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Abstract Undiagnosed genetic disease imposes a significant burden on families and
health-care resources, especially in cases with a complex phenotype. Here we present a
child with suspected leukodystrophy in the context of additional features, including hearing
loss, clinodactyly, rotated thumbs, tapered fingers, and simplified palmar crease. Trio ge-
nome sequencing (GS) identified three molecular diagnoses in this individual: compound
heterozygous missense variants associated with polymerase Ill (Pol lll)-related leukodystro-
phy, a 4-Mb de novo copy-number loss including the MYCN gene associated with Feingold
syndrome, and a mosaic single-nucleotide variant associated with COL2A1-related disor-
ders. These variants fully account for the individual’s features, but also illustrate the potential
for superimposed and unclear contributions of multiple diagnoses to an individual's overall
presentation. This report demonstrates the advantage of GS in detection of multiple variant
types, including low-level mosaic variants, and emphasizes the need for comprehensive ge-
netic analysis and detailed clinical phenotyping to provide individuals and their families with
the maximum benefit for clinical care and genetic counseling.

INTRODUCTION

Although Mendelian disorders are individually rare, an estimated 2%-7% of individuals who
undergo exome sequencing (ES) receive more than one molecular diagnosis (Yang et al.
2013, 2014, Balci et al. 2017; Ferrer et al. 2019; Posey et al. 2019; Smith et al. 2019).
Individuals with multiple molecular diagnoses can present with both distinct and overlap-
ping phenotypes, which challenges providers seeking an etiology, especially in the rare dis-
ease community. In some cases, the phenotypic overlap of distinct disease entities in a single
individual may be mistaken as previously unreported phenotypic variation for one disease
(Yang et al. 2014). The clinician’s assessment and understanding of the individual's
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Three genetic diagnoses in a leukodystrophy case

phenotype impact genetic test selection and interpretation (Yang et al. 2014; Posey et al.
2016; Jehee et al. 2017). Choice of the initial genetic test can thus constrain the results
and therefore the medical advice provided.

The genetic variation contributing to any given molecular diagnosis is diverse and can
include both copy-number variants (CNVs) as well as small variants (single-nucleotide vari-
ants [SNVs] and indels) in the nuclear or mitochondrial genomes. Genome sequencing
(GS) can detect multiple variant types in a single assay, including SNVs, CNVs, indels, mito-
chondrial variants, and short tandem repeats (STRs) (Roller et al. 2016; Dolzhenko et al. 2017;
Gross et al. 2019). In addition, somatic mosaicism identified through ES and GS has been
reported in several studies (Miller et al. 2020; Rodin et al. 2021).

Currently, the American College of Medical Genetics and Genomics (ACMG) recom-
mends that children with one or more congenital anomalies with onset prior to 1 yr of age
and/or with developmental delay pursue ES or GS as a first- or second-tier test, with GS of-
fering a more favorable performance in respect to overall diagnostic yield (Manickam et al.
2021). In individuals with white matter disorders, GS has been shown to decrease time to
diagnosis, improve diagnostic efficacy, and potentially increase diagnostic yield compared
to ES by 6%-9% (Helman et al. 2020; Vanderver et al. 2020).

This report describes an individual who presented with a suspected white matter disor-
der and additional unexplained phenotypic features that prompted first-line GS testing.
Three molecular diagnoses were revealed, including a compound heterozygous (CH) mis-
sense variant pair associated with leukodystrophy, a large CNV loss, and a clinically unsus-
pected mosaic SNV.

RESULTS

Clinical Presentation and Family History

The white European child of interest in this case report was born full term to a gravida one
mother by planned cesarean delivery because of breech presentation. The child’s prenatal
ultrasound was concerning for signs of trisomy 21, but subsequent postnatal high-resolution
chromosome analysis (g-banding > 650) showed a normal female result (46,XX) with no ap-
parent structural abnormality or rearrangement. The child presented with concern for micro-
cephaly at birth, but this was initially attributed to familial variation, as the mother also
presented with a relatively small head size.

