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Summary
Chiari I malformation (CM1), the displacement of the cerebellum through the foramenmagnum into the spinal canal, is one of themost

common pediatric neurological conditions. Individuals with CM1 can present with neurological symptoms, including severe headaches

and sensory or motor deficits, often as a consequence of brainstem compression or syringomyelia (SM). We conducted whole-exome

sequencing (WES) on 668 CM1 probands and 232 family members and performed gene-burden and de novo enrichment analyses. A sig-

nificant enrichment of rare and de novo non-synonymous variants in chromodomain (CHD) genes was observed among individuals with

CM1 (combined p ¼ 2.4 3 10�10), including 3 de novo loss-of-function variants in CHD8 (LOF enrichment p ¼ 1.9 3 10�10) and a

significant burden of rare transmitted variants in CHD3 (p ¼ 1.8 3 10�6). Overall, individuals with CM1 were found to have

significantly increased head circumference (p ¼ 2.6 3 10�9), with many harboring CHD rare variants having macrocephaly. Finally,

haploinsufficiency for chd8 in zebrafish led to macrocephaly and posterior hindbrain displacement reminiscent of CM1. These results

implicate chromodomain genes and excessive brain growth in CM1 pathogenesis.
Introduction

Chiari I malformation (CM1) is characterized by displace-

ment of the hindbrain through the foramen magnum.

CM1 is one of the most common pediatric neurological

conditions affecting 1 in 1,000 individuals symptomati-

cally with as many as 1 in 100 meeting radiographic

criteria.1,2 Individuals with CM1 present with a wide array

of symptoms stemming from compression of neural tissue

and may suffer from syringomyelia (SM) or hydrocepha-

lus.3 Approximately 25% of individuals with CM1 develop

SM, which can lead to serious sensorimotor symptoms and

about 20%–60% of them develop scoliosis, depending on

the presence of syringomyelia.4–8 Whereas CM1 can be

associated with other conditions or syndromes, such as hy-

drocephalus, craniosynostosis, or segmental bony anoma-

lies, the majority are non-syndromic and idiopathic.9
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Suboccipital decompression surgery, the primary treat-

ment option for CM1, is costly, invasive, and does not

always improve symptoms.10Without surgery, however, in-

dividuals with CM1 may develop progressive headaches,

visual disturbance, vertigo, paralysis, paresthesia, dysphagia,

bowelandbladder incontinence, andavarietyofnonspecific

symptoms that impair quality of life.11,12 Therefore, under-

standing the underlying etiology of CM1 is essential to

improve early diagnosis and develop tailored treatment

strategies.

A genetic predisposition to CM1 is evidenced by high

rates of concordance in twin studies2,13,14 and increased

risk to first-degree relatives of individuals with CM1.11,15

One study estimated heritability at 50%, with a range of

30%–70%.16 A limited number of genetics studies have

identified candidate genes, but no confirmed genetic

etiology for idiopathic CM1 has been identified.1,3,17–19
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In themajority of CM1 cases, no family history is present;

this has limited traditional gene mapping efforts before the

advent of high-throughput sequencing. The lack of known

inheritance of CM1within a family is also partially attribut-

able to theneed for a radiographic study fordiagnoseswhich

has only been possible for the past few decades and is not

readily available in many parts of the world or for asymp-

tomatic individuals. This apparent complex genetic archi-

tecture of CM1 led us to take an approach utilized for other

severe pediatric disorders, namely searching for genes with

more variants in affected subjects than expected by chance.

Others have successfully used this approach for other neuro-

developmental disorders including epilepsy,20–24 craniosy-

nostosis,25–27 and autism.28–36 We hypothesized that like

these severe pediatric developmental disorders, CM1 can

be explained, at least inpart, bydamaging de novomutations

and rare transmitted variants with incomplete penetrance.

Hereweperformed exome sequencing a large cohort of indi-

viduals with idiopathic CM1 to identify genes and genetic

variants associated with CM1 risk.
Subjects and Methods

Subjects and samples
Informed consent was obtained for all participating individuals and

genetic studies were performed as approved by the Institutional Re-

viewBoards of the relevant institutions. Individuals presentingwith

Chiari I malformation were recruited from St. Louis Children’s

Hospital, University of Utah, Vanderbilt University Medical Center

(BioVU), Duke University, and University Vall d’Hebron, Spain. We

recruited a cohort of 900 individuals with CM1 and family

members, including 668 probands with Chiari I malformation

with >5 mm cerebellar tonsil herniation, 76 affected relatives,

and 156 unaffected parents and relatives. The CM1 cohort included

67 parent-offspring uniplex CM1 trios, 584 singleton cases, and 55

multiplex kindreds. Individuals with known etiologies or secondary

causes of CM1 (i.e., brain tumors, hydrocephalus, craniosynostosis,

known genetic syndromes) were excluded from the study. All

affected individuals and/or parents provided informed consent.

Only individuals with isolated, non-syndromic Chiari I malforma-

tionwere included. Individuals with rare non-synonymous variants

in CHD genes were retrospectively screened for diagnoses of neuro-

developmental disorders and none were found at the time of this

study. All individuals had diagnoses of MRI-confirmed CM1

with >5 mm herniation of cerebellar tonsils. In-house control sub-

jects consisted of unrelated healthy individuals or individuals ascer-

tained for conditions other thanCM1 (i.e., Alzheimer disease [C.C.],

amyotrophic lateral sclerosis [M.H.], and male infertility [D.C.]). All

in-house control subjects were of European ancestry. Control trios

(n ¼ 1,911) were composed of siblings and parents of probands

who are part of the Simon’s Simplex collection.29,37,38

Occipitofrontal head circumferences (OFCs) were measured for

the majority of CM1-affected subjects recruited at St. Louis

Children’s hospital. In-house control OFCs were for age-matched

individuals with adolescent idiopathic scoliosis.

