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is significantly linked to 1q43-44 and 12g23-24.11 using whole
exome sequencing
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Abstract

The posterior fossa of the cranium contains the cerebellum and brainstem. Processes that reduce the volume of the posterior
fossa squeeze the cerebellum and brainstem caudally, resulting in Chiari I malformation (CM1). CM1 causes neck pain,
balance issues, decreased motor skills and headaches in those affected. We have posterior fossa measurements and whole
exome sequence data on individuals from 7 extended families from Russia that have a family history of CM1. We performed
parametric linkage analyses using an autosomal dominant inheritance model with a disease allele frequency of 0.01 and a
penetrance of 0.8 for carriers and 0.0 for non-carriers. Variant-based two-point linkage analysis and gene-based linkage
analysis was performed. Our results found a genome-wide significant signal on chromosome 1q43-44 (max HLOD = 3.3) in
the variant-based analysis and 12q23 (max HLOD = 4.2) in the gene-based analysis. In both cases, the signal was driven by
a single (different) family that contained a long, linked haplotype across the region in question. Using functional annotation,
we were able to identify several rare nonsynonymous variants that were enriched in each family. The best candidate genes
were 15765865412:G>A in MYBPCI for the 12q haplotype and rs61749963:A>G in COX20 for the 1q haplotype. Good
candidate variants in the 1q haplotype were also identified in CEP170 and AKT. Further laboratory work is planned to verify

the causality of these genes.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41431-019-0457-7) contains supplementary
material, which is available to authorized users.
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Introduction

Chiari I malformation (CM1) is an anatomical deformity
characterized by inferior positioning of the cerebellar tonsils
below the foramen magnum. Underdevelopment of the
posterior fossa is often associated with CM1 [1-5]. Clinical
symptoms arising from the malformation are variable,
including headache, usually occipital and worsened by
cough or Valsalva maneuver, neck pain, and poor balance.
Many individuals with CM do not show symptoms and are
diagnosed by brain or cervical spine MRI while being
evaluated for another disorder. In CMI1, the cerebellar
tonsils extend =5 mm below the foramen magnum [1]
(Fig. 1a). The role of genetics in the development of CM1 is
suspected but no risk variants for CM1 has been found,
except for those associated with a syndrome, such as
achondroplasia. Milhorat et al. studied a cohort of 364
patients with CM1 and found that 43 patients (12%)
reported positive family histories of CM1 or syringomyelia,
a disorder associated with CM [1]. Pedigree analysis was
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Fig. 1 CM1 and small posterior fossa phenotyping. a CM1 pheno-
typing midsagittal T1-weighted MR-image showing the cerebellar
tonsils (white arrow) extending =5 mm below the foramen magnum in
a patient with CM1. b Small posterior fossa diagram of the mea-
surements taken in the midsagittal plane, adapted from an earlier, non-
copyrighted publication: Heiss JD, Suffredini G, Bakhtian KD, Sarn-
tinoranont M, Oldfield EH. Normalization of hindbrain morphology
after decompression of Chiari malformation Type I. J Neurosurg.

performed in 21 of the 43 patients and was consistent with
autosomal dominant or recessive patterns. Others have
shown that CMI1 results from the posterior fossa being
smaller than normal in the majority of cases [2—4] and of
insufficient size to contain the cerebellum and brainstem [5],
rather than being the result of a primary abnormality of the
cerebellum. The hindbrain deformity in CM1 resolves after
surgical craniocervical decompression and duraplasty which
enlarges the posterior fossa. Following this procedure, the
cerebellar tonsils ascend into the expanded posterior fossa
and revert from a pointed shape to a normal, rounded
morphology [6, 7] suggesting that the abnormal shape of the
cerebellar tonsils seen in CMI is acquired by tonsillar
impaction in the foramen magnum and the upper portion of
the spinal canal, rather than resulting from a congenital
abnormality of the tonsils [7]. These studies suggest that
genetic factors leading to underdevelopment of the posterior
cranial fossa are responsible for CM1 development. By
considering affection status to be based on the primary
problem of posterior fossa underdevelopment, rather than
by the presence of CMI alone, the power to detect an
underlying, heritable factor may increase.

