z-scores. p values

" ou

less than 0.05 and Z scores greater than 2 were considered
significant.

Cell-type enrichment analysis

Cell-type-enriched genes (cell-type markers) were obtained from
a scRNA-seq atlas that maps the human midgestational cortex
(17-18 gestational weeks).”! In a background set of all genes
expressed in at least three cells of the scRNA-seq atlas, we used a
logistic regression for indicator-based enrichment: is.cell.type-
~is.disease+gene covariates (GC content, gene length). All p
values were adjusted with Bonferroni correction. Enrichment sig-
nificance was defined at the Bonferroni multiple-testing cutoff
(o =0.05/32 = 1.56 x 1073).

Estimating the number of risk genes in syndromic CS

We followed a previously described Monte Carlo simulation strat-
egy to estimate the number of risk genes that are DNV targets.”
We defined K to be the number of observed damaging DNVs in
all genes (n = 19,347) among cases. R1 indicates the number of
genes mutated exactly twice in affected individuals, and R2 indi-
cates the number of genes mutated three times or more. Defined
as E = M1 — M2)/M1, where M1 and M2 are the observed and ex-
pected count of damaging DNVs per trio, respectively. We then
simulated the likelihood function as follows: First, we randomly
selected G risk genes from the gene set (n = 19,347). Next, we
simulated the number of contributing damaging variants in risk
genes, i.e., C, by sampling once from the binomial (K,E) distribu-
tion. Then, we simulated C contributing damaging variants in G
risk genes and K — C non-contributing damaging variants in the
complete gene set by using each gene’s damaging mutability score
as probability weights. We performed 20,000 simulations for G
from 5 to 100 and calculated the likelihood function L(G) as the
proportion of simulations in which the number of genes with
two damaging variants equals R1 and the number of genes with
three or more damaging variants equals R2. We then estimated
the number of risk genes by using the maximume-likelihood
estimate.

Results

Exome sequencing of trios with syndromic CS

To systematically identify genetic causes of syndromic CS,
we ascertained 555 proband-parent trios who had under-
gone genetic evaluation for a suspected Mendelian cause
of CS but for whom no causal variant identified (see subjects
and methods). Probands had syndromic sagittal, metopic,
coronal, lambdoid, or multi-suture CS. Whole-exome
sequencing was performed on the Illumina platform, and
variants were called and analyzed as described in the sub-
jects and methods.'® The impact of nonsynonymous vari-
ants on protein function was inferred from the MetaSVM
rank score.” D-mis and LoF variants were designated as pro-
tein-damaging variants (subjects and methods).

29 individuals harbor pathogenic variants in genes with
known syndromic CS associations

In 555 trios, we identified 29 individuals with DNVs
in known CS-associated genes.” The list of syndromic
CS-associated genes analyzed appears in Table S3. DNVs
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were identified in ERF (MIM: 611888), ZIC1 (MIM:
600470), SKI (MIM: 164780), TGFBR2 (MIM: 190182),
EFNBI (n = 3; MIM: 300035), KMT2D (n = 3; MIM:
602113), KAT6A (n = 2; MIM: 601408), FAM20C (MIM:
611061), GNAS (MIM: 139320), JAGI (MIM: 601920),
KRAS (MIM: 190070), SH3PXD2B (MIM: 613293), and
ZEB2 (MIM: 605802). Two individuals had a variant consis-
tent with Pfeiffer syndrome (FGFR2 [MIM: 101600];
c.1019A>G [p.Tyr340Cys] [GenBank: NM_001320658];
c.1697A>G [p.GluS66Gly] [GenBank: NM_022970]), two
with Crouzon syndrome (FGFR2 [MIM: 123500]; c.314
A>G [p.Tyr105Cys] [GenBank: NM_022970]; c.1040C>G
[p.Ser347Cys] [GenBank: NM_001320658]), one with
Muenke syndrome (FGFR3 [MIM: 602849]; c.749C>G
[p.Pro250Arg] [GenBank: NM_022965]), two with Crou-
zon syndrome with acanthosis nigricans (FGFR3 [MIM:
612247]; c.1172C>A [p.Ala391Glu] [GenBank: NM_00135
4810]), and one with the synonymous variant causing
either Crouzon syndrome or craniosynostosis with
Axenfeld-Rieger anomaly (FGFR2 [MIM: 123500]; ¢.103
2G>A [p.Ala344=] [GenBank: NM_001320658]). We also
replicated the previous association of HUWE1 (MIM:
300697) variants at codon 110 to craniosynostosis*®> and
identified three individuals with de novo missense variants
at this codon (two with ¢.328C>T [p.Argl10Trp] [Gen-
Bank: NM_031407]; one with ¢.329G>A [ p.Arg110GlIn]
[GenBank: NM_031407]). Pathogenic variants identified
in known CS risk loci appear in Table S4. The probability
of observing any identical DNV (p.Arg110Gln) in a cohort
of this size was 6.5 x 1073 (see subjects and methods), and
the probability of observing another variant at this same
codon is exceptionally small, confirming the role of this
specific codon in syndromic CS. Phenotypes observed in
individuals with pathogenic variants at codon 110 of
HUWET are described in Table S5.

Burden of de novo variants in 526 probands with
unsolved syndromic CS

After exclusion of 29 individuals with the wvariants
described above, we analyzed the remaining 526 trios to
identify genetic causes of syndromic CS. On average, we
identified 1.16 de novo variants per proband, matching
both prior experimental results and expectation (Table 1).
All DNVs identified are described in Table S6. Although the
overall number of DNVs matched expectation, and there
was no enrichment of de novo synonymous or missense
variants inferred to be tolerated (T-mis), we identified high-
ly significant enrichment of protein-damaging variants
(LoF 4+ D-mis; p = 2.2 x 1077). Virtually all of this enrich-
ment was among genes that are highly intolerant to LoF
variation (pLI > 0.9); 98 damaging DNVs were observed,
in comparison to to 33 expected (p = 4.83 x 1072, Ta-
ble 1). High-pLI genes are of particular interest in this
cohort because high scores suggest greater selection against
individuals with damaging heterozygous mutations.**
From the observed fraction of individuals with damaging
variants, we infer that disease is caused by damaging

DNVs in high-pLI genes in ~12.2% of individuals studied
(see subjects and methods).