Sequencing analysis and validation
DNA was isolated, and WES was performed using IDT or Agilent

exome capture and sequenced on Illumina HiSeq sequencers
The Americ
at the McDonnell Genome Institute at Washington University.

Analysis of exome-sequencing data was performed in-house using

our previously described methods.39,40 Briefly, FASTQ formatted se-

quences were aligned to the hg37 human reference sequence (NCBI

GRCh37) using BWA.41Mapped reads were filtered to remove dupli-

cate reads with the same paired start sites. Median depth per sample

at captured bases for CM1-affected subjects was 713 (range 21–121)

and was 763 (range 17–202) for control subjects. All affected sub-

jects and control subjects had >97% of captured bases covered

with >10 reads (Table S1). The Binary sequence Alignment/Map

(BAM)42 formatted alignments were then processed using the

Genome Analysis Toolkit (GATK) Haplotype Caller43,44 and geno-

types jointly called together with all in-house control exome-

sequenced individuals using an Agilent/IDT intersection bedfile.

Genotypes were filtered for read-depth (>103), genotype quality

(GQ > 20), and allele balance (AB) > 0.3 and < 0.7. Variants were

filtered for GATK-calculated variant quality score recalibration

(VQSR) and genotype call-rate > 90%. We summarize all sample-

and cohort-level sequencingmetrics in Table S1. Two exome library

kits were used for the case/control cohorts with different target sizes

and, therefore, varying coverage of RegSeq hg19 coding regions. To

control for these factors, we determined the number of ‘‘callable’’

bp, or the number of bp that have coverage >103. We then inter-

sected these coordinates with RefSeq hg19 coding exons to deter-

mine the ‘‘total callable exome,’’ or the number of bp within RefSeq

coding exons that had sufficient coverage for genotype calling. SSC

trios were captured using the Nimblegen EZ Exome V2 capture kit

and were processed separately using the same calling pipeline but

using a Nimblegen EZ Exome V2 specific bedfile. Allele frequencies

were annotated using the gnomAD database.45 To reduce the risk

of population stratification, only affected subjects and control

subjects with principal components confirmed European ancestry

were included. Principal components were calculated using

EIGENSTRAT46 from whole-exome SNP data using all common

(MAF > 5%) SNPs.
De novo variant calling
De novo SNVs (single-nucleotide variants) and indels (insertions-

deletions) were called using a custom pipeline using family-level

VCFs. Potential de novo sites were called as those where the father’s

genotype was 0/0, the mother’s genotype was 0/0, and the child’s

genotype was either 0/1 or 1/1. We then applied allele count, read-

depth, and allele balance filters: the father alternate allele count ¼
0, mother alternate allele count ¼ 0, child allele balance > 0.25,

father depth> 9, mother depth> 9, child depth> 9, and child ge-

notype quality (GQ) > 20. DNMs were also filtered on the basis of

population frequency, using only rare (MAF < 0.1% across all of

gnomAD v2.1.1) coding DNMs. For all nonsynonymous coding

variants, MetaSVMwas used to infer the impact of missense muta-

tions.47 Sanger sequencing of PCR amplicons containing the mu-

tation verified variants in genes of interest and all de novo variants.

Quality control and sequencing metrics for DNMs called in CM1

trios or SSC sibling control trios can be found in Table S2. A full

list of DNMs found in CM1 trios or SSC sibling control trios can

be found in Table S3.
De novo mutation expectation model
We applied a sequence context-based method to calculate the

probability of observing a DNM for each base in the coding region

adjusting for the sequencing depth in each gene as described pre-

viously.48 All protein-coding RefSeq transcripts intersecting with
an Journal of Human Genetics 108, 100–114, January 7, 2021 101



target regions present on the on the IDT xGEN Exome Research

panel (v1.0) for CM1 trios or Nimblegen EZ Exome V2 for SSC sib-

ling trios and with annotations in the ANNOVAR RefSeq database

were considered.49 Briefly, for each base in the exome, the proba-

bility of observing every tri-nucleotidemutating to other tri-nucle-

otides was determined. ANNOVAR (v2019Oct24) was used to

annotate the consequence of each possible substitution. RefSeq

was used to annotate variants (based on the file ‘‘hg19_refGe-

ne.txt’’ provided by ANNOVAR). For each gene, the coding conse-

quence of each potential substitution was summed for each func-

tional class (synonymous, missense, canonical splice site, stop-

gain, stop-loss, start-lost) to determine the gene-specific mutation

probabilities.48 Insertions or deletions were excluded from the

model and were not considered in the downstream statistical ana-

lyses due the high false positive rate of these variants. Each prob-

ability was adjusted to control for variable sequencing coverage as

previously described: the raw probability was multiplied by a fac-

tor in the range 0.9–1, according to the percentage of trios

covering that base with at least 103 depth. Positions with a

coverage of zero resulted in a probability of zero for that base.

The sequencing coverage adjustment was calculated separately

for affected subjects and control subjects, which were sequenced

in separate batches, thus separate de novo probability tables were

generated for affected subjects and control subjects, respectively.

To align with ANNOVAR annotations, analysis was limited to var-

iants that were located in the exonic or canonical splice site re-

gions and were not annotated as ‘‘unknown’’ by ANNOVAR.

Following the inclusion criteria, we identified potential coding

mutations and generated gene-specific mutation probabilities for

18,272 unique genes, covering 31.68 Mb of protein-coding

sequence for CM1 trios (Table S4) and 18,515 unique genes

covering 33.2 Mb of protein-coding sequencing in SSC sibling

control trios (Table S5).
Burden of de novo mutations
The burden of de novo mutations in CM1-affected subjects was

determined using denovolyzeR v.0.2.048 using a coverage adjust-

ment factor based on 67 case trios. The expected number of

DNMs was calculated by taking the sum of each functional class

specific probability multiplied by the number of probands in the

study (67 for CM1 trios or 1,911 for SSC sibling control trios),

multiplied by two (diploid genomes). The Poisson test was then

used to test for enrichment of observed DNMs versus expected.