There have been few genetic studies on CMI, pre-
sumably because of the small number of family members
(2-3) affected in each established pedigree [1-4]. Boyles
et al. identified significant linkage to 15q21.1-22.3 and
found posterior fossa volume to be highly heritable in 23
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2012;117(5):942-6. Measurements (mm) to assess for the small bone
phenotype included: supraocciput length (so, internal occipital protu-
berance to opisthion); clivus length (cl, apex of dorsum sellae to
basion); and basiocciput length (bo, the portion of the clivus below the
sphenoocipital synchondrosis). Cerebellar tonsillar ectopia (T, max-
imum extension of the cerebellar tonsils caudal to the foramen mag-
num) was not used to assess for the small bone phenotype

families [8]. Further studies have confirmed the heritability
of posterior fossa volume [9] and found suggestive linkage
to loci at 8q, 22q, 1q, and 12p [9, 10]. A recent filtration
approach identified shared variants in two affected families
[11]. The lone association study found no significant var-
iants [12].

The formation of the upper and lower skull occurs by
two distinct processes. In the supratentorial skull, intra-
membranous bone growth takes place, allowing the supra-
tentorial skull to expand in response to the underlying
pressure of the growing brain. The posterior fossa develops
from endochondral (within cartilage) bone growth of the
occipital sclerotomes (0O1-O4), which are embryologic
spinal elements [13]. The ring of bone formed by the
ossification centers at the foramen magnum and lower
posterior fossa develops in the same fashion as the vertebral
body and arch. The diameter and height of the ring that
forms around the neural elements of the posterior fossa
depends on the amount and shape of the bone that is pro-
duced at each ossification center. Ossification in the lower
part of the posterior fossa is genetically determined, being
unaffected by brain volume and pressure, which expands
the supratentorial skull to its adult volume. Thus, genetic
disorders can result in disparities in growth and volume of
the supra- and infratentorial parts of the skull [14]. For
example, achondroplasia is caused by an autosomal domi-
nant variant in FGFR3 gene that results in dwarfism and
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impaired development of the bones of the skull base, but
does not reduce the size of the supratentorial skull [15]; the
small posterior fossa results in herniation of the cerebellar
tonsils identical to what is seen in CM1 [16]. Patients with
idiopathic CM1 are not dwarfs and the bone dysplasia is
restricted to the skull base in CM1, so the variant affecting
function must be expressed primarily in the skull base
[17, 18].

Patients with CM1 often have syringomyelia, which
affects about 21,000 Americans [19]. The myelopathy
from syringomyelia usually develops during the 2nd-5th
decades of life and causes symptoms of paralysis, sensory
loss, and chronic pain. The natural history of syr-
ingomyelia is typically one of gradual, stepwise neuro-
logic deterioration over many years [20]. Finding a
genetic locus for CM1 may lead to a better understanding
of the etiology of CM1, which may lead to ways to pre-
vent it and its associated condition syringomyelia from
occurring, or to treat it earlier, sparing patients from its
symptoms and neurologic dysfunction.

In Republic of Tatarstan in the Russian Federation a
regional disease cluster with a high prevalence
(413:100,000) of CM1 was found. In that cluster, about
one-third of affected patients had an affected first-degree
relative [21]. In collaboration with Dr. E. 1. Bogdanov,
Head of the Department of Neurology in Kazan State
Medical University, Republic of Tatarstan of Russia, we
identified seven extended families with at least five mem-
bers affected by CM1 and a small posterior fossa. The
probability of finding a genetic locus harboring risk variants
for these phenotypes increases in families with many
members affected over many generations.

Methods
Recruitment and study design

Eligible participants for this study were required to (1) have
CMI1 and a family member with syringomyelia or CM1 or
(2) be a family member of a patient with CM1 and have at
least two immediate family members diagnosed with CM1.
Adults and minors were eligible for this study. Patients were
excluded if they had a contraindication to MRI scanning,
were unable to understand the risks of testing, were under
one year of age, or could not undergo MRI scanning
without sedation. Recruitment was through self- and phy-
sician referral. More information about the study can be
found at ClinicalTrials.gov using identifier NCT0004738.
All subjects provided informed consent and the protocols
adhere to the Declaration of Helsinki and were approved by
the institutional review boards of the NINDS and NHGRI.

The average age of participants was 38.52 years with a
standard deviation of 3.17.

Small posterior fossa phenotype determination

The small posterior fossa phenotype was established if the
posterior fossa volume/supratentorial volume <0.15. This
method assessed if the posterior fossa volume was small
compared to supratentorial volume [14]. The small posterior
fossa phenotype was also established by the clivus length
<40 mm and basiocciput length (the portion of the clivus
below the sphenooccipital synchondrosis) <21 mm, and the
length of the supraocciput (internal occipital protuberance
to the opisthion) <38 mm (Fig. 1b). Earlier studies have
supported the presence of clival, basioccipital, and
supraoccipital hypoplasia in patients with CM1 [1-5, 22].
Threshold values were based upon average values from
healthy normal individuals. These measurements were not
found to correlate with age (Supplementary Figs. 1, 2). All
measurements are given in Supplementary Table 1.