Damaging de novo variants in chromatin and OMIM
genes

We performed pathway analysis by using GOrilla on all
genes harboring damaging DNVs.>> We identified signifi-
cant enrichment in several gene ontology (GO) terms,
including chromatin organization (3.6-fold enrichment,
q = 0.001) and chromatin remodeling (GO: 0006338; 6.2-
fold enrichment, q = 0.01; Table S7). In sum, we identified
30 damaging variants in genes included in the chromatin
remodeling GO term (GO: 0006325); these included 17
LoF and 13 D-mis variants (4.7-fold enrichment,
p = 1.1 x 10'%; Tables 1 and 2; Figure 1). This pathway
was not enriched among 1,789 healthy control trios (p =
0.48; Table S8). 21 different genes are mutated in this
term, and 19 of these have a pLI > 0.95 (Table 2). Although
itwas not encompassed by the GO term, we also identified a
nonsense DNV in INOS8OD (MIM: 619207), a core
component of the INO80 ATP-dependent chromatin re-
modeling complex (c.1669C>T [ p.Arg557*] [GenBank:
NM_017759], pLI = 1). This enrichment remained highly
significant after we removed variantsin 13 genes implicated
at the individual gene level (3.6-fold enrichment in
damaging DNVs, p = 4.3 x 1077; Table S9). The results
implicate variants disrupting the epigenome as a frequent
cause of syndromic CS, accounting for ~6% of individuals
studied and half the signal from DNVs in our cohort.

Among syndromic CS probands there were 76 damaging
DNVs in 50 different high-pLI genes that had previously
been implicated in Mendelian diseases whose phenotypic
spectrum did not previously include CS (OMIM genes; ex-
pected number = 10.9, 7.0-fold enrichment, p = 8.98 x
10738 Tables 1 and S10). We assessed overlap between
damaging DNVs identified in syndromic CS probands
and those in probands with other diseases by using
DisGeNET (subjects and methods). Variants in CS were en-
riched in genes previously implicated in intellectual
disability (p = 4.16 x 10?2 Fisher’s exact test), autism
(p = 5.83x10~'; Fisher’s exact test), and other neurodeve-
lopmental disorders (NDDs) (p = 6.55 x 1072% Fisher's
exact test; Figure S1). Control trios demonstrated a paucity
of damaging variants in intolerant OMIM genes, as ex-
pected (p = 0.97; Table S8).

The 22 damaging DNVs in high-pLI genes without
dominant OMIM associations were distributed across 21
genes with a variety of biological functions, including
chromatin modification, RNA splicing, Wnt signaling,
and neural development (Table 3). Although these 21
genes are strong candidates for conferring CS risk,
sequencing additional syndromic CS trios will be necessary
to determine which are bona fide CS risk genes.

Thirteen genome-wide-significant CS risk genes
Ten individual genes surpassed thresholds for genome-
wide significance of damaging DNVs in our cohort,
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Table 1.

Burden of de novo variants in 526 probands with syndromic craniosynostosis

Observed Expected

n Rate n Rate Enrichment p
All genes
Total 609 1.16 587.9 1.12 1.04 0.20
Synonymous 144 0.27 166.9 0.32 0.86 0.97
T-mis 283 0.54 300.1 0.57 0.94 0.85
D-mis 113 0.21 69.2 0.13 1.63 8.72 x 1077
LoF 67 0.13 51.7 0.098 1.30 0.02
Damaging 182 0.35 121.0 0.23 1.50 142 x 1077
High-pLI genes (>0.9) (n = 3,063)
Total 214 0.41 148.2 0.28 1.44 2.26 x 1077
Synonymous 38 0.072 41.7 0.080 0.91 0.74
T-mis 78 0.15 73.5 0.14 1.06 0.31
D-mis 56 0.11 19.6 0.037 2.85 1.66 x 1071
LoF 42 0.080 13.3 0.025 3.14 3.10 x 1071
Damaging 98 0.19 33.0 0.063 2.97 4.83 x 10720
High-pLI OMIM genes (n = 643)
Total 104 0.198 36.3 0.069 2.86 4.73 x 10720
Synonymous 5 0.010 10.3 0.020 0.49 0.98
T-mis 23 0.044 15.2 0.029 1.51 0.03
D-mis 41 0.078 7.7 0.015 5.32 3.81 x 1077
LoF 35 0.067 3.2 0.006 10.9 2.33 x 107
Damaging 76 0.144 10.9 0.021 7.0 8.98 x 10738
Chromatin modifiers and remodelers (n = 614)
Total 48 0.091 26.1 0.050 1.84 7.95 x 1075
Synonymous 6 0.011 7.1 0.014 0.84 0.72
T-mis 12 0.023 12.6 0.024 0.95 0.61
D-mis 13 0.025 3.9 0.0073 3.37 1.93 x 107*
LoF 17 0.032 2.5 0.0048 6.76 1.69 x 10~°
Damaging 30 0.057 6.4 0.012 4.71 1.07 x 1071

n, number of de novo variants in 526 subjects; Rate, number of de novo variants per subject; damaging or tolerated missense variants as called by MetaSVM (D-mis,
T-mis respectively); loss of function (LoF) denotes premature termination, frameshift, splice-site variant, start-loss, or stop-loss variants. “Damaging” includes LoF,
D-mis, and inframe insertion or deletion variants. P values represent the upper tail of the Poisson probability density function; p values in italics represent significant

values.

each with between 2 and 4 damaging DNVs. These
included CDK13 (MIM: 603309), NFIX (MIM: 164005),
ADNP (MIM: 611386), KMT5B (MIM: 610881), SON
(MIM: 182465), ARIDIB (MIM: 614556), CASK (MIM:
300172), MEDI3L (MIM: 608771), PSMDI12 (MIM:
604450), and POLR2A (MIM: 180660) (Table 4;
Figure S2). Three additional genes demonstrated signifi-
cant enrichment for D-mis (CHD3; MIM: 602120) or
LoF (CHD7 [MIM: 608892], SETBP1 [MIM: 611060])
DNVs; these remained significant after correction for
multiple testing, each at a false discovery rate
(FDR) < 0.05 (Table 4; Figure S2, subjects and methods).