As separate tests were performed for protein-altering DNMs and

LoF DNMs, the Bonferronimultiple-testing threshold is, therefore,

equal to 1.363 10�6 (0.05/(18,272 genes3 2 tests)). The most sig-

nificant p value of the two tests was reported. For gene set enrich-

ment, the expected probability was calculated from the probabili-

ties corresponding to the gene set only (i.e., brain-expressed, AD

disease genes, CHD genes). Brain-expressed genes were defined

as those detected in the brain as part of the Human Protein

Atlas.50 Autosomal-dominant (AD) disease genes were those anno-

tated to cause an AD disease in OMIM.51
Recessive and X-linked analyses
We filtered recessive and X-linked genotypes for rare (maxMAC in

all populations < 10 in gnomAD exomes) homozygous and com-

pound heterozygous variants with high quality: pass GATK

Variant Score Quality Recalibration (VSQR), have >10 reads, and

have a genotype quality (GQ) R 20, demonstrate allele balance

(AB) > 0.3 and < 0.7, and have overall genotype call-rate > 90%.
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All putative LoF variants (nonsense, canonical splice-site, and start

loss), MetaSVM D-Mis missense variants and variants listed in

Clinvar as ‘‘pathogenic’’ or ‘‘likely pathogenic’’ were considered.

Synonymous variants were also filtered using the same criteria

and analyzed separately to determine whether there is an inflation

of background rate.

Gene burden and gene-set burden analysis
To quantify the enrichment of rare, non-synonymous/splice-site

variants in CM1-affected subjects compared to control subjects

for each gene, we compared the collapsed minor allele frequency

of variants in affected subjects and control subjects using a Fisher’s

exact test utilizing only filtered variants. Variants were filtered by

rareness and quality: (1) max minor allele count in all populations

< 10 in gnomAD exomes, (2) GQ > 20 and alternate allele ratio

40%, (3) GATK VQSR of ‘‘PASS,’’ and (4) minimum sequencing

depth of 8 reads in each participant. For statistical analysis of

exome-sequencing data, affected individuals were compared to

in-house exome controls. For individual gene association analyses,

Fisher’s exact tests were performed using PLINK to compare the

collapsed minor allele frequency of rare variants in affected sub-

jects and control subjects. t tests were performed using R to

compare the quantitative traits. For gene-set burden analyses,

non-synonymous/splice-site variants within a gene were collapsed

to obtain the number of rare (gnomAD maxMAC < 10) variants

per gene. The numbers of variants within groups of genes were

then summed based on membership within a given gene-set and

used as the dependent variable in a linear regression. As there

were 15,970 RefSeq genes with at least one rare protein-altering

variants in either CM1-affected subjects or in-house control sub-

jects, the Bonferroni multiple-testing threshold is, therefore, equal

to 3.1 3 10�6 (0.05/(15,970 genes)).

Additional statistical analyses
Occipitofrontal head circumferences (OFCs) were compared to

control subjects (n ¼ 50, individuals without CM1 and no known

brain disorder) using age and sex corrected values using Wilcoxon

rank-sum tests. Expected OFC values for all ages up to 20 years old

were calculated using data presented previously.52 Ages for indi-

viduals above 20 years old were windsorized at 20. Differences in

OFC from expected for age and sex were calculated and the distri-

bution of differences were compared to the expected average dif-

ference of 0 using Wilcoxon rank-sum tests. Meta-analysis of

DNM enrichment per gene and gene burden association analyses

were performed using Fisher’s method using the R package metaP.

Production and characterization of CRISPR-mediated

chd8 disruption in zebrafish
Briefly, a single gRNA designed to target exon 2 (gRNA sequence:

50-GGAAGCAAAGAGGATCACTC-30) of the chd8 gene were syn-

thesized in vitro and microinjected with codon-optimized Cas9

mRNA into one-cell-stage embryos of the AB* zebrafish strain. F0

founders with germline mutations were identified with Illumina

sequencing of F0 sperm. F0 fish found to harbor a high rate of

germline chimerism for protein-truncating mutations in chd8mu-

tants were then bred to HUC-GFP zebrafish (express GFP in adult

neuronal populations) to producemutant zebrafish fully heterozy-

gous for both chd8 disruption and HUC-GFP. Animals were raised

in in 0.003% phenylthiourea (PTU) to prevent melanin synthesis

and allow for unobscured imaging of the brain. At 5 days post-

fertilization (dpf), larvae were imaged using a Vertebrate
7, 2021
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Automated Screening Technology (VAST) system linked to a Zeiss

fluorescent confocal microscope which enables rapid, automated

confocal fluorescent imaging of larval zebrafish (up to 7 days

post fertilization). Multiple founder F0 zebrafish exhibiting high

rate of germline chimerism for protein-truncating mutations in

chd8 were imaged separately to ensure reproducibility of observed

mutant phenotypes. For each group of imaged F1 zebrafish,

individual fish were genotyped by Sanger sequencing of the

CRISPR-edited exon. ImageJ was used to calculate the average

area of Z-position aligned images of mutant or wild-type zebrafish.

Brain images were subdivided into forebrain, midbrain, and hind-

brain. All volumes were defined and measured by blinded re-

viewers. All experimental in vivo procedures were performed in

accordance with national and institutional guidelines for animal

care and experiments. Animal handling protocols and experi-

ments were reviewed and approved by the Institute Animal Care

and Utilization Committee of Washington University.
Results

Global burden of de novo mutations in CM1

We observed a total of 81 protein-coding de novomutations

(DNMs) among the 67 trios, which yielded an average of

1.20 de novo coding region mutations per proband, consis-

tent with other studies27,48,53,54 (Table S3). The distribution

of DNMs per trio followed the expected Poisson distribution

(p¼ 0.87) (Figure S1 and Table S6). For purposes of analysis,

coding DNMs were grouped into three classes: missense,

predicted loss-of-function (LoF) (i.e., stop-gains, stop-losses,

and variants at essential splice sites), and a combined group,

‘‘protein-altering’’ DNMs, defined as the union of missense

and LoF variants. Due to the high false-positive rate of small

insertion-deletion variants, these were excluded from the

analysis and from per-gene DNM probability calculations.