Participants had an outpatient protocol visit. Participants
attended appointments for a history, physical, and neuro-
logical examination, blood draw, and MR-imaging of the
brain and cervical spine. Family pedigrees for CM1 and for
small posterior fossa were established. For linkage analysis,
DNA for each patient was extracted from blood lympho-
cytes contained in a 10 ml blood sample, stored, and sent for
whole exome sequencing (WES).

MR-imaging

Study participants underwent SPGR (spoiled gradient
recalled) and T1-weighted MR-imaging of the brain and
cervical spinal cord to assess the length of the posterior
fossa bones, the presence of CM1 (defined as the inferior
aspect of the cerebellar tonsils lying >5 mm caudal to the
foramen magnum), and the presence of syringomyelia.
Intravenous contrast was not used.

Whole exome sequencing and quality control

WES was performed on 62 samples at the National
Intramural Sequencing Center (NISC). Variants with a
depth (DP) and genotype quality (GQ) score of less than
10 were removed, as were all monomorphic variants.
PLINK [23] was used for additional quality control.
Markers with more than 80% missingness and individuals
with more than 5% missingness were removed. PLINK
was also used to check Mendelian inconsistencies and
identity-by-descent (IBD) values. Variants with Mende-
lian inconsistencies in a single family were set to zero in
that family only, while variants with Mendelian
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inconsistencies across multiple families were removed
from all families. One individual was removed as he was
found to be unrelated to both of his parents. All unrelated
individuals had IBD values consistent with being unre-
lated. Thirty-three ungenotyped people were added into
the data set to ensure proper familial relationships. These
are individuals that we know existed through family his-
tory, but who were missing phenotype and genotype
information because they were either deceased or were
unwilling or unable to participate in the study. All geno-
type information was set to missing for these individuals;
phenotype information for these individuals was used if
present, otherwise phenotype information was also set to
missing. After quality control, the data set consisted of
401,733 variants (both SNVs and indels) from 95 people
(62 genotyped) from 7 extended families. Dataset level
allele frequencies were then calculated by sib-pair [24].
Genotype and phenotype files are available for download
on dbGaP (https://www.ncbi.nlm.nih.gov/gap). The study
ID is 32578, the accession number is phs001795.v1.pl,
and the title is “Genetic Analysis of the Chiari I
Malformation™.

Parametric linkage analysis and functional
annotation of variants

All parametric linkage analyses assumed an autosomal
dominant mode of transmission, assuming a disease allele
frequency of 1% with an 80% penetrance for carriers and
0% phenocopy rate. Sensitivity analyses were also per-
formed using a phenocopy rate of 0.005; no significant
differences in LOD scores were observed between the two
models. We performed both variant-based and gene-based
genetic linkage. Analysis was performed on two discrete
phenotypes, small posterior fossa and CM1 diagnosis. Both
phenotypes were binary, with individuals being labeled as
an affected case, unaffected control, or unknown. For small
posterior fossa, there were 46 genotyped cases. For CM1,
there were 31 genotyped cases.

The variant-based linkage analysis tested for linkage
between each SNV and the designated phenotype and was
performed using the TwoPointLods [25]. Gene-based
analysis was performed by creating haplotypes corre-
sponding to particular genes and performing two-point
linkage on the genic haplotypes. We used the collapsed
haplotype pattern (CHP) method, implemented through
the SEQLinkage [26], to create the gene-based haplo-
types. This method uses rare variants (defined as MAF <
0.05) to create short regional haplotypes that correspond
to genes (determined by RefSEQ). The gene-based hap-
lotypes essentially function as multiallelic pseudo-
markers in the two-point linkage analysis. Two-point
linkage analysis was performed on the pseudo-markers
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using MERLIN [27]. Variants were annotated with
wANNOVAR [28, 29] using hg19.

Results

HLOD scores for small posterior fossa and CM1
affection

Variant-based analysis identified two genome-wide sig-
nificant SNVs for the small posterior fossa phenotype, one
located in the exon of OR2T8 (HLOD =3.3) at 1g44 and
the second located the UTR of CHML (HLOD =3.3) at
1q43 (Fig. 2a). Here, we use the Lander and Kruglyak
values of (H)LOD =3.3 and (H)LOD 2 1.9 as the genome-
wide significant and suggestive thresholds [30]. Six addi-
tional variants had LOD scores near significance (HLOD >
3.0). All of these variants were located at 1g43-44 except
for one, which was located in an intron of ANO4 (HLOD =
3.0) at 12g23.1. In total, there were 350 suggestive variants,
with 84 being located at 1q43-44 and 33 located at 12q23-
24.11 (Supplementary Table 2).