A description of phenotypes associated with variation in
each gene can be found in Table S5.

Chromatin remodelers

Among this set, 17 probands had DNVs in one of six genes
implicated in chromatin remodeling, including ARID1B,
ADNP, KMT5B, CHD7, CHD3, and SETBPI1. Three LoF
DNVs were identified in AT-rich interactive domain-contain-
ing protein 1B (ARID1B: c.3834delC [p.Asn1278Lysfs*8]
[GenBank: NM_020732]; ¢.4063C>T [p.GIn1355*; and
€.4105C>T [p.GIln1369*]), a component of the SWI/SNF
chromatin remodeling complex that causes an NDD resem-
bling Coffin-Siris syndrome (Table S5).”° Three damaging
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Table 2.

Thirty damaging de novo variants in chromatin modifiers and remodelers among 526 syndromic CS probands

Gene Impact GnomAD frequency pLI OMIM
ARIDIA p-Gly276* 0 1 Y
ARIDIB p-Asn1278Lysfs*8 0 1 Y
ARID1B p-GIn1355* 0 1 Y
ARID1B p-GIn1369* 0 1 Y
AUTS2 p-Arg495* 0 1 Y
BPTF p-Met1? 0 1 Y
CHD3 p-Asn1159Lys 0 1 Y
CHD3 p.Argl169Trp 0 1 Y
CHD3 p.Argl172Trp 0 1 Y
CHD7 C.2836-2A>T 0 1 Y
CHD7 c.5050+1G>A 0 1 Y
CHD7 p-Arg1820* 0 1 Y
EMSY p-Gln477* 0 1 N
HDACS p.Thr311Met 5.5x107° 1 Y
KANSL1 p.Leu270Valfs*11 2.5x10°° 1 Y
KAT6B p-Glul371* 0 1 Y
KATS p-Arg99GIn 0 0.22 Y
KDM4A p-Ala286Thr 0 1 N
KDMS5B p-Pro67Leu 0 0 N
KDM35B p.Lys517Arg 0 0 N
KMT2C p-Tyr1594* 0 1 Y
KMTSB p. Ala97Glyfs*3 0 1 Y
KMT5B p.Gly156Asp 0 1 Y
KMTSB p-Glu661Glyfs*26 0 1 Y
SMAD4 p.Argd96Cys 8.0 x 107°° 1 Y
SMARCA2 p-Glu852Lys 0 1 Y
SMARCD1 p-GIn508* 0 1 Y
TBL1X p-Phe550Leu 0 0.98 Y
TLK2 p-Arg303* 0 1 Y
TRRAP p-Glu104Lys 0 1 Y

De novo LoF and D-mis variants in genes associated with the gene ontology term for chromatin organization (GO: 0006325) in 526 trios with sporadic syndromic
CS. The impact of each variant is provided at the protein level for missense, frameshift, and nonsense variants and at the DNA level for splice variants. Complete
annotations for each variant are found in Table S6. pLI = probability of LoF intolerance. Allele frequencies and pLI scores were obtained from GnomAD v.2.1.1. For
each of the three variants found in GnomAD, the allele was designated as “pathogenic” in ClinVar in at least one child with NDD. The OMIM (Online Mendelian
Inheritance in Man) column indicates whether the gene has a known dominant Mendelian phenotype association (Y/N).

DNVs were identified in activity-dependent neuroprotector
homeobox protein (ADNP: c.2189G>C [p.Arg730Pro] [Gen-
Bank: NM_001282531]; ¢.1084C>T [ p.GIn362*]; and
c.2213C>A [p.Ser738*]), a transcription factor involved
in the SWI/SNF chromatin remodeling complex known
to cause syndromic autism spectrum disorder (ASD).?’
These individuals presented with either sagittal or
coronal CS (Table S5). KMT5B, encoding histone-lysine
N-methyltransferase 5B, which methylates H4K20, harbored
three damaging DNVs (c.290delC [p.Ala97Glyfs*3[ [Gen-

Bank: NM_001369432]; c.1982delA [p.Glu661Glyfs*26];
and c.467G>A [p.Glul56Asp]) in individuals with metopic
CS (Table S5). Variants in KMTS5B cause both syndromic
and non-syndromic NDDs.?® Three LoF DNVs were identi-
fied in chromodomain-helicase-DNA-binding protein 7
(CHD7; [GenBank: NM_017780] c.5050+1G>A; c.2836-
2A>T; c.5458C>T [p.Argl820*]), a chromatin-associated
transcription factor implicated in multiple developmental
anomalies (CHARGE syndrome).”” These individuals pre-
sented with metopic or lambdoid CS (Table S5). Three
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function noted in the legend. Numbers in black indicate the lysine (K) residue on each histone tail. Numbers in parentheses indicate the

number of damaging DNVs identified in our cohort.