Early history was remarkable for delayed dentition and concern for craniosynostosis given
the child’s small head size. At 10 mo of age, initial tooth eruption was reported. At 13 mo of
age, a skull X-ray was performed because of concern for craniosynostosis, which was not sub-
stantiated as the sagittal, lambdoid, and coronal sutures were patent and the anterior fonta-
nelle was almost closed.

All gross and fine motor milestones were reportedly on time, but language was delayed.
In terms of gross motor skills, the following were reported: ability to sit without support at
5 mo, stand alone at 10 mo, walk independently at 11 mo, and walk upstairs at 18 mo. In re-
spect to fine motor skills, the child was able to put hands together and reach for objects at
3 mo and use a pincer grasp at 8 mo. At 18 mo the child was able to say “mama” and “dada”
but lacked additional words. At this time, evaluation by a neurologist was performed in the
context of language delay and clinically confirmed microcephaly, but no brain imaging was
ordered.

In the interim, the child continued to progress in speech, particularly following bilateral
myringotomy with placement of ear tubes recommended because of recurrent otitis media
and mild to moderate hearing loss confirmed via audiogram. Behavioral issues, including ag-
gressive behavior and difficulties in communication, were reported. In addition, a diagnosis
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of sensory processing disorder was made. Because of her pediatrician’s persistent concern
for microcephaly, a brain magnetic resonance imaging (MRI) was performed at 2 yrand 6 mo
of age. Imaging showed significant hypomyelination with T2 hyperintensity throughout the
cortical white matter accompanied by T2 hypointensity affecting the lateral thalamus and
medial globus pallidus, consistent with a hypomyelinating leukodystrophy and suggestive
of polymerase Il (Pol lll)-related leukodystrophy (Fig. 1A-C; Steenweg et al. 2010;
Vrij-Van Den Bos et al. 2017).

At 2 yrand 7 mo old, the child was evaluated by specialists in the Leukodystrophy Center
atthe Children’s Hospital of Philadelphia in the context of a suspected white matter disorder.
Clinical presentation to date was remarkable for microcephaly, oral fixation, impaired body
awareness, aggressive behavior, hypotonia, mild dysmorphic features (reduced malar prom-
inence, small chin, abnormal interocular distance, clinodactyly of the fifth finger, tapered fin-
gers, simplified palmar creases, and rotated thumb), delayed dentition, poor weight gain,
and mild axial hypotonia. Measurements were weight 11.6 kg (11th centile), height 92 cm
(58th centile), and head circumference 43 cm (<3rd centile) per Centers for Disease
Control (CDC) U.S. growth charts (Kuczmarski et al. 2002). No family history relevant to
the child’s clinical presentation was reported (Fig. 1D).

Genomic Analyses

Trio clinical genome sequencing was performed, and four variants were reported (Table 1): a
compound heterozygous pair of missense variants in the POLR3B gene (NM_018082.6),
c.1568T > A (p.Val523Glu), and ¢.2278G > A (p.Ala760Thr); a de novo heterozygous 4-Mb
loss of 2p24.3p24.1; and a de novo missense variant in COL2AT (NM_001844.5), c.1693C
>T (p.Arg565Cys), which was suspected to be mosaic because of its low variant allele frac-
tion (Table 2; Fig. 1E). The true de novo status of the variant was confirmed by multiple in-
herited rare variants within the trio as well as quality metrics for the variant.