There were 18 genome-wide significant genes in the
gene-based linkage analysis (Fig. 2b). Four of these genes
were located in the 12q23-24 region identified as significant
in the variant-based analysis, the highest of any chromo-
somal region. The genes were MYBPCI (HLOD =4.2) at
12923.2, GNPTAB (HLOD =3.5) at 12q23.2, CMKLRI
(HLOD =3.3) at 12q23.3 and HECTD4 (HLOD =3.4) at
12g24.13. The significant signal at 1q found in the variant-
based analysis was still present, though it had slightly
decreased, with the highest signal in the region located on
the TSNAX-DISC1 (HLOD =3.2) at 1q42.2. The highest
overall HLOD score in the gene-based analysis was located
on EPSI5 (HLOD=4.9) at 1p32.3 (Supplementary
Table 3).

Neither the variant-based analyses nor the gene-based
analyses identified any genome-wide significant signals
when using CM1 affection as the phenotype, though mul-
tiple suggestive signals were identified in both analyses
(Supplementary Fig. 3).

Individual family LOD scores

The moderately large size of the families used in this study
allowed us to powerfully determine which chromosomal
region was linked to the phenotype in each family by
examining the individual family LOD scores closely. We
were interested in whether any of the significant signals
were being driven primarily by a single family or if any
signal was extremely high within a family. This would
imply that a particular family was harboring a causal gene
of large effect in that region.
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Fig. 2 Genome-wide HLOD Scores for Small Posterior Fossa. The
genome-wide HLOD scores combined across all 7 families for the
variant-based (a) and the gene-based (b) linkage analyses. The lines at

We observed that the significant signal on 1q was being
driven by a single family. Family 4 had a large linkage peak
at 1g43-44 in both the variant-based (Fig. 3a) and gene-
based analyses (Supplementary Fig. 4a). Family 4 is a 4
generational family with 7 genotyped cases and 16 geno-
typed people overall. Though none of the individual LOD
scores were genome-wide significant (unlikely in a single
moderate-sized family) there were 77 suggestive variants
and 8 suggestive genes located within 1g43-44 in this
family. The highest overall LOD scores were 2.9 in the
variant based analysis (shared by 10 SNVs) and 2.8 in the
gene-based analysis (shared by 4 genes). The full list of
suggestive genes can be found in Table 1. A selected list of
variants can be viewed in Table 2; the full list is available in
Supplementary Table 4. Plots of chromosome 1 (Fig. 3b, ¢)
for both sets of analyses in family 4 reveal a linked

Chromosome

3.3 and 1.9 represent the significant and suggestive thresholds as
recommended by Lander and Kruglyak

haplotype across the 1q43-1q44 region at approximately
the 2.9 LOD mark in the variant-based analyses and 2.8 in
the gene-based analyses. There is almost no negative signal
underneath these haplotypes, while the rest of the chro-
mosome always contains negative LOD scores even in the
presence of linked variants or haplotypes (e.g., the region
with some variants/genes showing LODs of ~1 on 1p at
~50,000,000 bp). This is an excellent indication that the
haplotype at 1q43-44 is strongly linked to the trait and that
the causal variant in this region may have a large effect on
the trait.

We observe a similar scenario with family 22, a three
generational family with 8 genotyped cases and 13 geno-
typed individuals. Both the variant-based (Fig. 4a) and the
gene-based (Supplementary Fig. 4b) linkage ana-
lyses showed a large peak at 12q23-24.11. This is the

SPRINGER NATURE



1604 A. M. Musolf et al.
I;:'fql f:ffﬁi‘;z g}_‘;‘;lsof‘ylgzg CHR  POS Gene Family 4 LOD  CUMULLOD  HLOD  ALPHA
for Family 4 1 2748  COX20 2.8 2.9 2.9 1.0