individuals have previously been reported as having CSin as-
sociation with CHARGE syndrome.’® Three damaging
missense DNVs were identified in the helicase domain of
CHD3, which encodes a component of the nucleosome re-
modeling and deacetylase complex (Figure S3A).*" Two of
these wvariants (c.3477C>G [p.Asnl1159Lys] [GenBank:
NM_005852] and ¢.3505C>T [p.Argl169Trp]) were previ-
ously identified in probands with syndromic NDD, and the
third variant (c.3514C>T [p.Argl172Trp] [GenBank:
NM_005852]) occurs at a codon known to be mutated in
CHD3-related NDD.*' Those harboring these variants had
metopic +/— sagittal CS (Table S5). The observed distribution
of variants suggests that CS might be specific to variants
within the helicase domain of CHD3. Two LoF DNVs were
identified in SETBPI (c.1264C>T [p.GIn422*] [NM_015
559] and ¢.1633G>T [p.Glu545*]), a gene whose protein
product binds SET domains and functions as part of a com-
plex that demethylates H4K20,*? in individuals with coronal
CS (Table S5). These findings suggest that CS is a frequent
feature of chromatinopathies.

Transcriptional regulators

Ten probands had DNVs in three genes, CDK13, MED13L,
and POLR24, implicated in RNA-polymerase-II-mediated

transcription. Four damaging missense variants were iden-
tified within the kinase domain of CDK13 (c.2149G>A
[p.Gly717Arg] [GenBank: NM_031267]; c.2509G>A [p.As-
p837Asn]; c.2525A>G [p.Asn842Ser]; and c.2626A>G
[p.Thr876Ala)), a cyclin-dependent kinase that phosphory-
lates RNA polymerase II to enable initiation of transcrip-
tion (Figure S3B). Each of these four individuals had me-
topic craniosynostosis (Table S5). Variants in CDK13 have
previously been demonstrated to cause both syndromic
congenital heart disease (CHD) and an NDD.'®*? Three
damaging missense DNVs were identified in mediator of
RNA polymerase II transcription subunit 13-like
(MED13L; ¢.2605C>T [p.Pro869Ser] [GenBank: NM_0153
35]; ¢.3428C>T [p.Alal143Val]; and ¢.5023C>G [p.Prol6
75Ala]; Figure S3C), a gene whose protein product serves
as a scaffold for assembly of the RNA polymerase II preini-
tiation complex. These individuals presented with sagittal
or metopic CS (Table S5). DNVs in MEDI13L cause syn-
dromic ID.** Three damaging DNVs were identified in
POLR2A (c.163dupG [p.Leu57Alafs*10] [GenBank: NM_0
00937]; ¢.4252G>A [p.Gly1418Arg]; c¢.1671+1G>A),
which encodes the largest component of RNA polymerase
I1.>° Each had metopic craniosynostosis (Table S5). These
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Table 3.

Damaging de novo variants in high-pLI genes in syndromic CS probands

Gene Impact GnomAD frequency pLI
DLGAP1 p.Arg648* 0 1
DST p-Glu1585* 0 1
EMSY p-GIn477* 0 1
GFPT1 p-Tyr158Ser 0 0.90
GNAII p-Cys224Tyr 0 0.91
IGF2BP1 p-Arg93* 0 1
IKZF2 p-Cys147Arg 0 0.99
INO8OD p-Arg557* 0 1
KDM4A p.Ala286Thr 0 1
LONPI1 p.Argd74Lys 0 1
LRP1 p-Aspl1615Glu 0 1
LRP2 p.Arg3086Cys 2.0 x 1073 1
MGATS p.Pro416Ser 8.0 x 107°° 1
PHF23 p.-Argl183* 0 1
PSMC5 p-Arg325Trp 0 0.93
RARA p-Gly289Arg x2 0 0.96
SLIT1 p.Leu52Pro 0 1
TENM3 p-Arg2111Trp 6.8 x 107° 1
TNIK p-Gly336Arg 0 1
TTC28 p-Phe1699Ser 0 1
VEZF1 p-Argll6* 0 0.99

Damaging de novo variants identified in high-pLI genes with no dominant OMIM association in probands with sporadic syndromic CS. The impact of each variant
is described at the protein level; full annotation of each variant is provided in Table S6. pLI = probability of LoF intolerance. Allele frequencies and pLI scores were

obtained from GnomAD v.2.1.1.

variants identify transcriptional dysregulation as a cause of
syndromic CS.

Other genes with significant enrichment in DNVs

Eleven probands had DNVs in four genes involved in RNA
splicing, transcriptional regulation, plasma-membrane
maintenance, and proteasome function. Three LoF vari-
ants were identified in SON (c.3653delG [p.Ser1218-
Metfs*23] [GenBank: NM_138927]; «¢.5751_5754del
[p.Val1918Glufs*87]; and ¢.5812C>T [p.Argl938*]), an
RNA-binding protein that acts as an mRNA splicing
cofactor. These individuals presented with sagittal (n = 2)
or coronal (n = 1) CS (Table S5). Variants in this gene
have been shown to cause syndromic intellectual disability
(ID) via disruption of RNA splicing.*® Three damaging var-
iants were identified in nuclear factor IX (NFIX), a ubiqui-
tously expressed transcription factor regulating neurogen-
esis and neural stem cell proliferation. These included two
variants within the DNA-binding domain (c.355T>C
[p.Cys119Arg] [GenBank: NM_002501] and c.361C>T
[p.Arg121Cys]) and a nonsense variant (c.772C>T
[p.GIn258*]). These individuals had lambdoid, metopic,
or lambdoid and bicoronal CS (Table S5). LoF variants
and missense variants in the DNA-binding domain of

NFIX are known to cause Sotos and Malan syndromes,
which are characterized by overgrowth and neurodevelop-
mental anomalies.>” We identified three damaging DNV
(c.1874_1876delinsTTG [ p.Pro625Leu] [GenBank: NM_00
3688]; ¢.2259delT [p.Leu754Serfs*38]; and c.2695A>T
[p-Arg899*]) in CASK, which encodes a scaffolding protein
that anchors synaptic transmembrane proteins. Variants in
CASK are known to cause a syndromic NDD with micro-
cephaly.'® These individuals presented with sagittal CS
and microcephaly. It is possible that CS was secondary to
microcephaly in these individuals; however, the complex
craniofacial phenotype with concurrent limb anomalies
was suggestive of a craniofacial syndrome (Table S5). Two
damaging DNVs were identified in PSMD12 (c.253C>T
[p-Arg85*] [GanBank: NM_001316341] and c.1105T>C
[p.Trp369Arg]), a subunit of the 26S proteasome.*® These
individuals had sagittal and metopic or lambdoid CS
(Table S5).