The POLR3B gene encodes RNA Pol Ill subunit B, the second largest subunit of RNA po-
lymerase Ill. Together with the subunit encoded by POLR3A, POLR3B forms the catalytic
core of the polymerase and functions in the transcription of ribosomal RNA (rRNA) and
transfer RNA (tRNA). Variation in the POLR3B gene is associated with RNA Pol lll-related leu-
kodystrophy, a condition with autosomal recessive inheritance characterized by hypomyeli-
nation and progressive neurological symptoms (Bernard and Vanderver 2017). Clinical
features include progressive motor decline, tremor, ataxia, and cognitive regression.
Other common features include hypodontia, ocular and eye movement abnormalities,
and hypogonadotropic hypogonadism. Onset is typically in early childhood, but a small mi-
nority of affected individuals can have a later onset between 5 yr of age and adolescence or
early adulthood. The severity of symptoms can vary among affected individuals of the same
family. Variants in the POLR3B gene account for ~50% of cases and are typically associated
with an earlier onset but slower disease progression. Although cerebellar atrophy is typically
observed with POLR3B variants, this finding is variable in severity and is not always present
(Wolf et al. 2014).

The paternally inherited POLR3B p.Val523Glu variant was classified as pathogenic based
on its documented association with Pol lll-related leukodystrophy in at least 70 affected in-
dividuals and application of the ACMG criteria (Table 1; Battini etal. 2012; Daoud et al. 2013;
Wolf et al. 2014). This variant has been linked to a common ancestral haplotype and associ-
ated with a milder phenotype. It is reported at a maximum frequency of 0.000605 in the
European (non-Finnish) population of gnomAD (v2.1.1). The maternally inherited POLR3B
p.Ala760Thr variant had not been previously reported in the literature and is reported at a
maximum frequency of 0.000059 in the European (non-Finnish) population of gnomAD
(v3.1.1). This variant was classified as likely pathogenic based on its rarity, identification in
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Figure 1. Proband brain imaging, family history, and a mosaic molecular finding. (A-C) Magnetic resonance
imaging (MRI) obtained in 2-yr and 7-mo-old female. T2-weighted axial images (A) and T1-weighted images
(B) demonstrate hypomyelination based on T2 hyperintensity and moderate T1 hyperintensity (arrow, right pan-
el A), associated with relative T2-weighted hypointensity of the dentate (arrow, left panel A), the lateral thalamus
(dotted arrow, middle panel A), and the medial globus pallidus (arrow, middle panel A). These findings are char-
acteristic of Pol lll-related disorders. Note that there is minimal to no cerebellar atrophy (short arrow, C). (D)
Three-generation pedigree of the family (proband IV-2) obtained before diagnostic genome sequencing
(GS) and modified after GS to include the proband’s molecular diagnoses. No additional family updates
were reported at the time of genetic result disclosure. (E) Representation of GS reads overlapping the
COL2A1¢c.1693C > T variant for the proband, illustrating reduced number of reads containing the variant com-
pared to the expected for a heterozygous germline variant. The region with the variantis highlighted in blue, the
variant within each read is a green box, and red and blue reads illustrate strand direction. Please note, that the
first green box appears transparent as it did not meet quality control metrics; thus, there are four quality reads.
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Table 2. Variant detection capability by genetic testing modality

Chromosomal Leukodystrophy

Variant microarray panel ES GS

4-Mb loss 2p24.3- Detectable Unlikely to be Potentially Detectable
p24.1 de novo detected” detectable®

POLR3B CH pair of ~ Not detectable Detectable Detectable Detectable
SNVs

COL2A1 de novo Not detectable Unlikely to be Potentially Potentially
SNV (mosaic) detected?® detectable® detectable

(ES) Exome sequencing, (GS) genome sequencing, (CH) compound heterozygous, (SNV) single-nucleotide variant.

“The genes within the copy-number variant (CNV) have not been previously associated with a white matter disorder
(Amberger et al. 2019; Martin et al. 2019), and COL2A1 is not screened when white matter disorders are suspected.
PBecause of uneven sequence coverage, frequent extension of CNVs beyond targeted regions, and lack of gold standard
variants for validation, CNV detection in ES remains challenging (Pfundt et al. 2017; Bergant et al. 2018; Gordeeva et al.
2021). Clinical laboratories may not report CNVs via standard ES (Bergant et al. 2018; Burdick et al. 2020).