1 270.3 CEPI170 2.8 27 2.7 1.0

1 281.5 TRIMSS 2.8 2.8 2.8 1.0

1 2748  HMRMPU-ASI 2.8 24 2.4 0.9

1 2756  EFCAB2 2.8 22 2.7 0.7

1 2804  AHCTFI 2.7 ~1.1 1.9 0.3

1 2812  GCSAML 24 23 23 1.0

1 2798  TFB2M 2.4 02 1.6 0.4

Table displaying the suggestive genes along the 1g43-44 linked haplotype in Family 4, sorted by Family 4
LOD score. The headers represent CHR = chromosome, POS = genetic position in ¢cM (centimorgans),
GENE = multi-allelic gene marker, FAMILY 4 LOD = LOD score for gene-based marker in Family 4 only,
CUMUL LOD = cumulative LOD score across all 7 families for gene-based marker, HLOD = HLOD score

across all 7 families, ALPHA = alpha value used in the HLOD calculation

Table 2 Selected functional annotations of highest 20 single variants along 1g43-44 linked haplotype for family 4

CHR SNP LOD HLOD Gene FUNC EXON FRQ SIFT POLYPH
1 1s71585189:2.246021494C>A 29 22 SMYD3 Intronic 0.16

1 rs1058305:2.243664642A>G 29 22 AKT3 UTR3 0.26

1 rs1058304:2.243664857C>T 29 22 AKT3 UTR3 0.26

1 1s9428966:2.243667900T>G 29 22 AKT3 UTR3 0.26

1 1s76577803:2.245247095G>A 29 29 EFCAB2 Intronic . 0.026

1 1s143882766:2.246704348G>A 29 29 TFB2M Exonic Syn 0.004

1 1s190157408:g.243335862C>T 29 29 CEP170 Intronic 0.007

1 1s189525806:2.248042279T>G 29 29 TRIM58 UTR3 . . .
1 1s61749963:2.245006474A>G 29 29 COX20 Exonic Nonsyn 0.012 T B
1 1s150412216:2.248569960G>A 29 2.6 OR2TI Exonic Nonsyn 0.005 T P
1 1s73141283:2.248309356A>G 2.8 2.8 OR2M5 Exonic Nonsyn 0.065 T B
1 1s1339847:2.248039294G>A 2.8 2.0 TRIM58 Exonic Nonsyn 0.097 T B
1 1s112566218:2.245517151A>G 2.8 2.0 KIF26B Intronic 0.061

1 1s12401701:2.247737928 A>T 2.8 3.0 GCSAML UTR3 0.19

1 1s12405268:2.247740764C>A 2.7 3.0 GCSAML UTR3 0.19

1 1s12402077:2.247739213A>G 2.7 3.0 GCSAML UTR3 0.19 . .
1 1s34220133:2.247695427C>G 2.7 2.3 OR2C3 Exonic Nonsyn 0.14 D B
1 1s1435953:2.242283940G>A 2.7 1.9 PLD5 Intronic 0.34

1 1s6672510:2.242284412A>G 2.7 1.9 PLD5 Intronic 0.34

Selected functional annotations for the SNVs with the highest 19 LOD scores in Family 4. All variants are on chromosome 1 and mapped with
hg19. Headers represent CHR = chromosome, ID = rsID, position, and allele change for SNV, LOD = LOD score for variant in Family 4, HLOD
= Cumulative HLOD score across all 7 families, GENE = gene location of variant, FUNC = functional region of gene where variant is located,
EXON = nonsynonymous (nonsyn), synonymous (syn) FRQ = 1000Genomes frequency of variant in Europeans, SIFT = protein damaging
prediction based on SIFT (where T = tolerated, D =damaging), POLYPH = protein damage prediction based on PolyPhen2 (P = possibly
damaging, B = benign)

primary driver of the significant and highly suggestive
linkage peaks found at that region in the overall analyses.
The gene-based analysis identified seven suggestive genes
with a LOD score of 2.2 in the chromosomal region
(Table 3), while the variant-based analysis found 27 sug-
gestive variants that shared the top LOD score of 2.2 in the
family and an additional 61 suggestive variants within the

SPRINGER NATURE

region (Table 4 and Supplementary Table 5). The plots of
chromosome 12 for both analyses reveal a long, linked
haplotype across the 12q23-24.11 region (Fig. 4b, c). This
haplotype is longer than the one identified at 1q43-44 in
family 4. Like the 1q haplotype, this haplotype also has
almost no negative LOD scores underneath it, suggestive of
being highly linked to the phenotype.
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Fig. 3 LOD scores for Family 4. This figure shows the genome-wide
LOD scores for family 4 for the variant based linkage analysis (a) as
well as zoomed plots of the chromosome 1 LOD scores for family 4