Although these genes have previously been implicated
in autism or other NDDs, CS is not an established feature
of any of these syndromes, with the exception of a sug-
gested relationship between CS and CHARGE syndrome
(CHD?7). In the most comprehensive expert-curated gene
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Table 4.

15 high-pLI genes with multiple damaging de novo variants in syndromic CS probands

D-mis LoF Damaging

Gene pLl  D-mis observed p LoF observed p Damaging observed p Damaging FDR q
CDKI13 091 4 507 x10°'2 0 1 4 6.17 x 107 1.89 x 10°¢
NFIX 1 2 7.44x10°¢ 1 1.66 x 1073 3 281 x10% 4.30x10°°
ADNP 1 1 256 x 107 2 1.11x 105 3 644 x10% 6.58 x 10°°
KMTSB 1 1 347 x107% 2 9.88x 10 ¢ 3 8.24x10% 6.31x10°°
ARIDIB 1 0 1 3 1.64x 107 3 1.87x107 1.15x 10*
CASK 1 1 540 x107° 2 1.56 x 105 3 221x107 113 x10*
SON 1 0 1 3 1.61x107 3 295x 107 129 x10°*
MEDI3L 1 3 1.80 x 10°¢ 0 1 3 514 x10°° 197 x 103
PSMD12 1 1 3.79V10~* 1 316 x 1073 2 6.26 x 107 2,13 x 1073
POLR2A 1 1 0.035 2 348 x 105 3 1.39 x 1075 4.26 x 1073
CHD7 1 0 1 3 6.25x107 3 2.54x107° 7.07 x 1073
CHD3 1 3 1.56 x 105 0 1 3 3.38x107° 8.63 x 1073
PTPN11 1 2 8.01x10° 0 1 2 1.31x107* 0.03
SETBP1 1 0 1 2 1.63 x 1075 2 2.00x107* 0.04

RARA 0.96 2 1.57x107* 0 1 2 2.19x107* 0.04

15 high-pLI genes harbored multiple damaging de novo variants. p and q values surpassing genome-wide significance after correction for multiple tests appear in
bold. No low-pLI genes (pLI < 0.9) had FDR < 0.05. pLl, probability of loss of function intolerance; D-mis, damaging missense as called by MetaSVM; LoF, loss of

function; FDR, false discovery rate.

panel for CS,*? eleven of these genes do not appear on the
panel, one (CHD?) carries an “amber” rating indicating
inadequate evidence for genome interpretation, and one
(NFIX) carries a “red” rating for insufficient evidence for
any involvement in CS.

When we consider individual genes in which we identify
a genome-wide-significant enrichment in DNVs, 29 of 40
DNVs identified were reported by the clinical laboratory
as PATH (pathogenic) or LPATH (likely pathogenic),
whereas 11 of 40 DNVs were not reported as either PATH
or LPATH (Table S6). These findings highlight the impor-
tance of large-scale gene-discovery efforts to provide
evidence for novel gene associations and phenotypic ex-
pansions, both of which improve the diagnostic yield of
clinical testing.

We performed phenomic analyses to attempt to identify
whether individuals with DNVs in the same gene pre-
sented with a consistent constellation of phenotypic fea-
tures, as described in Note S2. We were not able to make
definitive conclusions regarding specific genotype-pheno-
type relationships by analyzing the data from the current
cohort; more individuals with variants in each gene will
be necessary for full characterization of the phenotypic
impact of variants in each.

Identification of additional high-confidence CS risk
genes with multiple damaging DNVs

Seventeen genes had at least two damaging DNVs, an
event highly unlikely to occur by chance (p < 10~%, 10M
permutations; Figure S2, see subjects and methods). On

the basis of the expected number of genes mutated at least
twice (n = 2.2), we expect that at least 15 of these genes are
likely to contribute to CS risk. In addition to the 13 genes
described above, two individuals had damaging DNVs in
PTPN11 (MIM: 176876; c.172A>G [p.Asn58Asp] [Gen-
Bank: NM_080601] and c.218C>T [p.Thr73Ile]). Both are
designated as pathogenic variants in ClinVar, consistent
with a diagnosis of Noonan syndrome, which occasionally
involves CS*” (Figure S2). Among genes without known
dominant OMIM associations, we identified two damaging
DNVs in KDM5B MIM: 605393; ¢c.200C>T [p.Pro67Leu]
[GenBank: NM_006618] and c.1550A>G [p.Lys517Arg)),
which encodes an H3K4 demethylase, two damaging
DNVs in the lysine methyltransferase EEFIAKMT4
(c.222C>A [p.Tyr74*] [GenBank: NM_032331] and
¢.380T>G [p.Val127Gly]), and a recurrent damaging
DNV in the retinoic acid receptor alpha (RARA [MIM:
180240]; ¢.865G>A [p.Gly289Arg in two individuals]
[GenBank: NM_001145301)).

