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OBJECTIVE |Inherited variants predisposing patients to type 1 or 1.5 Chiari malformation (CM) have been hypothesized
but have proven difficult to confirm. The authors used a unique high-risk pedigree population resource and approach to
identify rare candidate variants that likely predispose individuals to CM and protein structure prediction tools to identify

pathogenicity mechanisms.

METHODS By using the Utah Population Database, the authors identified pedigrees with significantly increased num-
bers of members with CM diagnosis. From a separate DNA biorepository of 451 samples from CM patients and families,
32 CM patients belonging to 1 or more of 24 high-risk Chiari pedigrees were identified. Two high-risk pedigrees had 3
CM-affected relatives, and 22 pedigrees had 2 CM-affected relatives. To identify rare candidate predisposition gene vari-
ants, whole-exome sequence data from these 32 CM patients belonging to 24 CM-affected related pairs from high-risk
pedigrees were analyzed. The I-TASSER package for protein structure prediction was used to predict the structures of

both the wild-type and mutant proteins found here.

RESULTS Sequence analysis of the 24 affected relative pairs identified 38 rare candidate Chiari predisposition gene
variants that were shared by at least 1 CM-affected pair from a high-risk pedigree. The authors found a candidate variant
in HOXC4 that was shared by 2 CM-affected patients in 2 independent pedigrees. All 4 of these CM cases, 2 in each
pedigree, exhibited a specific craniocervical bony phenotype defined by a clivoaxial angle less than 125°. The protein
structure prediction results suggested that the mutation considered here may reduce the binding affinity of HOXC4 to

DNA.

CONCLUSIONS Analysis of unique and powerful Utah genetic resources allowed identification of 38 strong candidate
CM predisposition gene variants. These variants should be pursued in independent populations. One of the candidates,
a rare HOXC4 variant, was identified in 2 high-risk CM pedigrees, with this variant possibly predisposing patients to a

Chiari phenotype with craniocervical kyphosis.
https://thejns.org/doi/abs/10.3171/2022.10.JNS22956

KEYWORDS Chiari malformation; high-risk pedigree; predisposition; Utah Population Database; craniocervical

kyphosis; protein prediction modeling

EREBELLAR tonsil ectopia, including types 1 and 1.5
Chiari malformation (CM), is a disorder defined by

herniation of the cerebellar tonsils below the fora-
men magnum. CM causes a wide variety of neurological
and musculoskeletal signs and symptoms, most of which

result from abnormalities in cerebrospinal fluid flow or
brainstem compression. The underlying cause of the mal-
formation is unknown.

Although there is ample evidence that a genetic cause
of CM exists,'® little evidence supports a direct link be-

ABBREVIATIONS CM = Chiari malformation; CXA = clivoaxial angle; C-C2SVA = condylar-C2 sagittal vertical alignment; GATK = Genome Analysis Toolkit; MAF = minor
allele frequency; SNP = single nucleotide polymorphism; UPDB = Utah Population Database; VQSR = variant quality score recalibration; WES = whole-exome sequencing;

WGS = whole-genome sequencing.
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tween a particular genetic variant and symptomatic CM
in human patients. Several studies have implicated gene
mutations in CHDS alleles, resulting in insufficient gene
product expression (haploinsufficiency), as a genetic
driver of the CM phenotype. Zebrafish with CHDS hap-
loinsufficiency demonstrated macrocephaly and poste-
rior hindbrain displacement reminiscent of CM.”® Mice
with CHDS haploinsufficiency developed cerebral mega-
lencephaly with increased anterior-posterior length and
cross-sectional area of the neocortex; however, this study
did not note hindbrain displacement in the mice.” A pro-
spective analysis of humans with CHDS haploinsufficien-
cy revealed macrocephaly but not CM.” Recently, Sadler
et al.® performed whole-exome sequencing (WES) on 668
individuals with CM and 232 of their family members in
a specific search for de novo variants. Their findings im-
plicated chromodomain and excessive brain growth genes
in CM pathogenesis, including 3 de novo loss-of-function
variants in the CHDS genes. However, the vast majority of
CM patients do not harbor CHDS8 gene abnormalities, nor
do they possess a pronounced increase in cortical tissue;
thus, the genetic drivers of CM remain poorly character-
ized.