“Somatic variant detection by ES and GS depends on the location of the variant within the targeted region, coverage at
the location, and laboratory metrics for reporting variants with low variant allele fraction (or alternate/reference allele
ratio) (Wright et al. 2019).

trans with the known pathogenic variant p.Val523Glu, its presence in a gene with a low rate
of benign missense variation and in which missense variants are a common mechanism, and
the proband’s phenotype including characteristic MRI findings with a clinically suspected
leukodystrophy (Steenweg et al. 2010; Vrij-van den Bos et al. 2017).

The large 4-Mb de novo deletion of 2p24.3-p24.1 on Chromosome 2 (seq [GRCh37]del
(2)(2p24.3p24.1); Chr 2:9.15640273_196094%6del), affects 22 genes including a complete
loss of the MYCN gene. MYCN haploinsufficiency is associated with Feingold syndrome, a
disorder inherited in an autosomal dominant pattern that is typically characterized by micro-
cephaly, hand, and foot abnormalities including fifth finger clinodactyly, small thumb, toe
syndactyly, characteristic facial features including short palpebral fissures and micrognathia,
learning disability, and gastrointestinal atresia (Marcelis and de Brouwer 2009). Additional
features may include hearing loss, renal and cardiac malformations, and vertebral abnormal-
ities. More than 100 affected individuals have been described to date, and penetrance ap-
pears to be 100%, but expressivity is variable. Intragenic and small deletions affecting
MYCN, missense, nonsense, and frameshift variants have been described, with no recogniz-
able difference in phenotypic features (Marcelis et al. 2008). With increasing size of the de-
letions and depending on their overall genetic content, additional variable phenotypes can
be observed (Burnside et al. 2018). The CNV detected in this individual has not been previ-
ously reported in control or clinical populations, including DECIPHER, although larger and
smaller deletions affecting the MYCN gene have been reported in individuals with features
consistent with Feingold syndrome (Firth et al. 2009; Cooper et al. 2012; Macdonald et al.
2014; Landrum et al. 2016). This deletion was classified as pathogenic based on its de
novo nature and identification of deletions including the MYCN gene in individuals with fea-
tures of Feingold syndrome that overlap with the individual’s phenotype, including micro-
cephaly, intellectual disability, hearing impairment, micrognathia, brachymesophalangy of
the second and the fifth fingers, and clinodactyly of the fifth finger (Fig. 2; Marcelis et al.
2008; Cognet et al. 2011; Chen et al. 2012).

The COL2A1 gene encodes the a1 chain of collagen type II. Type Il collagen, which is a
large protein formed from homotrimers of a1 chains, is the main collagen secreted by chon-
drocytes that maintain the structure of connective tissues, such as hyaline cartilage, interver-
tebral discs, the vitreous humor of the eye, and the inner ear. Variants in the COL2A1 gene
cause COL2A1-related disorders including Stickler syndrome and type Il collagenopathies,
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Pol llI-related leukodystrophy

(+) hypomyelination (-) cerebellar atrophy
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) cataract
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Feingold syndrome, type 1 COL2A1-related disorders

Figure 2. Venn diagram comparing the phenotypic spectrum of Feingold syndrome, COL2A1-related disor-
ders, and Pol lll-related leukodystrophy. The Venn diagram depicts the proband'’s clinical presentation ob-
served up to the time of genetic result disclosure (+, bold). Clinical features associated with each condition
but not observed in the proband (-, not bolded) are included to illustrate the medical complexity of each
condition.