Although not classified as “damaging” by MetaSVM, addi-
tional LoF-intolerant genes with no known OMIM associa-
tion had multiple protein-altering variants; such genes
included CAMSAPI (MIM: 613774]; pLI = 1; c.1188C>A
[p-His396GIn] [GenBank: NM_015447] and c.2350C>A
[p-Asp784Asn]) and RDX (MIM: 179410; pLl = 1;
c.1411C>G [p.Pro471Ala] [GenBank: NM_002906] and
€.683-2A>G [GenBank: NM_001260494]), which play roles
in microtubule formation and actin filament membrane
anchoring, respectively, and PTBP1 (MIM: 600693; pLI = 1;
c.142A>G [p.Lys48Glu] [GenBank: NM_031991] and
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Figure 2. A recurrent de novo p.Gly289Arg variant in RARA defines a craniosynostosis syndrome
(A) Left (purple): Ribbon diagram of the ligand binding domain of human retinoic acid receptor alpha. The diagram is modeled on the
structure of the highly homologous retinoid receptor RXRa. (PDB: 6HN6*%). Right (cyan): Ribbon diagram of the ligand binding domain
of human retinoic acid receptor alpha (RARa) bound to all-trans retinoic acid (PDB: 3A9E**). The retinoic acid receptor alpha LBD, which
is responsible for ligand binding, dimerization, and recruitment of coregulatory factors, adopts the typical helical sandwich fold that is
characteristic of the large superfamily of nuclear receptors.*® It comprises twelve alpha-helices (H1-H12) and a beta turn (containing
strands S1 and S2); retinoic acid ligands bind in a hydrophobic pocket involving helices H3, HS, and H11 and the beta turn. In response
(legend continued on next page)
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c.1511C>T [p.Ala504Val]), which encodes a pre-mRNA
splicing factor. The potential role of these genes in syndromic
CS will require further study.

A recurrent de novo variant in RARA

Among probands without variants in known CS-associ-
ated genes, we sought to identify recurrent DNVs at the
same codon. We identified a single recurrent de novo
missense variant (c.865G>A [p.Gly289Arg]) in the reti-
noic acid receptor alpha (RARA) in two probands with
similar phenotypes. Observing a recurrent DNV at any po-
sition in a cohort of this size is highly unlikely to occur by
chance (p = 6.5 x 1073, see subjects and methods). Being
severely affected with either sagittal or bicoronal CS, each
of them also demonstrated limb anomalies including
rocker-bottom feet, bowing of the legs, and short upper
and lower limbs. These children had additional craniofa-
cial manifestations of disease, including microtia,
conductive hearing loss, ankyloglossia, esotropia, hypo-
plastic nasal bones, and oligodontia. Additional anoma-
lies included renal dysplasia with cysts, tracheomalacia,
pulmonary arterial hypertension, developmental delays,
hypotonia, cryptorchidism, seizures, adrenal insuffi-
ciency, and other phenotypes detailed in Table S5 and
Note S3.

Both children were heterozygous for the c.865G>A
(p-Gly289Arg) variant and displayed no evidence of
mosaicism. Retinoic acid receptors (RARs) and retinoid
receptors (RXRs) are related members of the nuclear re-
ceptor superfamily and contain a DNA binding domain
and a ligand binding domain (LBD) (Figure 2). Gly289
is located within the beta turn of the LBD, and in both
the apo (free) and holo (ligand-bound) conformations
it is inaccessible to the surface of the domain
(Figure 2A). Thus, mutation to arginine, with its bulky
and positively charged sidechain, is expected to destabi-
lize this region of the LBD to alter either ligand binding
or overall solubility and thus impact transcriptional acti-
vation. Somatic missense variants at codon Gly289
confer treatment resistance in acute promyelocytic leu-
kemia via gain-of-function, supporting the functional
significance of this residue.*' In utero exposure to reti-
noid is an established cause of CS via neural-crest de-
fects,*” further supporting a gain-of-function mechanism
for these variants.

DNVs in individuals with syndromic CS in the DECIPHER
cohort

To further support our findings, we queried the DECIPHER
database for individuals who were associated with the
phenotype term “craniosynostosis” and who had exonic
DNVs outside of established CS loci, and we identified 43
individuals with syndromic CS.*® Within these 43 individ-
uals, DNVs of interest were identified in ARIDIA (MIM:
603024), AHDC1 (MIM: 615790), FBXO11 (MIM: 6078
71), SMARCA2 (MIM: 600014), HNRNPK (MIM: 600712),
KAT6B (n = 2), MEDI13L, ANKRD11 (n = 2; [MIM: 611
192]), CHD3, NF1 (MIM: 613113), KANSLI (MIM: 612
452), TLK2 (MIM: 608439), SETBP1, NFIX, and SON
(n = 3), which are each mutated in our cohort. Thus,
44% of individuals with unexplained syndromic CS with
exonic DNVs in DECIPHER harbored protein-damaging
variants in chromatin or OMIM genes found to be mutated
in our cohort, providing compelling evidence that these
and other genes identified are bona fide CS loci.

Transcriptomic analysis of syndromic CS-associated
genes

Having identified striking overlap between genes mutated
in autism, NDD, and syndromic CS, we sought to determine
whether genes mutated in our cohort clustered in neurode-
velopmental processes that might concomitantly impact
brain and suture morphogenesis. We tested whether genes
mutated in syndromic CS probands converged in gene co-
expression networks comprising RNA extracted from 16
regions in each of 27 human brains sampled at different
timepoints from fetal development into early childhood
(see subjects and methods; Table S1). We constructed 88
co-expression networks by using weighted gene co-expres-
sion network analysis (WGCNA) and conducted module
enrichment analysis by using CS risk genes (subjects and
methods). We identified significant enrichment of novel
CS risk genes in four modules, namely the “brown,” “green-
yellow,” “royalblue,” and “salmon” modules (Figure 3A).
The gene lists included in each module were assessed for
enrichment in biological pathways. The top enriched
Gene Ontology process terms showed enrichment for
mutated genes in the “brown” module in transcriptional
regulation, the “greenyellow” module in RNA processing
and splicing, the “royalblue” module in histone modifica-
tion and chromatin remodeling, and the “salmon” module

to ligand binding, the LBD undergoes a conformational change in helices H11, H12, H3, and H2. This conformational change leads to
transcriptional activation. In both diagrams, alpha helices (H) and beta strands (S) are labeled according to the standard nomenclature
for nuclear hormone receptor superfamily.*> Gly289, shown in magenta, is located within the beta turn loop connecting strands S1 and
S2. Insets show the details of the sidechains of neighboring residues and demonstrate the surface inaccessibility of Gly289.