In 2018, Abbott et al.!' used the Utah Population Da-
tabase (UPDB), a unique genealogical resource linking
Utah genealogy records dating from the mid-1800s with
medical data from the two largest healthcare providers in
Utah, to describe significant familial clustering of CM.
This study identified extended families with a signifi-
cantly greater incidence of CM compared with the general
population. Increased risks for CM were observed in both
close and distant relatives of CM cases, supporting an in-
herited contribution to CM.

In this study, we aimed to extend the findings of Abbott
et al.!” by taking advantage of two repositories of genomic
DNA for Utah CM cases and their close relatives, as well
as statewide genealogy data, to identify pairs of related
CM cases from pedigrees exhibiting a significant excess
of CM cases. We performed WES on 32 CM patients who
were members of 24 high-risk CM pedigrees and accessed
whole-genome sequencing (WGS) data previously gener-
ated for a separate group of 7 high-risk CM nuclear fami-
lies, with some small overlap between the CM-affected
individuals included in the two sets of pedigrees. We iden-
tified the rare variants shared by the affected pairs who
belonged to high-risk pedigrees as representing a set of
candidate predisposition gene variants for CM. We used
3D protein structure prediction methods to examine po-
tential structural changes that may provide insights on
mechanisms of pathogenicity."

Methods

Utah Population Database

The UPDB consists of genealogy data from Utah’s
early immigrants in the mid-1800s and their modern-day
descendants that have been linked to medical data from
the two largest health care providers in Utah (University
of Utah Health and Intermountain Healthcare) since the
mid-1990s."? Approximately 2 million individuals with at
least 3 generations of genealogy and linked Utah medical
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data were analyzed here. Among those individuals with
at least 3 generations of genealogy data in UPDB, a to-
tal of 2871 patients at either University of Utah Health or
Intermountain Healthcare had an International Classifica-
tion of Diseases code indicating a diagnosis of CM. The
cohort-specific population rates of CM used to test each
pedigree for a statistical excess of CM cases were esti-
mated from these 2 million individuals.

Each pedigree was tested for a significant excess of CM
cases among the descendants as follows. All individuals
in UPDB with linked genealogy and medical data were
assigned to a cohort based on their biological sex, 5-year
birth-year range, and birth state (Utah or not). Cohort-
specific rates of CM were estimated as the total number
of CM cases in each cohort divided by the total number
of individuals with genealogy and linked medical data in
each cohort. The observed number of CM cases among
the descendants within a pedigree was compared with the
expected number of CM cases on the basis of the cohort-
specific rates for each pedigree in UPDB. The expected
number of CM cases in each pedigree was estimated as
the sum of the cohort-specific rates for CM of each de-
scendant who had linked medical data. An excess of ob-
served to expected CM cases (p < 0.05) was used to iden-
tify those pedigrees with a significant excess of CM; these
were classified as high-risk pedigrees. Twenty-two of the
high-risk pedigrees identified included a pair of sampled
CM-affected relatives, and 2 of the high-risk pedigrees in-
cluded 3 related cases diagnosed with CM.

Utah CM Cases and High-Risk Pedigrees

An IRB-approved project in the Genetics Research Pro-
gram at the University of Utah has prospectively gathered
whole blood and extracted DNA from volunteer pediatric
CM patients and their parents since 2013. In all cases, the
CM status of the parents was unknown. We included a to-
tal of 451 stored samples from 186 individuals with at least
3 generations of linked genealogy data, 61 of whom had a
diagnosis of CM (Fig. 1). Thirty-two of these 61 sampled
CM cases with linked genealogy in UPDB were found to
be related to others in 24 identified high-risk pedigrees.
No pedigrees were completely overlapping, but individu-
als could belong to more than 1 high-risk CM pedigree
through different ancestors. Because only a small number
of Utah CM cases were sampled, the relationships of the
pairs of related CM cases were typically distant, varying
in genetic distance from fourth cousins to more distant
tenth cousins (Fig. 2), with the amount of shared genet-
ic material among these distant cousins varying from
0.002 for fourth cousins to 5 x 107 for tenth cousins. The
strength of our high-risk pedigree approach depends on
the hypothesis that the related CM cases were members of
pedigrees with a significant excess of CM cases and thus
were likely to share an inherited predisposition for CM
from a common ancestor. Data are available from us with
the approval and permission of UPDB.