Functional annotation and cosegregation of
candidate causal variants

Functional annotation was used to find any potential causal
variants along the two linked haplotypes in families 4 and
22. The most promising variant along the 12q haplotype
was r15765865412:G>A (hgl9 chr12:2.102055019G>A),
located in the MYBPCI and was predicted to be possibly
damaging. The minor allele is extremely rare; it is not in any
1000Genomes population and has a MAF of 0.00002 in
non-Finnish Europeans in the Exome Aggregation Con-
sortium (ExAC). The minor allele appears in our data
set 8 times, in the 8 cases in family 22. It does not appear
in any of the controls or unknowns outside the family.
rs765865412:G>A variant is an excellent candidate for the

for the variant-based (b) and gene-based (c) linkage analyses. The line
at 1.9 represents the suggestive threshold as recommended by Lander
and Kruglyak

causal variant along the 12q23-24.11 haplotype (Supple-
mentary Fig. 5). The synonymous variant rs199921889:
A>C (hgl9 chrl12:2.102158766A>C) (MAF<0.001 in
1000Genomes) in GNPTAB also completely cosegregates
with all family 22 cases.

Family 4 contained 14 nonsynonymous exonic variants
across the haplotype on 1q. The best candidate nonsynon-
ymous rare variant is 1561749963:A>G (hgl9 chrl:
2.245006474A>G) in COX20, which has a MAF in
1000Genomes Europeans of 0.012. The minor allele only
appears once in each of the seven cases in family 4 and once
in one unknown phenotype individual and nowhere else in
the dataset. It is not predicted damaging (Supplementary
Fig. 5). The intronic variant rs1901574:C>T (hgl9 chrl:
2.243335862C>T) in CEP170 (MAF 0.007) also segregates

SPRINGER NATURE
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Fig. 4 LOD scores for Family 22. This figure shows the genome-wide
LOD scores for family 22 for the variant based linkage analysis (a) as
well as zoomed plots of the chromosome 12 LOD scores for family 4

for the variant-based (b) and gene-based (c) linkage analyses. The line
at 1.9 represents the suggestive threshold as recommended by Lander
and Kruglyak

Table 3 Suggestive genes along

the 12423 55 11 Tinkod CHR POS Gene Family 22 LOD CUMUL LOD HLOD ALPHA
haplotype in family 22 12 116.4 MYBPCI 22 42 42 1.0

12 116.6 GNPTAB 22 3.5 3.5 1.0

12 116.8 DRAMI 22 2.0 2.0 0.9

12 117.9 PAH 22 27 27 1.0

12 125.6 CMKLRI 22 3.4 3.4 1.0

12 1263 SSHI 22 24 24 1.0

12 127.0 ACACB 22 3.0 3.0 1.0

SPRINGER NATURE

Table displaying the suggestive genes along the 12q23-24.11 linked haplotype in Family 22, sorted by
Family 22 LOD score. The headers represent CHR = chromosome, POS = genetic position in cM
(centimorgans), GENE = multi-allelic gene marker, FAMILY 22 LOD = LOD score for gene-based marker
in Family 22 only, CUMUL LOD = cumulative LOD score across all 7 families for gene-based marker,
HLOD = HLOD score across all 7 families, ALPHA = alpha value used in the HLOD calculation
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Table 4 Selected functional annotations of highest 22 single variants along 12q23-24.11 linked haplotype for family 22

CHR ID LOD HLOD Gene FUNC EXON FRQ SIFT POLYPH
12 rs10860634:2.101188920G>A 22 1.9 ANO4 Intronic 0.096

12 rs1842888:2.101491375G>A 22 3.0 ANO4 Intronic 0.37

12 1s76554907:2.101491517G>A 22 1.7 ANO4 Intronic . 0.13

12 rs1055734:2.101520689A>G 22 1.7 ANO4 Exonic Syn 0.13

12 1rs3741954:.101520875G>A 22 1.7 ANO4 Intronic 0.13

12 rs1849710:2.101522078C>G 22 1.7 ANO4 UTR3 . 0.13 . .
12 rs765865412:2.102055019G>A 22 2.2 MYBPCI Exonic Nonsyn T P
12 rs199921889:2.102158766A>C 22 22 GNPTAB Exonic Syn .