We compared the observed and expected number of

de novo mutations and found that protein-altering de novo

mutations were overall significantly enriched over expecta-

tion (p ¼ 5.3 3 10�4) (Figure 1). Six genes harbored pre-

dicted loss-of-function de novo mutations, three of which

are predicted to be evolutionary constrained when consid-

ering the ratio of observed and expected loss of function

variants (oe) in GnomAD: CHD8 (oe ¼ 0.04), CRIM1 (oe ¼
0.12), ARL8A (oe ¼ 0.07). The average paternal age at birth

of the proband for the 67 trios was 32.4 years old. For pro-

bands with DNMs, the average paternal age was 32.9 years
The American Journal of Human G
old and for probands without DNMs,

the average paternal age was 31.5 years

old (Wilcoxon rank-sum test, p¼ 0.22)

(Table S6).
We determined whether CM1 trio probands harbored

more coding DNMs than expected based on mutational

models.55 Overall, we observed a significant enrichment

of protein-altering DNMs (enrichment ¼ 1.67; p ¼ 8.7 3

10�5) and missense DNMs (enrichment ¼ 1.64; p ¼
2.54 3 10�4) among CM1 trio probands, but there was

no difference in the number of synonymous DNMs as ex-

pected (enrichment ¼ 1.06; p ¼ 0.44) (Figure 1). We then

stratified by gene class to determine whether there was

an excess of DNMs in genes that cause autosomal-domi-

nant diseases as reported by OMIM, genes expressed in

the human brain as reported by the Human Protein Atlas,

or genes expressed in the human brain and that cause an

autosomal-dominant disease. We saw strong enrichment

in CM1 probands of both protein-altering DNMs and

missense DNMs for OMIM dominant disease genes (pro-

tein-altering DNM enrichment ¼ 3.28; p ¼ 5.29 3 10�5

and missense enrichment ¼ 2.89; p ¼ 8.12 3 10�4) and

genes expressed in the human brain (protein-altering

DNM enrichment ¼ 1.75; p ¼ 1.40 3 10�4 and missense

enrichment ¼ 1.68; p ¼ 7.16 3 10�4). For the subset of

brain expressed dominant disease genes (‘‘brain disease

genes’’), we observed an enrichment of LoF DNMs (enrich-

ment¼ 6.32; p¼ p¼ 4.13 10�2), missense DNMs (enrich-

ment ¼ 2.43; p ¼ 1.36 3 10�2), and all protein-altering

DNMs (enrichment¼ 2.74; p¼ 2.93 10�3), but no enrich-

ment of synonymous DNMs (enrichment ¼ 2.1; p ¼ 0.09).

Additionally, we analyzed a cohort of 1,911 Simon’s Sim-

plex Collection sibling trios as a control group. We

observed no enrichment of DNMs for any gene functional

class (synonymous, missense, protein-altering, or LoF) in

any of these gene sets or globally in this dataset

(Figure S2). These data indicate that de novo deleterious

protein-coding variants, particularly in brain-expressed

genes, confer significant risk of CM1.

Recessive or X-linked disorders in CM1

In order to determine whether a subset of probands in our

CM1 cohort were undiagnosed for known recessive or

X-linked genetic disorders, we extracted all variants that

were rare (max MAF in all populations < 0.1% in gnomAD

exomes), putative loss-of-function (LoF) variants, i.e., stop-

gain or splice-site variants, Clinvar ‘‘pathogenic’’ or ‘‘likely

pathogenic’’ variants or variants predicted to be damaging
enetics 108, 100–114, January 7, 2021 103
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Figure 2. CHD8 loss-of-function de novo mutations in individuals with CM1
(A) Representative sagittal (left) and axial (right) brain magnetic resonance images of CM1 probands with de novo CHD8 loss-of-function
mutations.
(B) Pedigrees with Sanger-verified mutated bases for mothers (M), fathers (F), probands (P), and unaffected brothers (B1 and B2).
Positions are with respect to GenBank: NM_001170629.2.
by MetaSVM. After filtering, a total of 84 rare recessive-

autosomal genotypes remained (Table S7) and 16 rare

hemizygous X-linked genotypes remained (all in male

CM1-affected subjects) (Table S8). Three CM1 probands

possessed two nonsense variants in the same gene (LY9,

SCNN1D, and TTC40). None of these genes have been pre-

viously implicated in a monogenic genetic disorder, how-

ever. No individuals with CM1 harbored multiple ClinVar

pathogenic variants or both a ClinVar pathogenic variant

and a nonsense variant in the same gene. No ClinVar path-

ogenic variants or rare LoF variants were observed in any

known X-linked disease-associated genes in CM1 pro-

bands. Two individuals with CM1 harbored rare hemizy-

gous nonsense variants in ADGRG4 (oe ¼ 0.92) and

PPP1R3F (oe ¼ 0.73). Neither gene has a high probability

of loss intolerance and neither has been associated with

human disease, however. The proportion of individuals

in both our unrelated in-house control cohort with multi-

ple rare variants in the same gene, i.e., potentially com-

pound heterozygous or harboring two variants on the

same allele, was similar to that observed in the CM1 indi-

viduals (6% in CM1 versus 8% in controls, p < 0.05).

De novo mutations in CHD8 in CM1

By querying GeneMatcher56 for individuals with DNMs in

CHD8, CRIM1, or ARL8A (three genes in which we found

one LoF de novo variant each in CM1 trios), we found two

additional CM1-affected individuals with predicted loss-of-

function de novo mutations in CHD8 (Figure 2). Heterozy-

gous LoF CHD8 mutations were previously reported in

individuals with autism spectrum disorder (ASD)/neurode-

velopmental disorders, who were described as having
104 The American Journal of Human Genetics 108, 100–114, January
macrocephaly and distinctive facial features (MIM:

615032).57,58 However, CM1was not reported in these cases.