which are generally sporadic or inherited in an autosomal dominant manner. Stickler syn-
drome is a connective tissue disorder characterized by ocular involvement, conductive
and sensorineural hearing loss, midface retrusion, cleft palate, mild spondyloepiphyseal dys-
plasia, and early-onset osteoarthritis (Robin et al. 2020-2021). It is primarily caused by loss of
function variants in the COL2A1 gene but may also result from missense variants. The type Il
collagenopathies include at least 16 clinically described disorders that are characterized by
skeletal dysplasia, short stature, and sensory defects (Axél Gregersen and Savarirayan 1993).
The clinical phenotypes associated with type Il collagenopathies vary widely in severity and
age of onset, with the most severe disorders resulting in death in utero or shortly after birth
and the mildest not presenting until adulthood. Missense variants involving a substitution of
a glycine residue in the triple helix domain, resulting in a dominant negative effect, are the
most common cause of type Il collagenopathies. A high degree of clinical variability is ob-
served for COL2A1-related disorders, including across family members with the same variant
(Robin et al. 2020-2021; Hoornaert et al. 2010; Kannu et al. 2011; Barat-Houari et al. 2016;
Deng et al. 2016).

The COL2A1 c.1693C>T (p.Arg565Cys) variant reported in this individual has a well-
documented association with Stickler syndrome, having been reported in at least eight af-
fected individuals, including one individual in whom the variant occurred de novo
(Richards et al. 2000; Hoornaert et al. 2010; Wang et al. 2016; Zhou et al. 2018). In addition
to vitreous anomalies, myopia, and other ophthalmological features, individuals with the
p.Arg565Cys variant have been reported to show midface flattening, prominent eyes, low
nasal bridge, and micrognathia. This variant is absent from gnomAD (v2.1.1, v3.1.1) and
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results in the substitution of a cysteine for an arginine in the X position of the Gly—X-Y repeat
of the triple helical domain. Variants in this position have been specifically linked to ocular
phenotypes. The p.Arg565Cys variant was thus classified as pathogenic.

In the proband, a lower-than-expected number of reads supporting the variant suggest-
ed possible mosaicism. The total depth of sequencing coverage at this position was 24
reads. A germline heterozygous variant typically presents with close to 50% with a range
of ~30%—-70% of total depth corresponding to about seven to 17 reads. In this individual,
we observed a total of four out of 24 (~17%) reads passing quality filters, suggesting mosa-
icism (Fig. 1E). This was assessed orthogonally using targeted variant testing with two alter-
native sets of primers, which confirmed the variant as mosaic. Mosaicism has been previously
reported in at least eight individuals with COL2A1-related Stickler syndrome (Nagendran
et al. 2012; Stevenson et al. 2012; Morrison et al. 2020; Yamamoto et al. 2020; Forzano
et al. 2007; Winterpacht et al. 1993).

Implications for Clinical Management

Following molecular diagnosis, the individual was referred for evaluation by Ophthalmology
and was advised to see Otorhinolaryngology. These evaluations were outstanding at the
time of manuscript publication. Although there is no specific medication available to treat
any of the three confirmed diagnoses, management guidance was shared with the family.
Recommendations in the context of Pol Ill-related leukodystrophy included maintaining am-
bulation and weight bearing, regular maintenance labs for 25-OH-cholecalciferol and calci-
um, serial hip and spine X-rays, swallow studies, weight monitoring, baseline sleep study,
baseline endocrine testing (TSH, T4, ACTH, cortisol, GH, and IGF1), and hormonal testing
at the time of puberty (estrogens, progesterone, testosterone, LH, FSH). This individual
will need to be followed yearly by endocrinology. Long-term management for this child
will also need to include close follow-up with ophthalmology to detect ocular complications
common to both COL2A1-related disorder and Pol lll-related leukodystrophy. The individ-
ual continues to be followed by other specialist providers including neurology, otolaryngol-
ogy, audiology, physical therapy, occupational therapy, and speech therapy.