WES Data Generation

We sequenced the protein-coding regions of the ge-
nome (using WES) at the Huntsman Cancer Institute High-
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Throughput Genomics Core by using the stored germline
DNA from the 32 CM cases belonging to the 24 high-risk
pedigrees. DNA libraries were prepared from 1.5 ug of
DNA using the IDT xGEN Human Exome v2 capture kit.
Samples were run on the Illumina NextSeq instrument.
Reads were mapped to the human genome GRCh37 ref-
erence using the BWA-MEM algorithm for alignment,
and variants were called using Genome Analysis Toolkit
(GATK) version 4.1.3.0 software according to the Broad
Institute’s Best Practices Guidelines.”* Exome capture re-
sulted in an average of 95% of the target bases covered by
greater than 10x coverage across the exome, with an av-
erage depth of 232x. Variants occurring outside the exon
capture kit’s intended coverage area were removed. Vari-
ants were called and filtered using standard GATK vari-
ant quality score recalibration (VQSR) filters (QD < 2.0,
QUAL < 30, MQRankSum < —12.5, ReadPosRankSum <
-8.0, FS > 60.0, SOR > 3.0, maximum Gaussian variables
2, and truth-sensitivity-filter-level 99.0). Variants were
annotated with ANNOVAR, which contains predicted
pathogenicity scores from 15 in silico functional predic-
tion algorithms. The sequence data generated for young,
related cases have not been submitted to a public database
because of the risk of patient identifiability; however, these
data are available after communication with us and with
appropriate confidentiality agreements.

Previously Sequenced Utah CM Nuclear Families
In a previous unpublished effort, 7 nuclear CM families,
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FIG. 2. High-risk CM pedigree. A: HOXC4 variant-carrying, high-risk CM pedigree, including a pair of distantly related, affected
cases who both have the HOXC4 variant. CM cases are fully shaded. Sequenced HOXC4 carriers (+) are noted. Slashes indicate
deceased individuals. B: Midline sagittal cervical T2-weighted MR images showing CM and craniocervical kyphosis in the 2
affected individuals included in panel A. The CXA values are shown for each patient. C: Radiological measurements of the 2
affected individuals. CXA is shown in degrees, and pBC2, tonsillar ectopia, and C-C2SVA are shown in millimeters. pBC2 = maxi-
mum perpendicular distance to the basion-inferoposterior point of the C2 body. Figure is available in color online only.
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each including at least 2 CM-affected siblings who had
been sampled as part of the Genetics Research Program,
had WGS data generated. The DNA of most of these cases
were no longer available for the current study, but their
DNA sequence data were accessed for this study. Some
previously sequenced CM-affected patients were related
to members of the current study, thus slightly extending
some of the high-risk pedigrees sequenced here.

Protein Prediction Methods

To perform 3D structure prediction with [-TASSER
structure prediction software using full homology model-
ing,'*-'7 we used the canonical sequence of HXC4_Human
(reference number PO9017 in UniProt) for the wild-type
species. The sequence was manually changed to obtain the
mutated sequence using replacement N178S. All obtained
structures were visualized and analyzed using Chimera.'
Variant pathogenicity characterization was obtained with
the PolyPhen-2 predictor."”