(B) Pedigrees of two families in which a recurrent de novo variant in RARA were detected. + represents a wild-type allele, and D represents

the variant described above each pedigree.

(C) Protein sequence alignment of RARA, demonstrating evolutionary conservation of Gly289 and its flanking sequence across several

recent orthologs.

(D) 3D CT scan demonstrating sagittal CS (S) in a proband, as well as associated head shape and rocker-bottom feet.
(E) CT scan demonstrating bilateral coronal CS (C), associated brachycephaly, and similar foot deformity present bilaterally.
(F) Frontal view of 3D CT reconstruction demonstrating bilateral coronal CS, and MRI images demonstrating sequelae of perinatal mid-

dle cerebral artery stroke.
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Figure 3. CS risk genes are enriched in co-expression networks pertinent to autism and other neurodevelopmental disorders

(A) Enrichment analysis across weighted gene co-expression network analysis modules of midgestational human brain for genes with
rare risk variants in syndromic CS (craniosynostosis), autism, and neurodevelopmental disorders (NDDs). Tiles labeled with —log;(p-
value) and an asterisk represent those in which significant enrichment was identified at the Bonferroni-corrected cutoff (o = 0.05/

17 = 2.94 x 1073).

(B) Enrichment analysis across each cell cluster identified in the midgestational human brain for genes with rare risk variants in autism,
NDD, and CS. Tiles are again labeled with -log;(p-value) and an asterisk to represent significant enrichment at the Bonferroni multiple-

testing cutoff (& = 0.05/32 = 1.56 x 1073).

in regulation of osteoblast proliferation (Figure S4). Interest-
ingly, the “brown” and “royalblue” modules are also signif-
icantly enriched in autism and NDD risk genes, and the
“greenyellow” module is enriched in NDD risk genes
(Figure 3A). Predictably, the “salmon” module, which con-
tains genes that regulate osteoblast proliferation, was
uniquely enriched in CS risk genes. Addition of all other
known syndromic CS-associated genes to the input list

maintains or strengthens each of these associations
(Figure 3A). The results implicate various biological pro-
cesses with established roles in neurodevelopment in syn-
dromic CS; such processes include chromatin modification,
transcriptional regulation, and RNA splicing. The
implicated modules demonstrate significantly enriched
expression during fetal development (post-conception
weeks 9-17; Figure S5), which includes the period spanning
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results demonstrate considerable enrich-
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from initiation of skull ossification (~7 weeks) through su-
ture formation (~16 weeks).*’

Finally, we assessed for potential enrichment of CS-asso-
ciated genes in specific neural cell types by using a single-
cell RNA transcriptomic atlas of midgestational brain
development'? (Figure S6). Genes associated with syn-
dromic CS were enriched in an upper-layer excitatory
neuron subcluster (ExN1c; p = 3.2 X 10’4) and an inhibi-
tory neuron subcluster (InN3; p=1.26 X 1079 (Figure 3B).
Genes mutated in ASD demonstrate significant enrich-
ment in each of these two cell types, suggesting that the
neurodevelopmental phenotypes observed in many chil-
dren with syndromic CS could be due, at least in part, to
intrinsic brain dysfunction.*®*? Determining the potential
role of these excitatory and inhibitory neuron populations
in the aberrant neurodevelopmental seen in syndromic CS
will require further study.

Enrichment of damaging variants in genes highly
expressed in cranial neural crest cells

Craniofacial anomalies frequently result from aberrations
in the proliferation, differentiation, or migration of neural
crest cells destined for the skull. Perturbations in CNCCs
can disrupt progenitor cell populations that contribute to
cranial suture development and maintenance of suture
patency.’*” We sought to determine whether variants
identified in syndromic CS probands were enriched in
genes highly expressed in human CNCCs. Using bulk
RNA-seq data generated from six human CNCC samples’’
(see subjects and methods), we ranked genes on the basis of
their CNCC expression and assessed them for enrichment
in DNVs in intolerant genes (pLI > 0.9) in the highest quar-
tile of CNCC expression (Table S2). 73 of 182 damaging
DNVs were in intolerant genes with high CNCC expres-
sion (4-fold enrichment; p = 6.51 x 10722, Poisson
distribution; Figure 4; Table S11). These results remain sig-
nificant after exclusion of probands with variants in the
above-described 13 genes that were significant at the indi-
vidual gene level (p = 5.0 x 1077, Poisson distribution).
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ment of damaging de novo variants in intol-
erant genes highly expressed in CNCCs in
probands with syndromic CS (p = 6.51 x
1022; Poisson distribution).

100

The results suggest that variants in many of the genes iden-
tified disrupt CNCCs, potentially contributing to CS in
these individuals.