DISCUSSION

In this report, three molecular diagnoses were identified in a single individual: Pol Ill-re-
lated leukodystrophy, Feingold syndrome, and COLZ2A7-related disorder. Although
some of the individual’s features can be uniquely ascribed to one of these conditions,
overlap in the phenotypic contribution of each of the disorders makes it difficult to deter-
mine the relative impact of each variant to the overall clinical presentation (Fig. 2). For ex-
ample, hypomyelination and white matter abnormalities, speech delay, hypotonia, and
delayed primary dentition can be reasonably attributed to the POLR3B variants, whereas
clinodactyly, rotated thumb, and simplified palmar crease are most likely the result of the
4-Mb deletion encompassing MYCN. Malar flattening, micrognathia, microcephaly, hear-
ing loss, tapered fingers, and poor weight gain, however, overlap with more than one of
the individual's molecular diagnoses. In addition, both the POLR3B and COL2AT variants
may result in significant myopia.

At least five features observed in the individual were consistent with, but not unique to,
COL2A1-related disorder. The COL2A1 variant was identified in the individual’s blood in
~17% (4/24) of total mapped reads passing quality filters. Because blood was the only tissue
available for testing, whether the variant allele fraction was different in other tissues could not
be evaluated because collection of other tissues would necessitate invasive procedures.
Variability in the presence of mosaic variants across tissues has been associated with variable
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expressivity (Gottlieb et al. 2001; Cao et al. 2019; Acierno et al. 2020; Martinez-Glez et al.
2020). Differences in expression of the mosaic COL2A1 variant could provide an explanation
for the absence of specific features of this disorder in the individual at the time of most recent
evaluation.

There are few reports of individuals with mosaic, somatic COL2A1 variants, making the
contribution of COL2AT mosaic variants to the severity of associated clinical presentation
difficult to discern. This report highlights the importance of mosaic variant identification
and reporting, regardless of the clarity of the phenotypic contribution of the variant to
the individual’s overall presentation, as it can affect recurrence risk estimation and clinical
surveillance recommendations. Current ACMG guidelines include only limited recommen-
dations for the interpretation of mosaic variants (Richards et al. 2015). We argue that even
if presentations are absent, mild, or inconsistent at the time of diagnosis, a mosaic variant
classified as likely pathogenic or pathogenic should be returned to the family and followed
up with genetic counseling, especially if there is a potential implication for family planning
(Campbell et al. 2014; Rahbari et al. 2016; Breuss et al. 2020; Gambin et al. 2020). In this
case, the family was able to be counseled on the negligent risk of recurrence to have an-
other child with COL2A1-related disorder because the COL2A1 variant was mosaic and de
novo in the affected child. The child, however, would have a risk of recurrence that should
be considered if/when they are older and planning a family. In addition, we recommend
longitudinal follow-up visits to monitor for phenotype evolution in individuals with a mo-
saic variant, as proactive monitoring can be beneficial to an individual’s overall medical
management.

Whether mosaic variants of uncertain significance (VUSs) should be reported is much
less clear. For some developmental conditions, a specific biomarker assay may help to
classify an otherwise VUS mosaic variant. However, caution is needed when interpreting
such assays because false-negative or intermediate results may lead to erroneous conclu-
sions about variant pathogenicity (Choufani et al. 2015; Butcher et al. 2017; Wright et al.
2019). At the present time, in some cases clinical follow-up and detailed phenotyping may
be the only option.

Although detection of mosaicism via GS is offered by some laboratories, itis not yet stan-
dard practice (Wright et al. 2019). This will likely become more frequent as variant calling im-
proves and average read depth increases because of decreases in sequencing costs. As the
number of individuals with mosaic variants reported through genome-wide sequencing in-
creases, quantitative assessment of the link between variant allele fraction across tissues
and its clinical impact will become possible (Campbell et al. 2014; Hochstenbach et al.
2014; Rahbari et al. 2016; Jénsson et al. 2018; Wright et al. 2019; Breuss et al. 2020;
Gambin et al. 2020). We anticipate that some of the unexplained “missing diagnostic yield”
and presumed genetic pleiotropy associated with some genetic conditions will be explained
by previously undetected mosaic findings.