Results

The DNA sequencing of the 32 CM-affected individu-
als in 24 high-risk CM pedigrees identified a total of ap-
proximately 18,000 exon-specific coding variants (Synon-
ymous, nonsynonymous, frameshift indels, nonframeshift
indels, start-loss, stop-gain, stop-loss, and splicing) with
minor allele frequencies (MAFs) < 0.005 in gnomAD 2.1
that occurred in at least 1 sequenced CM case. Removal
of synonymous and poor-quality variants that failed the
VQSR tranche filters resulted in approximately 9000 rare
variants. Removal of singleton variants (i.e., allele count
of 1) resulted in the identification of 693 rare variants. Of
these, we identified 38 rare candidates that were shared by
both CM cases in at least 1 CM-affected pair from a high-
risk pedigree (Table 1).

Two of the 38 rare candidate variants identified may be
of particular interest: DNAJCII and HOXC4. The vari-
ant in DNAJCI1 was the only concordant variant found
in more than 1 relative pair (it was observed in 2 relative
pairs in 2 independent pedigrees); the DNAJCII variant
was also observed in 3 single CM cases who were mem-
bers of pairs in other sequenced high-risk pedigrees. This
variant has not yet been pursued.

The HOXC4 variant is perhaps of more significant in-
terest. This variant is a nonsynonymous single nucleotide
variant, in which the mutation results in the substitution of
an asparagine amino acid for a serine amino acid within
an exon encoding the nonspecific DNA interaction loop. It
was predicted to be damaging by 12 of 15 prediction algo-
rithms. Figures 2 and 3 show the presence of the HOXC4
variant in the 2 Utah high-risk pedigrees in which it was
observed. Figure 2A shows a high-risk pedigree with 2
distantly related CM-affected cousins, both of whom
carry the HOXC4 variant and demonstrate abnormal cra-
niocervical kyphosis. The affected male had a clivoaxial
angle (CXA) of 122°, whereas the affected female had a
CXA of 125° (Fig. 2B).

Figure 3A shows another high-risk pedigree harboring
2 distantly related, CM-affected cousins. In the pedigree
shown, only 1 case carried the HOXC4 variant; however,
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the HOXC4 variant carrier was identified as 1 of 2 sisters
who also underwent the previously described WGS effort
(this WGS portion of the original high-risk pedigree is
shown in Fig. 3B). Both CM-affected sisters carried the
rare HOXC4 variant and had abnormal craniocervical ky-
phosis. One sister had a CXA of 117°, and the other had a
CXA of 115° (Fig. 3C). The 2 affected sisters shared a to-
tal of 3 rare variants that were observed in our WES data
(in HOXC4, TNFRSF21, and COL8A2), but the HOXC4
variant was the only one of these 3 variants that was also
shared by a CM-affected pair from an additional indepen-
dent high-risk pedigree (Fig. 2). Of note, the 2 affected
sisters also shared a HOXDI3 variant inherited from their
father (unknown CM phenotype), whose genome was se-
quenced in the WGS project.

Independent Variant Analysis in a Russian Tartar Cohort

The 38 rare candidate variants were analyzed in an in-
dependent WES data set consisting of 9 Russian Tartar
CM pedigrees studied by Musolf et al.! Only 2 of the 38
candidate variants identified in the Utah high-risk pedi-
grees were also observed in these Russian CM pedigrees
(variants in NKTR and RPILI), and both were primar-
ily identified in unaffected pedigree members (who were
used as controls). The NKTR variant was observed in only
1 control. The RPILI variant was enriched in this data set
(MAF 0.41) but was observed in 24 unaffected controls
and 20 cases.

Protein Prediction

HOXC4-expressed protein HXC4_HUMAN functions
as a sequence-specific transcription factor that is part of a
developmental regulatory system that provides cells with
specific positional identities on the anterior-posterior axis
(UniProt PO9017). The homeobox region, residues 156—
215, has been reported as a DNA-binding domain. The
mutation reported here is in this region (Fig. 4).

The variant reported here has been previously reported
(rs35406888) but has not been associated with any disor-
der (UniProt PO9017). Analysis of the variant with Poly-
Phen' reported that this variant is “probably damaging.”