The three de novo CHD8mutations observed inCM1 include

two stop-gain mutations (GenBank: NM_001170629.2;

c.4414C>T [p.Arg1472*] and c.4515G>A [p.Trp1505*])

and a splice donor sitemutation (c.2070þ1G>T [p.?]). Using

denovolyeR, we determined whether any gene harbored

more DNMs than expected by chance (Figure S3, Tables S9

and S10). The probability of 3 LoF de novo mutations

occurring in CHD8 by chance in a cohort of this size is

1.9 3 10�10, surpassing genome-wide significance (Table

1).48 Notably, all three of these individuals displayed head

circumferences above the 90th percentile for age and sex,

consistent with the macrocephaly reported with CHD8mu-

tations. Both GeneMatcher trio probands harboring de novo

CHD8 mutations had also been diagnosed with mild to

moderate developmental delay, consistent with previous re-

ports.58 The index CM1-affected subject harboring a CHD8

DNM (CM1-1136) was diagnosed with autism spectrum dis-

order after enrollment in this study. Performing per-gene

DNM enrichment analysis in the cohort of control trios

identified no genome-wide significant enrichment of

DNMs for any gene (Figure S4 and Table S11).

Genome-wide rare variant burden analysis

To identify genes enriched for rare coding variants in CM1,

exome sequence data from the 668 unrelated CM1 pro-

bands of European descent was compared to 4,964 unre-

lated in-house control subjects of European descent.

Gene-burden analysis of rare (<10 minor alleles in the

Genome Aggregation Database [gnomAD]) non-synony-

mous/splice-site variants was performed across all genes
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Table 1. Meta-analysis of protein-altering de novo mutations and rare coding variant gene burden in CHD genes

Associated
disorder Head size

De novo
coding
variant p value

CM1
(n ¼ 668)

Controls
(n ¼ 4,964) OR (CI) p value

Meta
p value

CHD1 DD macro – 1 8 (1.2%) 43 (0.87%) 1.38 (0.56–2.98) 0.38 0.74

CHD2 DD – – 1 15 (2.25%) 56 (1.13%) 2.00 (1.04–3.60) 0.02 0.1

CHD3 DD macro – 1 19 (2.84%) 31 (0.62%) 4.61 (2.45–8.44) 1.8 3 10�6 2.6 3 10�5

CHD4 DD macro – 1 4 (0.6%) 37 (0.75%) 0.80 (0.21–2.24) 1 1

CHD5 – – – 1 16 (2.4%) 64 (1.29%) 1.86 (1.00–3.28) 0.03 0.14

CHD6 – – – 1 23 (3.44%) 107 (2.16%) 1.61 (0.97–2.55) 0.05 0.2

CHD7 CHARGE – – 1 31 (4.64%) 165 (3.32%) 1.41 (0.92–2.08) 0.09 0.31

CHD8 autism macro 3 1.6 3 10�7 10 (1.5%) 75 (1.51%) 1.00 (0.45–1.93) 0.78 9.4 3 10�7

CHD9 – – – 1 11 (1.65%) 63 (1.27%) 1.30 (0.61–2.49) 0.37 0.73

Total – – 3 7.8 3 10�5 137 (20.51%) 641 (12.91%) 1.66 (1.35–2.01) 1.2 3 10�6 2.4 3 10�10

DNM enrichment p values are for enrichment of protein-altering variants to allow for compatibility with meta-analysis with gene-burden results. Abbreviations:
DD, developmental disorder; CHARGE, coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and development, and ear abnormalities
and deafness syndrome; macro, macrocephaly; CM1, Chiari I malformation; OR, odds ratio; CI, 95% confidence interval). Total CHD gene DNM enrichment was
calculated for the CHD gene set in denovlyzeR using in-house, coverage corrected DNM gene probabilities.
(lambda ¼ 0.57) (Table S9). One gene, CHD3, surpassed

exome-wide significance (p < 2.5 3 10�6) (Figure 3) with

19 rare variants identified in our cohort of 668 affected.

We observed no association between rare synonymous var-

iants in CHD3 and CM1 risk (p < 0.05) and observed no

genome-wide significant genes when comparing the

burden of synonymous rare variants among CM1-affected

individuals and in-house control subjects (lambda ¼ 0.79)

(Figure S5 and Table S12). Performing a genome-wide

meta-analysis combining per gene protein-altering DNM

enrichment and gene burden analysis (after removing all

DNMs from the gene burden analysis calculations), the

two top genes are CHD8 (p ¼ 9.43 3 10�7) and CHD3 (p

¼ 2.593 10�5) (Figure S6 and Table S9). CHD3 is a chromo-

domain gene with similar function and clinical manifesta-

tions to CHD8, and de novo variants in this gene were

recently reported to cause Snijders Blok-Campeau syn-

drome (MIM: 618205).59,60 While the majority of previ-

ously reported de novo variants in Snijders Blok-Campeau

syndrome occurred within the helicase domains of

CHD3,60 most variants identified in CM1 occurred outside

these regions (Figure 4). Three variants found in our CM1

cohort (Gencode v24 ENST00000481999.1; c.50G>A

[p.Cys17Tyr], c.70C>T [p.Arg24Trp], and c.74C>T

[p.Ala25Val]) are present in an alternative coding tran-

script (ENST00000481999.1) that results from an alterna-

tive start site. Notably,CHD3 is known to have neuron-spe-

cific alternative splicing patterns61 and both transcripts are

expressed at near equal levels in most brain regions in

GTEx.62 CM1 was not previously reported with CHD3

DNMs. None of the individuals in our CM1 cohort with

CHD3 rare variants had clinical features consistent with

Snijders Blok-Campeau syndrome. Additionally, we

observed significantly lower mean CADD scores for
The Americ
CHD3 rare variants harbored by CM1-affected subjects

compared to the de novo variants reported in Snijders

Blok-Campeau syndrome (14.0 versus 34.5, t test p ¼
1.6 3 10�6).