In summary, this report highlights the ability of GS to provide multiple molecular diag-
noses, including those associated with a mosaic variant. Stepwise genetic testing in complex
cases is the current standard of care and can be beneficial but may not capture all variants of
interest. In a case such as the one presented in this report, sequential testing may have iden-
tified only a single diagnosis or provided a negative report that may have delayed or preclud-
ed additional genetic testing (Table 3; Helman et al. 2020).

Complex cases, such as the one presented here, prompt reconsideration of standard ge-
netic testing procedures, test limitations, and outcomes in the context of individuals with
complex clinical presentations and/or nonspecific findings. We argue that interpretation
should not cease when variants that explain most of the phenotype are identified, as other
variants, including both mosaic SNVs, CNVs, and repeat expansions, may contribute to the
presentation.
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Table 3. Individual genomic sequencing (GS) metrics

Metric Value
Mean coverage 38.6x
Total reads 920,741,170
Total mapped reads 877,819,101
Read length 150 bp
SNV heterozygous/homozygous ratio 1.62
Read coverage COL2A1 c.1693C>T 24
POLR3B c.1568T > A 32
POLR3B ¢.2278G>A 31
Allele ratio (ALT/REF reads) COL2A1 c.1693C>T 0.1667 (4/20)
POLR3B c.1568T > A 0.4688 (15/17)
POLR3B ¢.2278G>A 0.5806 (18/13)
Variant QC metric (GQX?) COL2A1 c.1693C>T 20
POLR3B c.1568T > A 30
POLR3B ¢.2278G>A 30

(SNV) Single-nucleotide variant, (QC) quality control.

“The GQX value is an empirically calibrated variant quality score for variant sites, intended to
represent the minimum of {Phred genotype quality assuming the site is variant, Phred genotype
quality assuming the site is nonvariant}.

METHODS

The individual was consented and enrolled in the Myelin Disorders Biorepository Project and
LeukoSEQ at the Children’s Hospital of Philadelphia. Clinical data was abstracted from avail-
able medical records, including postdiagnosis clinical management recommendation and
neuroimaging.

Clinical trio GS was performed on DNA extracted from whole-blood samples collected
from the proband and her parents. Extracted DNA was prepared for next-generation se-
quencing using the lllumina TruSeq PCR-free kit. Samples were sequenced on the
lllumina HiSeq X system with paired-end 150-bp reads at the lllumina Clinical Services
Laboratory in San Diego. Genome was sequenced to an average of >30-fold coverage
(Table 2). The data were aligned (Raczy et al. 2013) according to build 37 of the Human
Reference Genome (http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/human)
and analyzed using the Strelka caller for SNVs (Saunders et al. 2012) and Canvas caller for
CNVs (Roller et al. 2016). Expansions of STRs were identified using ExpansionHunter
(Dolzhenko et al. 2017).

Variants were filtered and prioritized based on multiple factors, including population al-
lele frequency, variant consequence, evolutionary conservation, occurrence in a gene with a
well-established gene—disease relationship, occurrence in a gene whose disease association
overlaps the individual’s reported phenotype, and inheritance, as appropriate. SNVs and
CNVs were classified according to the ACMG guidelines current at the time of reporting
(Kearney et al. 2011; Richards et al. 2015).

COL2A1 gene/targeted variant testing (GeneDx) was used to confirm the mosaic nature
of the COL2A1 c.1693C >T (p.Arg565Cys) variant. Using genomic DNA from the proband,
the relevant portion of the COL2A1 gene was polymerase chain reaction (PCR)-amplified,
and capillary sequencing was performed. The bidirectional sequence was assembled,
aligned to reference gene sequences based on human genome build GRCh37/UCSC
hg19, and analyzed for the variant. The result was confirmed using alternative, nonoverlap-
ping primers.
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