In Fig. 5, we depict the superpositions of the wild-type
(yellow/cyan) and mutant (red/green) predicted structures
(model 1) of the homeobox domain with their relation-
ships to the predicted DNA binding. Although it is ap-
parent that there were no significant structural changes to
the homeobox region upon mutation, careful observation
of the coiled region of the mutation under consideration
(residues 161-178) shows that the mutated structure has a
shorter coil than that of the wild type. This observation led
us to hypothesize that this minor structural change may
lead to a change in the binding affinity of DNA to the
homeobox region of the protein.

Discussion

By using an extensive Utah genealogic resource com-
bined with a DNA biorepository of CM cases, we have
performed a unique and powerful analysis of sequence
data from related CM cases belonging to high-risk CM
pedigrees. The analysis identified a set of 38 rare candi-
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TABLE 1. Details for 38 strong candidate variants identified as rare and shared by at least 2 individuals belonging to 24 sequenced

high-risk pedigrees

Chromosome  Start End Reference* Alternate* Function Gene Exonic Functiont  Allele Frequencyt Pedigrees
1 6727803 6727804 TC — Exonic DNAJC11 Frameshift deletion 0.0001 16 & 17
1 53793511 53793512 TG — Exonic LRP8 Frameshift deletion 0.0018 "
1 53793514 53793514 A — Exonic LRP8 Frameshift deletion 0.001 "
1 1.04 x 108 1.04 x 108 — A Exonic RNPC3 Frameshift insertion 0.0018 21
1 1.84 x 108 1.84 x 108 C T Exonic COLGALT2 ~ Nonsynonymous SNV 0.0005 21
2 9989571 9989571 A — Exonic TAF1B Frameshift deletion 0.0008 8
3 42674218 42674218 C T Exonic NKTR Nonsynonymous SNV 0.0009 23
3 47452833 47452833 G A Exonic PTPN23 Nonsynonymous SNV 0.0023 23
3 52521865 52521865 A G Exonic NISCH Nonsynonymous SNV 0.004 23
3 52548768 52548768 C T Exonic STAB1 Nonsynonymous SNV 0.0036 23
3 88184224 88184224 A G Exonic ZNF654 Nonsynonymous SNV 0.0031 23
3 1.85x 108 1.85x 10? A C Exonic VPS8 Nonsynonymous SNV 0.0031 14
4 1360144 1360144 G A Exonic UVSSA Nonsynonymous SNV 0.0019 8
4 3076654 3076654 G 0 Exonic HTT 21
6 51656129 51656129 C G Exonic PKHD1 Nonsynonymous SNV 0.0022 23
6 76596587 76596587 C T Exonic MYO6 Nonsynonymous SNV 0.0029 10
7 1.39 x 108 1.39 x 108 AG — Exonic FMC1-LUC7L2&  Frameshift deletion 0.0004 8
FMC1-LUCT7L2
8 10467637 10467637 T C Exonic RP1L1 Nonsynonymous SNV 5
8 1.45 x 108 1.45 x 108 — AA UTR3 EPPK1 4
10 35495901 35495901 C T Exonic CREM Nonsynonymous SNV 0.0027 14
1" 694968 694968 G 0 Exonic DEAF1 10
11 4842839 4842839 A G Exonic OR51F2 Nonsynonymous SNV 0.0012 23
1 6411934 6411934 G 0 Exonic SMPD1 18
12 54448727 54448727 A G Exonic HOXC4 Nonsynonymous SNV 0.0046 7
12 1.32 x 108 1.32 x 108 C T Exonic ADGRD1 Nonsynonymous SNV 0.0033 16
13 113 x 108 113 x 108 ATG... 0 Exonic TUBGCPS3 16
14 45716018 45716018 — T Exonic MIS18BP1 Frameshift insertion 0.0003 14
15 72190309 72190309 A G Exonic MYO9A Nonsynonymous SNV 0.0012 10
17 17697101 17697105  AGCAG 0 Exonic RAI1 19
19 2425415 2425415 G A Exonic TMPRSS9 Nonsynonymous SNV 0.0017 1
19 13875437 13875437 C T Exonic MRI1 Nonsynonymous SNV 0.0014 21
19 17417057 17417057 G A Exonic MRPL34 Nonsynonymous SNV 2
20 307202 307202 G 0 Exonic SOX12 6
20 1212260 1212260 T C Exonic RAD21L1 Nonsynonymous SNV 0.0025 6
20 18446005 18446006 TC — Exonic DZANK1 Frameshift deletion 0.0011 8
20 48808076 48808076 C T Exonic CEBPB Nonsynonymous SNV 0.0002 8
21 40569102 40569102 G A Exonic BRWD1 Nonsynonymous SNV 0.0013 21
X 50037948 50037948 C T Exonic CCNB3 Nonsynonymous SNV 0.0008 17