Increased burden of rare variants in CHD gene-set in

CM1

Because we found an enrichment of de novo variants in

CHD8 and rare variants in CHD3 in our CM1 cohort, we

next investigated whether there was an increased burden

of rare variants in CHD genes as a group. For this, we per-

formed gene-set burden analysis similar to our prior work

with collagen variants in adolescent idiopathic scoli-

osis.63 In brief, the frequency of individuals carrying at

least one rare variant in any CHD gene (CHD1-9) was

compared between unrelated CM1 probands and in-house

control subjects. We observed a significantly greater num-

ber of rare CHD gene missense/nonsense/splice-site vari-

ants in individuals with CM1 compared to control subjects

(p ¼ 1.2 3 10�6, OR ¼ 1.66) (Tables 1 and S13). We then

meta-analyzed the association between the enrichment

of protein-altering DNMs in CHD genes compared to ex-

pected (p ¼ 7.89 3 10�5, 38-fold enrichment) and gene-

set burden analysis across all CHD genes, and we observed

a strongly significant association between rare variants in

CHD genes and CM1 risk (p ¼ 2.4 3 10�10). Furthermore,

even when CHD8 and CHD3 variants were excluded, we

find that CHD genes as a group remain significantly associ-

ated with CM1 risk with a collapsed minor allele frequency

(cMAF) of 27% in CM1-affected subjects compared to 11%

in control subjects (p ¼ 1.5 3 10�4, OR ¼ 1.54). Addition-

ally, we observed no significant gene-burden association

between rare synonymous variants in any CHD gene or

in the set of all CHD genes with CM1 status (see Table S9).
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Figure 3. Gene burden analysis comparing CM1 probands to
in-house control subjects
Quantile-quantile plot of observed versus expected p values from
exome-wide gene burden association analysis of rare (allele count
< 10 in all gnomAD populations).
Macrocephaly in CM1 with CHD rare variants

Becausemacrocephaly is commonly observed in cases with

chromodomain gene disruptions,58,60,64 we sought to

determine whether the individuals with CM1 in our

cohort, particularly those with rare variants in CHD genes,

also had larger head circumferences. Importantly, none of

the individuals with rare variants in CHD genes in our

cohort were diagnosed with the autosomal-dominant dis-

orders previously ascribed to these genes, with the excep-

tion of our single CM1 proband with a de novo CHD8 LoF

variant who was diagnosed with ASD subsequent to

enrolling in this study. Table S14 is a detailed table of phe-

notypes observed in CM1-affected individuals with CHD

rare variants. Individuals with CM1 who harbor rare

non-synonymous coding variants in CHD genes (n ¼ 41)

displayed head circumferences that were an average of

1.1 cm greater than expected for age and sex compared

to in-house control subjects (n ¼ 50) (p ¼ 5 3 10�4), and

compared to growth charts available from the U.S. Centers

for Disease Control and Prevention (CDC) (p ¼ 3 3 10�4)

(Figure 5). Furthermore, when we investigated the head

circumference of all CM1-affected individuals in our

cohort (n¼ 240 with available measurements), irrespective

of the presence of a rare variant in a CHD gene, those indi-

viduals with CM1 had significantly larger head size

compared to in-house control subjects (p ¼ 0.003) and

CDC normative data (p ¼ 5.6 3 10�13). Individuals with

CM1 who harbor a rare CHD variant displayed head cir-

cumferences even greater than CM1-affected individuals

without CHD variants (þ2.15 cm versus þ0.94 cm greater

than expected for age and sex, Wilcoxon rank-sum test p
106 The American Journal of Human Genetics 108, 100–114, January
¼ 3.0 3 10�4), with 40% (15/38) measured individuals

with CM1 and CHD variants displaying head circumfer-

ences above the 95th percentile for age and sex. By

modeling CM1 risk as a product of age, sex, and head

circumference, we estimate that head circumferences >2

standard deviations (SD) above expected result in a 4-fold

increased relative risk of CM1. Even after removing indi-

viduals with CHD gene variants, this increased average

head circumference remained for CM1 compared to in-

house control subjects (p ¼ 7.4 3 10�3) and CDC norma-

tive data (þ1.0 cm, p ¼ 7.4 3 10�11). These data suggest

that head circumference alone is a good predictor of

CM1 risk in the adolescent population.
Modeling of chd8 disruption in zebrafish

To support the notion that disruption of a single copy of

CHD8 is sufficient to cause significantly abnormal brain

growth, we generated zebrafish with frameshift protein-

truncating mutations in its ortholog, chd8, by CRISPR-

Cas9 mutagenesis. We observed significantly larger brain

volumes in chd8-/þ zebrafish compared to their wild-type

siblings (p ¼ 3 3 10�9). This difference was apparent in

forebrain,midbrain, and hindbrain sub-volumes (Figure 6).

There was no apparent difference in the overall length of

the zebrafish (p ¼ 0.64), suggesting that the difference in

brain volume is due to brain-specific overgrowth as

opposed to global growth differences or differences in

developmental timing.
Discussion

We identified a set of chromodomain genes in which rare

coding variants are strongly associated with risk of devel-

oping CM1 in a large multi-center exome-sequenced

cohort of affected individuals with Chiari I malformation.

The enrichment of rare variants in these genes and the

presence of three de novo mutations in CHD8 among indi-

viduals with CM1 suggests that CHD variants strongly

contribute to the pathogenesis of this brain anomaly.