12 rs57454316:2.102301026A>G 22 22 DRAM1 Intronic 0.011

12 rs7312944:2.102301254C>T 22 22 DRAM1I Intronic 0.011

12 rs554919613:2.103233119C>T 22 22 PAH Intronic . 0.001 . .
12 1s79387839:2.103696182T>G 22 24 Cl2o0rf42 Exonic Nonsyn 0.17 T B
12 rs2056128:2.104140517A>G 22 1.6 STAB2 Intronic 0.56

12 rs1106752:2.108600237A>G 22 1.5 WSCD2 Intronic 0.53

12 rs112262364:2.108682734C>A 22 1.8 CMKLRI UTR3 0.076

12 rs1138433:2.108683403G>A 22 1.8 CMKLRI UTR3 0.075

12 rs78943618:2.108684522G>A 22 1.8 CMKLRI UTR3 0.075

12 rs143307480:2.108684568C>T 22 1.7 CMKLRI UTR3 0.0089

12 1s2280169:2.108684630T>C 22 2.1 CMKLRI UTR3 0.5

12 rs139132042:2.108932894T>G 2.2 2.1 SART3 Intronic 0.004

12 1rs7303227:.108984751C>A 22 2.1 TMEM119 UTR3 0.017

12 rs10861953:2.108986112G>C 22 1.6 TMEM119 Exonic Syn 0.18

Selected functional annotations for the SNVs with the highest 22 LOD scores in Family 22. All variants are on chromosome 12 and mapped to
hg19. Headers represent CHR = chromosome, ID = rsID, position, and allele change for SNV, LOD = LOD score for variant in Family 22,
HLOD = Cumulative HLOD score across all 7 families, GENE = gene location of variant, FUNC = functional region of gene where variant is
located, EXON = nonsynonymous (nonsyn), synonymous (syn) FRQ = 1000Genomes frequency of variant in Europeans, SIFT = protein
damaging prediction based on SIFT (where T = tolerated, D = damaging), POLYPH = protein damage prediction based on PolyPhen2 (P =

possibly damaging, B = benign)

completely with those same individuals and thus is also an
excellent candidate for causality. We note that within both
pedigrees, there are no unaffected individuals that are car-
rying the best candidate disease linked variant allele and
there are no phenocopies, i.e., all known affecteds carry the
disease linked variant allele.

We did briefly perform a CNV analysis using CNVnator
[31] to call CNVs along the haplotypes. We did not find any
shared CNVs along the haplotype amongst affected
individuals.

Discussion

CMI1 has not been well analyzed by genetic linkage or
association analyses [8—11], thus few risk loci have been
identified. Our study was the first to perform linkage ana-
lysis on CM1 affected families using WES data. We iden-
tified two novel linked haplotypes at 1q43-44 and 12q23-
24.11 for small posterior fossa, one of the probable under-
lying causes of CM1. Indeed, the vast majority (83%) of

CM1 affected individuals had the small posterior fossa
phenotype. The linked haplotypes were significantly higher
than other signals within the two families and were char-
acterized by very little to no negative signal underneath.
These results led us to believe the haplotypes are harboring
causal variant(s) of large effect. This is a highly significant
finding for a rare disease with few identified risk loci.

Long linked haplotypes are expected in a linkage study.
Unlike population-based studies, in which countless meio-
ses have broken apart haplotypes, there are only a limited
number of recombination events that can occur within small
families. The result is longer haplotypes such as the ones
identified in this study. However, this makes it more diffi-
cult to elucidate the causal variant.

We performed functional annotation to identify any
potential causal variants located on the linked haplotypes.
Since the small posterior fossa phenotype is rare and the
gene-based tests (which only used variants with MAF <
0.05) recapitulated the linked haplotypes found in the
variant-based analysis, we believe it likely the causal variant
are rare (MAF <0.01). We were able to find several good,

SPRINGER NATURE
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rare, candidate variants on both of the linked haplotypes.
The most promising causal variant for the 12q23-24.11
haplotype is rs765865412:G>A, located in MYBPCI gene
at 12g23.2. The variant and gene have the highest overall
LOD scores for family 22 in the variant-based and gene-
based analyses (LOD =2.18) and is genome-wide sig-
nificant (HLOD =4.15) across the families in the gene-
based analysis. Recall that the variant is nonsynonymous
exonic, predicted damaging by some databases, and extre-
mely rare (ExAC MAF =0.00002 in Europeans). In our
data set, the minor allele only appears in the eight cases in
Family 22 and nowhere else.

The MYBPC family encodes proteins expressed in stri-
ated muscles and MYBPCI in particular encodes the slow
skeletal isoform and plays an important role in muscle
contraction [32]. MYBPCI causes distal arthogryposis (DA)
type 1 [33], a muscular skeletal disorder characterized by
deformities of the hands and feet (e.g., permanently bent
fingers/toes) and DA type 2 [34], where patients often
display craniofacial abnormalities in addition to the hand/
feet defects. Morpholino-mediated knockout of MYBPCI in
zebrafish was reported to cause poor growth of the head and
eyes [35].