SNV = single nucleotide variant.

* 0 indicates multiple discrete alleles at this position in the genome and in the variant call format; dashes (—) indicate an insertion or deletion.
T Determined with gnomAD 2.1. Empty cells indicate no known allele frequency at this position, implying a novel variant.
T The pedigree column shows in which of the 24 high-risk pedigrees the variant was observed.

date predisposition variants with strong evidence for a role
in CM predisposition.

Two of the 38 candidate CM predisposition variants
identified here were also observed in an independent set
of CM pedigrees,' but neither variant showed associations
with CM risk in those data. This finding may be due to the

low overall frequencies of these variants, as well as differ-
ences in genetic makeup between the Russian Tartar pedi-
grees and the Utah—Northern European pedigrees. Two
of the remaining candidate variants may be of particular
interest: DNAJC1I and HOXC4. One candidate variant,
HOXC4, was observed in 2 distinct Utah pedigrees and
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FIG. 3. High-risk CM pedigree. A: HOXC4 variant—carrying, high-risk CM pedigree in which 1 girl (arrow) who carried the HOXC4
variant was identified with UPDB pedigree analysis. The carrier status of her mother, father, and CM-affected sister identified in

a previous WGS CM analysis of this nuclear family are also shown. Both sisters and the nonpedigree-member mother carry the
variant. CM cases are fully shaded. Sequenced HOXC4 carriers (+) and noncarriers (-) are noted. Slashes indicate deceased indi-
viduals. B: Radiological measurements of the sequenced patient and her CM-affected sister are shown. CXA is shown in degrees,
and pBC2, tonsillar ectopia, and C-C2SVA are shown in millimeters. C: Midline sagittal cervical T2-weighted MR images showing
CM and craniocervical kyphosis in the case identified with UPDB pedigree analysis. D: Midline sagittal cervical T2-weighted MR
images of the CM-affected sister. OCF = occipitocervical fusion; SODD = suboccipital decompression; TOR = transoral odontoid

resection; TPX = tonsillopexy. Figure is available in color online only.

appeared to be associated with the development of a CM
subtype characterized by craniocervical kyphosis.

The known functions and patterns of expression of
HOX genes and the severe phenotype that we observed in
the CM individuals harboring the HOXC4 mutation make
this mutation an attractive candidate for investigations of
a causal relationship between mutation and phenotype.
Mammals possess 4 similar Hox gene clusters (A-D)
comprising 9 to 11 tandemly arranged genes, with each
cluster located on different chromosomes. All HOX genes
encode transcription factors expressed in a wide variety
of tissues. They play a central role in specifying regions
of the body plan along the caudal-rostral axis during the
embryological development of all animals. Hox genes are
critical regulators of the organization and morphology of
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the vertebral elements in vertebrates.”® For example, in-
activation of Hoxd3 in mice is known to produce occiput-
axis assimilation, whereas rostral extension of the expres-
sion domain of Hoxd4 leads to premature disjunction of
the occipital bone, with subsequent “cervicalization of the
clivus.”?® Previous work in mice by Boulet and Capec-
chi?' demonstrated that homozygous disruption of Hoxc4
creates abnormal vertebral kyphosis in the high thoracic
spine area in a process described by Matsuoka et al.?? as
follows: “Neural crest anchors the head onto the anterior
lining of the shoulder girdle, while a Hox gene-controlled
mesoderm links trunk muscles to the posterior neck and
shoulder skeleton.” Other work by Saegusa et al.* found
that in mice with homozygous Hoxc4 mutations, “various
abnormalities” were seen “in the cervical and thoracic re-
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FIG. 4. Wild-type homeobox sequence of HOXC4. The site of the mutation reported here is shown in red and underlined. Figure is

available in color online only.

gions. The most frequent abnormality was a partial poste-
rior homeotic transformation of the seventh cervical ver-
tebra.”