Although our data most strongly implicate CHD3 or

CHD8 gene variants, our data also suggest that other

CHD genes also contribute to CM1 risk. CHD genes share

common chromodomain and helicase domains, but struc-

tural and functional differences have resulted in three

separate subfamilies: subfamily 1 (CHD1 and CHD2), sub-

family II (CHD3 and CHD4), and subfamily 3 (CHD5,

CHD6, CHD7, CHD8, and CHD9). The main function of

the CHD proteins is their ATP-dependent chromatin-re-

modeling activity, through which they act as either repres-

sors or activators.65 Because chromatin remodeling is

crucial during brain development, it is not surprising

that the majority of CHD genes have been implicated in

neurodevelopmental disorders. De novo variants in or hap-

loinsufficiency of CHD1, CHD2, CHD3, CHD4, CHD7, and

CHD8 have been associated with an array of neurodevelop-

mental phenotypes that include developmental delay,
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Figure 4. Spectrum of CHD3 rare variants in individuals with Chiari I malformation
Protein model of CHD3 with rare nonsynonymous variants indicated. Dots above gene models (blue) were observed in CM1-affected
subjects. Dots below the gene models (gray) are de novo missense mutations reported for Snijders Blok-Campeau syndrome. CHDNT
domain (yellow), PHD domain (red), chromodomains (dark green), helicase ATP-binding domains (purple), domains of unknown sig-
nificance (blue), and CHD-C-terminal domain (light green) are indicated as colored blocks. Positions are with reference to sequences
ENST00000380358.8 (bottom) and ENST00000481999.1 (top). Two variants (p.Cys2056Tyr and p.Arg24Trp) were observed in multiple
unrelated individuals with CM1 of European descent and not in in-house control subjects. Black dots represent the positions of de novo
variants observed in individuals with Snijders Blok-Campeau syndrome. A histogram of variants per base-pair observed in the gnomAD
database is plotted to depict the relative evolutionary constraint across the protein.
autism spectrum disorder (ASD), facial dysmorphism, mac-

rocephaly, microcephaly, ventriculomegaly, and cleft lip/

palate.29,33,57,58,60,64,66–79 Somatic variants in CHD genes

have also been implicated in cancer, highlighting their

role in cellular proliferation.80 Notably, of the five previ-

ously reported individuals with de novo CHD4 mutations,

one was diagnosed with CM1, supporting the causal link

between CHD variants and CM1. Brain imaging is not stan-

dard of care for individuals with isolated autism or neuro-

developmental disorders without concomitant neurolog-

ical symptoms, however, so CM1 may be present in

those previously identified with CHD DNMs.

Because we observed a significant enrichment of protein-

altering de novo mutations among individuals with CM1, it

is likely that a number of the DNMs that we identified are

causative. Among the AD disease genes with DNMs found

in CM1 are CHD8, DLX4, GDF5, DSPP, ATXN1, HNRNPK,

and HIST1H1E. Mutations in each of these genes are a cause

of dominant disease associated with neurodevelopmental

disability, facial dysmorphisms, skull abnormalities, or mac-

rocephaly.51 Because only one individual with CM1 in our

cohort was diagnosed with these disorders, our data suggest

both pleiotropy and phenotypic variability in the pheno-

types caused by mutations in these genes. We hypothesize

that some of the protein-altering DNMs observed in CM1

(other than those observed in CHD8)may be less damaging

and cause less severe disease than has previously been re-

ported, leading to isolated CM1 rather than the full clinical

disease. The reduced CADD scores for rare variants in CHD3

in the CM1 subjects in our cohort supports this hypothesis.

Our data also suggest the need for widespread genetic

testing of cases with early-onset CM1.

The fact that the observed association at CHD3 involved

multiple rare missense variants in less constrained regions

of CHD3 suggest that they are likely hypomorphic alleles

rather than full loss-of-function alleles and likely exhibit
The Americ
incomplete penetrance and variable expressivity. The vast

majority of de novo missense variants observed in affected

subjects with Snijders Blok-Campeau syndrome were

observed within the helicase domains of the protein.

Only two variants observed in our CM1 cohort fell within

the helicase domains. The majority of variants in CHD3

found among CM1-affected individuals in our cohort

were located within the first or last 400–500 bp, regions

with no known specific function. Multiple variants in

CHD3 (p.Cys17Tyr, p.Arg24Trp, and p.Ala25Val) occur in

an alternatively spliced transcript of unknown function

that despite its length is expressed as highly as the full-

length transcript throughout the brain.81 These variants

may display milder phenotypes (i.e., macrocephaly and

CM1 rather than Snijders Blok-Campeau syndrome) due

to their absence in the canonical full-length transcript.

Further work will be required to understand the role of

this alternative splice form of CHD3 in protein function

and its relationship with disease.

Interestingly, our discovery of the association of CM1

with rare variants in CHD genes, many of which have

been associated with macrocephaly, led us to observe

that individuals with CM1 who harbor rare variants in

CHD genes displayed increased head circumferences. This

finding is consistent with previous findings for de novo var-

iants in CHD genes. For example, macrocephaly was also

present in 58% of CM1 probands with CHD3 DNMs.60

We previously noted that CM1 is a common feature of syn-

dromes associated with macrocephaly including acro-

megaly,82 neurofibromatosis type 1,83,84 and overgrowth

syndromes.9 Consistent with this hypothesis, 4 out of 65

individuals with chromosome 16p11.2 deletions (MIM:

611913), which is associated with obesity and macroce-

phaly,85 also had CM1.86 We propose that macrocephaly

itself likely predisposes to CM1 in these cases. If the brain

grows faster than the skull, the path of least resistance is for
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Figure 5. Distribution of head circumference among individuals with CM1
(A) Head circumference in CM1-affected subjects without CHD gene variants (light pink or light blue), CM1-affected subjects with pre-
sumed inherited CHD variants (dark pink or dark blue), and individuals with de novo CHD8 LoF variants (dark blue, white fill).
(B) Analysis of standardized head circumference values for individuals with CM1 reveal significantly increased head circumference across
ages in bothmale and female individuals with CM1, with an apparent bimodal distribution or kurtosis toward larger head circumference.
p values are for Wilcoxon rank-sum tests comparing the distribution of age corrected observed head circumference to expected.
the cerebellum to herniate through the foramen magnum,

leading to CM1. While some individuals with CM1 have

frank macrocephaly, which is defined as a head circumfer-

ence more than 2 standard deviations above the mean, the

head circumferences of most individuals with CM1 are

not macrocephalic but are shifted to the right of the bell

curve. This work highlights the important potential for

variants in known disease genes to contribute to more

common, complex inherited human traits like brain

volume and CM1.