1s765865412:G>A is not one of the missense variants
known to cause DA [33, 34]. rs765865412:G>A results in a
substitution of aspartic acid to asparagine; this is different
from the variants known to affect function [32]. It has been
shown that multiple variants within MYBPCI result in
phenotypes of varying severity, so it is possible that this
variant results in less severe phenotype. Mechanistically,
one can speculate that perhaps this variant causes less
severe muscle contraction and restricts growth at the base of
the skull (resulting in a small posterior fossa) but does not
result in the contractures of the hands and feet. Future
laboratory work will be needed to confirm any molecular
conjecture regarding the role of MYBPCI in CM1. Two
other rare variants of interest should be noted. rs199921889:
A>C showed complete segregation in all family 22 cases
and is located in GNPTAB, which has been implicated as
causal in prenatal skeletal dysplasia [36]. rs7303227:C>A
(hgl9 chrl2:g. 108984751C>A) in the 3 UTR of
TMEMI19, is a gene associated with osteoblast differ-
entiation [37], a relevant potential causal gene.

The second linked haplotype was located along 1q43-44
haplotype in family 4. The 1q43-44 telomere is the site of
well-reported deletions/microdeletions that result in severe
neurological/skeletal phenotypes such as microcephaly,
structural disorders of the brain and abnormalities of the
hands/feet [38—40]. The majority of these 1q43-44 deletions
are de novo [41] and thus not likely to be responsible for the
signals seen here. However, many of the genes located
along the linked haplotype have been implicated as causal
in the various neurological and skull structure phenotypes

SPRINGER NATURE

including AKT3 and COX20 [41, 42]. Deletions of AKT3, a
serine/threonine protein kinase expressed in the adult brain
have been implicated in microcephaly [41]. Three variants
in the UTR of AKT3 were located along the linked haplo-
type in the variant-based analyses. Since the variants had a
common MAF (~0.3), this gene’s signal was not reproduced
in the gene-based analysis, though the gene remains a
strong candidate for causality. One of the more promising
rare variants along the haplotype was rs61749963:A>G in
COX20. This variant had the highest LOD score (2.9) in the
family and the COX20 gene had the highest overall score in
the gene-based analysis. Though rs61749963:A>G was not
predicted damaging, it is nonsynonymous exonic and rare
(MAF =0.012) in the general European population. The
minor allele only appears in our data set in the seven cases
(and one unknown) in family 4. COX20 is involved in the
assembly of cytochrome C oxidase, a key component of
mitochondrial respiration and a different variant has been
implicated as causal for cerebellar ataxia and muscle
hypotonia [43]. It is conceivable that a milder version of the
phenotype could result in the small posterior fossa. Another
strong potential causal variant is rs1901574:C>T in
CEP170. Though the variant is intronic, it is rarer than
COX20 (MAF =0.007 in Europeans) and also shows
complete cosegregation with all cases in family 4 and does
not appear in any other families. CEP170 has been impli-
cated in microcephaly [44]. In general, we note that there
are multiple, potential causal variants located along the 1q
haplotype. The variants in COX20, CEP170, and AKT look
like strong candidates, but it is certainly possible the causal
variant(s) are located elsewhere along the haplotype.

This study used WES genotypes in families to identify
two strongly linked novel haplotypes (each in a different
single family) for small posterior fossa, a potential under-
lying cause for CM1. The haplotypes were located at 1q43-
44 and 12q23-24.11. This is the first time linked haplotypes
have been identified for small posterior fossa using WES
data. Both haplotypes spanned large genomic regions, and
thus incorporated a large number of good candidate genes.
Given the rarity of the trait, we believe that the causal
variant is likely rare and we used functional annotation to
identify potential rare causal variants along the haplotypes.
We have identified rs765865412:G>A in MYBPCI at
12923.2 and 1s61749963:A>G in COX20 at 1q44 as the
best potential variants for causality. However, there are
other strong causal variant candidates, especially along the
1q haplotype, with rs1901574:C>T in CEP170 and three
variants in AKT being of particular interest due to their
known roles in microcephaly. It is also possible that the true
causal variants lie elsewhere along the haplotypes, perhaps
even in the noncoding regions not sequenced here. Only
functional studies will be able to determine causality and we
initially plan functional studies on our best candidate genes:
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MYBPCI on 12q and COX20, CEP170, and AKT on 1q to
define their possible roles in determining the volume of the
posterior fossa.
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