Although some of the abovementioned mutations lead
to abnormalities in areas other than the craniocervical re-
gion, it is clear that HOX genes regulate the tissue types
(i.e., bone, cartilage, and muscle) of the paraxial meso-
derm that are relevant to the CM phenotype. For instance,
a case-control association study of single nucleotide poly-
morphisms (SNPs) across 58 candidate genes involved in
early paraxial mesoderm development in 415 CM patients
and 524 controls found that HOXC4 had the highest num-
ber of SNPs relative to the other HOX genes analyzed (22
SNPs, with the next greatest being 11 SNPs in HOXD3).**
Thus, a mutation in HOXC4 could lead to the morphologi-
cal changes seen in the bones of the posterior fossa and up-
per cervical spinal cord, resulting in the observed CM phe-
notype. The concept of the primary problem being within
the skeletal axis in CM patients is supported by the often
observed phenomenon that the anatomy of the neural com-
ponents of the CM phenotype (e.g., herniated tonsils, cord
syrinx) can normalize with bony decompression alone.

Another candidate variant of interest found in 2 high-
risk pedigrees in this study—DNAJCII frameshift muta-
tion—does not have an obvious causal relationship with
the CM phenotype. DNAJCII encodes a chaperone pro-
tein required for mitochondrial inner membrane organi-
zation via its interactions with the mitochondrial MICOS
(mitochondrial contact site and cristae organizing system)
and SAM (sorting and machinery) complexes. In a pre-
vious study, a splicing mutation in a mouse model led to
motor neuron pathology associated with cristae disorga-
nization and lymphocyte abnormalities. However, a query
of the Human Protein Atlas (https://www.proteinatlas.org/
ENSG00000007923-DNAJCl1/tissue) revealed the ex-
pression of DNAJCII transcripts in all tissue types. Thus,
the specific DNAJCII mutation seen in our patients may
manifest in the specific tissues that lead to the observed
CM phenotype.

Despite the strong likelihood that our candidate genes
have a causal relationship to CM, we need more studies
to ascertain the precise mechanisms of how these muta-
tions manifest into the phenotype. WGS or WES analy-
sis of greater numbers of CM patients may help to reveal
which of our candidate gene mutations exist in other pa-
tients and to find new candidate gene mutations. Scientists
can study these mutations using the powerful experimen-
tal systems of modern developmental biological research.
For instance, high-throughput next-generation sequencing
of gene expression and protein expression array profiling
of the affected tissues in CM patients versus controls may
provide insights into the dysregulation of the developmen-
tal pathways involved in CM. Given that epigenetic factors
play an obvious and important role in CM and that tran-

scription factors regulate the accessibility of genes to the
transcriptional machinery, array-based methylation phe-
notyping would also be of tremendous value. Numerous
in vitro genetic and biochemical studies can be performed
to determine how these gene mutations affect gene ex-
pression, biological pathway activation, proliferation, and
survival and development of bone, cartilage, and muscle
cells. Finally, experimental manipulation of model animal
systems such as zebrafish and mice may help determine
whether candidate genes identified in this and other studies
lead to phenotypic changes similar to those of human CM.
The expression levels of mutated candidate genes and tar-
geted disruption of these genes confined to critical tissue

FIG. 5. Superpositions of the wild-type (yellow/cyan) and mutant (red/
green) predicted structures (model 1) of the homeobox domain with their
relationships to the predicted DNA binding.
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types (e.g., posterior skull base, upper cervical bone and
cartilage, cervical medullary dura mater) using advanced
techniques such as CRISPR/Cas9 and site-specific pro-
moters may lead to essential findings that could not have
been determined if the candidate gene was simply disrupt-
ed in the entire organism. Further studies at the atomic
level that use empirical methods to determine the binding
affinity between wild-type and mutant HXC4_HUMAN
proteins and DNA may provide more solid evidence of the
molecular hypothesis postulated here.