Our findings with respect to CHD gene variation and

CM1 prompted us to test whether macrocephaly was a

common feature in our CM1 cohort. We observed an over-

all increase in head circumference in our entire CM1

cohort, even when we excluded individuals with CHD

rare variant, a finding which has not previously been

described. Given the prevalence of head circumferences

>2 SD above the mean in our cohort, we suggest that

increased head circumference is one of the best predictors

of CM1 in the general population discovered to date and

could be used as a screening tool to potentially identify

CM1 before symptom onset, allowing for the possibility

of non-surgical or minimally invasive treatment options.

In addition to defining a broader phenotype associated

with CHD genes, particularly CHD3 and CHD8, we aimed

to characterize the effects of targeted CHD8 disruption by

CRISPR in zebrafish. Chd8-null mice die at embryonic

stages E8.5–E12.5 and Chd8 heterozygous mice display

abnormal corticogenesis and ASD-like behavior.87,88

Previous studies in zebrafish had performed morpholino

knockdown experiments and showed increased interor-

bital distance, suggesting but not conclusively defining
108 The American Journal of Human Genetics 108, 100–114, January
the role for the loss of CHD8 as a cause of macrocephaly

in zebrafish.58 In particular, morpholinos are notorious

for their off-target effects, the study did not thoroughly

examine brain morphology, and morpholinos fail to sup-

press target gene expression for more than the first few

days of life. To combat these shortcomings, we created

fully heterozygous zebrafish with frameshift insertion/

deletion mutations to disrupt protein expression for the

life of the fish. Unlike mice, the brains of zebrafish can

be monitored in live fish and with much greater detail us-

ing fluorescent imaging. Upon high-resolution imaging of

chd8þ/�, HuC-GFP zebrafish, and wild-type HuC-GFP sib-

lings, we observed stark increases in brain volume in the

forebrain, midbrain, hindbrain, and the whole brain of

mutant zebrafish without affecting growth of the fish.

These data suggest overall brain overgrowth rather than re-

gion-specific brain overgrowth is likely the major pheno-

typic consequence of chd8 disruption in zebrafish and sup-

port the role of brain overgrowth as the primary

contributing factor to the development of CM1 in individ-

uals with CHD rare variants and for individuals with CM1

who display idiopathic brain overgrowth. This zebrafish

model and our ability to detect small differences in brain

growth can now be used to further define phenotypic vari-

ability and genotype-phenotype associations due to varia-

tion in CHD genes.

This study has a number of limitations that we hope to

overcome with additional cases, clinical phenotyping,

and radiological measurements. First, because we

sequenced only 67 CM1 trios, substantial power to detect

de novo enrichment will be gained by adding more trios

to our cohort. Similarly, additional of a larger CM1 cohort
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Figure 6. chd8 disruption results in enlarged brains early in development
Zebrafish at 6 days post-fertilization (dpf) generated by crossing HuC-GFP AB zebrafish and F0 chd8 germline chimeric knockout zebra-
fish. After imaging, individual zebrafish were genotyped by Sanger sequencing. Fish genotyped as wild-type (WT) are pseudocolored
magenta and fish genotyped as heterozygous for a frameshift mutation are pseudocolored cyan. chd8�/þ n¼ 40.WT n¼ 25. Brain region
areas (forebrain, midbrain, and hindbrain) were quantified and compared. Differences in mean area for each brain area, total brain area,
or body length were compared using a t test. chd8�/þ n ¼ 40. WT n ¼ 25. Scale bar ¼ 160 mm.
for rare variant association tests will greatly increase our

power to detect further associations. Second, although

we obtained head circumference measurements on many

of the CM1 individuals in this study, some had not been

measured. With the evidence from this study demon-

strating the role of macrocephaly in CM1 pathophysi-

ology, we hope to better characterize the relationship be-

tween brain growth, skull expansion, and CM1 risk, as

well as clinical outcomes and best clinical practice for mac-

rocephaly-associated CM1. Next, the true population prev-

alence of CM1 in the general population is not well charac-

terized. It is possible that some number of individuals

within our control cohort have CM1. The prevalence of

symptomatic CM1, particularly those requiring surgical

treatment, is less that 1/1,000. We estimate, therefore,

that there are few symptomatic CM1 individuals within

the control subjects used in this study. Our power to detect

genetic associations, however, may be decreased due to the

presence of CM1 within the control cohort. Lastly, we uti-

lized only individuals of European descent. Individuals of
The Americ
other ethnicities may harbor variants within other genes

or pathways that we did not identify due to their exclusion

from this study. We hope to expand our cohort to include

other underrepresented minority populations in the future

to overcome this limitation.

Overall, our results demonstrate an important role for

CHD genes in CM1 etiology, an expanded phenotype asso-

ciated with variants in CHD3, CHD8, and CHD genes as a

group, and suggest that excess brain growth contributes

more generally to the development of CM1 than previ-

ously appreciated. These findings have potential implica-

tions for CM1 treatment. Multiple non-neural mechanisms

have been proposed to account for CM1, including

decreased posterior fossa volume,89–92 joint laxity near

the skull base,93,94 and CSF flow abnormalities.95,96 Howev-

er, given the genetic data presented here, a primary driver

of some forms of CM1 may be overactive neurogenesis.

In pediatric CM1-affected subjects where brain overgrowth

is observed, but brain and skull expansion is an ongoing

process, early intervention may be possible to halt CM1
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progression. Further study of these individuals is necessary

to understand the natural progression of CM1 caused by

brain overgrowth and to understand the best course of

treatment for this etiological subset of affected subjects.
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