Discussion

The results describe a sizable syndromic CS cohort, in
which we identified many CS loci. Biological processes,
including chromatin modification and remodeling, tran-
scriptional regulation, RNA splicing, and regulation of
osteoblast differentiation appear crucial to maintaining
cranial suture patency. We also establish CS as a frequent
feature of chromatinopathies. In our previous studies of
non-syndromic CS, DNVs contributing to genetic risk
were identified in several regulators of the Wnt, BMP,
and FGF-Ras/ERK signaling pathways, and most identified
risk genes had very low pLI scores.'” Individuals included
in this previous study had isolated fusion of a cranial su-
ture, without other systemic manifestations of disease.
The study of syndromic CS with a wide variety of extracra-
nial anomalies resulted in the identification of >30 CS loci,
nearly all of which are highly intolerant to LoF variation.
These findings highlight the utility of pLI in the study of
syndromic conditions likely to be caused by pleiotropic
genes, particularly those that present with neurodevelop-
mental phenotypes or multisystem involvement. After
exclusion of probands with DNVs in known genes, ~6%
of probands had plausible pathogenic DNVs in chromatin
genes, another ~5.3% had genome-wide-significant DNV
in other genes, ~2.7% had plausible pathogenic DNVs in
other intolerant OMIM genes (from the excess of
damaging DNVs in comparison to expectation), and
another ~0.5% harbored a recurrent gain-of-function
DNV in RARA (Figures 1, 2, and 3; Tables 1 and 2). Dozens
of additional candidate genes that merit further study were
also identified. In sum, these DNVs in CS loci explain dis-
ease in ~15% of previously undiagnosed individuals.
Importantly, none of these probands harbor additional
DNVs reported as PATH or LPATH, suggesting that the
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possibility of composite phenotypes resulting from multi-
locus genomic variation is unlikely in these individuals.*

Variants in chromatin modifiers and remodelers appear to
contribute to disease risk in a substantial fraction of individ-
uals with syndromic CS; such variants include those in
many genes with notable roles in conferring risk of congen-
ital heart disease,”*°* autism,'® and other NDDs.!® The
pleiotropic effects of variants in chromatin modifiers are
increasingly evident; however, the phenotypic heterogene-
ity observed in individuals with similar spectra of variants
remains enigmatic.'> Whether this phenotypic variability
is due to genetic modifiers, is stochastic in nature, or is
the result of widespread modifications to the epigenomic
landscape remains to be studied. Variants in chromatin
genes have been shown to alter the delicate balance be-
tween proliferation and differentiation of neural progenitor
cells, resulting in structural and neurodevelopmental anom-
alies.>>>° Perturbations affecting the balance between the
proliferation and differentiation of skeletal progenitor cells
that reside in cranial sutures has been demonstrated to
cause CS as well.” The results suggest that CNCCs, which
give rise to suture progenitor cell populations, might be
particularly vulnerable to impact from genetic disruption
in chromatin modifiers. The identification of variants in
both distinct and overlapping chromatin modifiers in co-
horts ascertained for unique birth defects continues to
shed light on which chromatin genes might play more sig-
nificant roles in the function of specific tell types, perhaps
contributing to the diverse phenotypic presentations associ-
ated with their mutation. Although aberrant programming
of suture progenitor cells is a plausible explanation for these
findings, further work will be necessary to elucidate the spe-
cific mechanisms by which variants affecting the epige-
nome cause CS.

A recurrent gain-of-function variant in RARA provides
further evidence that augmented retinoic-acid signaling
is an important cause of CS. Recessive variants in POR
(MIM: 124015), which encodes a P450 electron donor,
cause syndromic CS via abnormal steroidogenesis with
consequent elevations in circulating levels of retinoic
acid.®” Recessive variants in CYP26B1 (MIM: 605207),
which encodes a P450 enzyme responsible for retinoic-
acid degradation, also cause syndromic CS via accelerated
differentiation of osteoblasts.>® Fetal retinoid syndrome,
resulting from excessive retinoid exposure in utero, results
in craniofacial malformations that include CS.°° This
germline gain-of-function variant in RARA merits further
study, and additional individuals harboring the mutation
will be necessary to fully characterize its phenotypic
effects.

The identification of DNVs conferring strong risk of both
NDD and CS has clinical implications. CS is usually present
at birth, and syndromic features often prompt referral to a
clinical geneticist before discharge from the hospital.
Because the presence of CS is noted remarkably earlier
than many of the behavioral or developmental traits asso-
ciated with NDD, early evaluation of children with appar-

ently syndromic CS is likely to result in earlier molecular
diagnoses for many affected children, allowing for pro-
spective enrollment in early-intervention programs to
potentially mitigate neurodevelopmental delays and opti-
mize clinical outcomes. The identification of DNVs in
genes not previously associated with CS suggests that
broader exome or genome testing will provide additional
clinical utility over targeted gene panels. Previous work es-
tablished a role for DNVs in high pLI genes in neurodeve-
lopmental outcomes in non-syndromic CS*%; our results
imply that genotypes identifiable at birth might have
similar prognostic value in syndromic CS. Although sur-
gery has a clear role in mitigating elevations in intracranial
pressure in syndromic CS,*”°” intrinsic brain dysfunction
attributable to genetic lesions affecting neurodevelopment
appears to explain a component of adverse neurodevelop-
mental outcomes.

These results increase the number of known syndromic
CS loci by >25%, which stands to significantly augment
the diagnostic utility of both exome and targeted
sequencing approaches in this population. From the
observed excess of damaging DNVs and the number of
genes mutated multiple times, we estimate that approxi-
mately 38 novel genes contribute to syndromic CS risk in
this cohort (Figure S7; see subjects and methods).
Although the current analysis implicates 15 individual
genes with significant enrichment, and an additional 18
chromatin genes with damaging DNVs, these findings sup-
port recruitment of a substantially larger cohort to identify
additional CS loci.

Data and code availability

RNA-seq data are available in the NIH Gene Expression
Omnibus platform under accession numbers GEO:
GSM1817212, GSM1817213, GSM1817214, GSM1817215,
GSM1817216, and GSM1817217. This study makes use of
data generated by the DECIPHER community. A full list of
centers who contributed to the generation of the data is
available from https://deciphergenomics.org/about/stats
and via e-mail from contact@deciphergenomics.org.
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