Clinical Implications

The clinical implications of these findings are intrigu-
ing given recent knowledge about CM-related cranio-
cervical morphology. In 2012, Bollo et al.?® published a
retrospective single-center series of 101 CM patients that
demonstrated that craniocervical kyphosis (defined as a
CXA < 125°) and CM type 1.5 (defined as herniation of
the obex through the foramen magnum) predicted need
for craniocervical fusion and transoral odontoid resection.
Patients in this population were described as having “com-
plex Chiari” malformation, implying that craniocervical
bony geometry and biomechanics may play a role in the
natural history of that particular subset of CM patients.
This study led to a series of publications further investigat-
ing this concept. Specifically, a recent paper by Ravindra
et al.?” described the concept of condylar-C2 sagittal verti-
cal alignment (C-C2SVA) measurement and its relation-
ship to craniocervical kyphosis, along with its influence on
the clinical behavior of CM. The subsequent validation of
C-C2SVA measurement in a large cohort of patients from
the Park-Reeves Syringomyelia Research Consortium?®
further strengthened the argument that bony geometry and
sagittal craniocervical alignment are important aspects of
CM clinical behavior.

But how does craniocervical kyphosis occur? What
are the genetic determinants of skull base and upper cer-
vical spine development? And what is its relationship to
CM? Skull base development is a highly complex process
primarily driven by genetic factors, with the HOX gene
complex responsible for the positional identity and mor-
phology of the embryonic craniocervical sclerotome el-
ements. Other genes and developmental factors, such as
those controlling cranial vault skull growth, brain growth,
and cerebrospinal fluid flow, undoubtedly contribute to the
development of CM during the critical period of early em-
bryonic development. The fact that a percentage of CM
cases exhibit craniocervical kyphosis with HOXC4 muta-
tions and tend to occur in high-risk pedigrees, as shown
here, is a compelling argument that a distinct genetic phe-
notype of CM may exist.

Strengths and Limitations

This study has both strengths and limitations. The
strengths include physician-confirmed CM diagnoses with
detailed characteristics for all sequenced cases. There was
no recall or ascertainment bias because statewide medical
diagnosis data were used and cases were distantly related.
The existence of linked genealogic data for Utah allowed
the identification of the high-risk status of each pedigree
studied.
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The limitations of the study include the small number
of available CM cases and the homogeneous population
analyzed. Utah genealogical data primarily represent the
Northern European ancestry of the state;* validation in
other populations is needed. Our analysis identified 5
overlapping candidate genes that were found in the data
from Sadler et al., which noted evidence of de novo pre-
disposition variants (HTT, MYO6, ADGRDI, MISISBPI,
and DZANK] [Table 1]).® However, the variants identified
for each gene were different. Furthermore, the sampled
CM cases accessed for this study consisted of samples
conveniently available rather than those representative of
a more population-based sample. The CM cases available
were distantly related, which increases the likelihood of
heterogeneity and the likelihood that some pedigrees may
have been incorrectly identified as high risk; nevertheless,
the genetic distances of the cases can also be considered a
strength in that the sharing of rare variants between distant
relatives provides possible evidence of causality. Again,
given the rarity of the phenotype and lack of samples for
additional related cases in the pedigrees of interest (i.e.,
the only available sampled CM cases were from the Ge-
netics Research Program), validation of segregation of the
variants with CM in additional affected relatives was not
possible.

Conclusions

This analysis of CM pedigrees displays the power of
data from related cases who are members of high-risk
pedigrees and was used to identify a small set of candidate
predisposition variants for a rare disorder. Intriguing evi-
dence for HOXC4 was observed and should be pursued in
both pedigrees in which it was observed in Utah as well as
in other populations. Furthermore, each candidate variant
identified in this study has potential and should be pursued
further using additional resources.
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