Research

JAMA | Original Investigation

Molecular Diagnostic Yield of Exome Sequencing
in Patients With Cerebral Palsy

Andrés Moreno-De-Luca, MD; Francisca Millan, MD; Denis R. Pesacreta, BS; Houda Z. Elloumi, PhD;
Matthew T. Oetjens, PhD; Claire Teigen, MS; Karen E. Wain, MS; Julie Scuffins, MS; Scott M. Myers, MD;
Rebecca I. Torene, PhD; Vladimir G. Gainullin, PhD; Kevin Arvai, MS; H. Lester Kirchner, PhD;

David H. Ledbetter, PhD; Kyle Retterer, MS; Christa L. Martin, PhD

IMPORTANCE Cerebral palsy is a common neurodevelopmental disorder affecting movement
and posture that often co-occurs with other neurodevelopmental disorders. Individual cases
of cerebral palsy are often attributed to birth asphyxia; however, recent studies indicate that
asphyxia accounts for less than 10% of cerebral palsy cases.

OBJECTIVE To determine the molecular diagnostic yield of exome sequencing (prevalence of
pathogenic and likely pathogenic variants) in individuals with cerebral palsy.

DESIGN, SETTING, AND PARTICIPANTS A retrospective cohort study of patients with cerebral
palsy that included a clinical laboratory referral cohort with data accrued between 2012 and
2018 and a health care-based cohort with data accrued between 2007 and 2017.

EXPOSURES Exome sequencing with copy number variant detection.

MAIN OUTCOMES AND MEASURES The primary outcome was the molecular diagnostic yield of
exome sequencing.

RESULTS Among 1345 patients from the clinical laboratory referral cohort, the median age
was 8.8 years (interquartile range, 4.4-14.7 years; range, 0.1-66 years) and 601 (45%) were
female. Among 181 patients in the health care-based cohort, the median age was 41.9 years
(interquartile range, 28.0-59.6 years; range, 4.8-89 years) and 96 (53%) were female. The
molecular diagnostic yield of exome sequencing was 32.7% (95% Cl, 30.2%-35.2%) in the
clinical laboratory referral cohort and 10.5% (95% Cl, 6.0%-15.0%) in the health care-based
cohort. The molecular diagnostic yield ranged from 11.2% (95% Cl, 6.4%-16.2%) for patients
without intellectual disability, epilepsy, or autism spectrum disorder to 32.9% (95% Cl,
25.7%-40.1%) for patients with all 3 comorbidities. Pathogenic and likely pathogenic variants
were identified in 229 genes (29.5% of 1526 patients); 86 genes were mutated in 2 or more
patients (20.1% of 1526 patients) and 10 genes with mutations were independently identified
in both cohorts (2.9% of 1526 patients).

CONCLUSIONS AND RELEVANCE Among 2 cohorts of patients with cerebral palsy who
underwent exome sequencing, the prevalence of pathogenic and likely pathogenic variants
was 32.7% in a cohort that predominantly consisted of pediatric patients and 10.5% in a
cohort that predominantly consisted of adult patients. Further research is needed to
understand the clinical implications of these findings.
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erebral palsy is a major nonprogressive neurodevelop-

mental disorder affecting early motor development and

characteristically impairs movement and posture.
Cerebral palsy is frequently accompanied by other neurode-
velopmental disorders, including intellectual disability, epi-
lepsy, and autism spectrum disorder.! The prevalence of ce-
rebral palsy in the US was estimated as 2.6 to 2.9 per 1000 (data
collected between 2011 and 2013).2 Due to the increasing life
expectancy of individuals with cerebral palsy, the adult popu-
lation with this disorder has been increasing, accompanied by
changes in medical and social care needs.>

Although the etiology of cerebral palsy has been attrib-
uted to a variety of factors, the specific causal mechanism re-
mains unknown in many individual cases. There has been a
pervasive belief in the medical, scientific, and lay communi-
ties that birth asphyxia, secondary to adverse intrapartum
events, is the leading cause of cerebral palsy. However, large
population-based studies showed that birth asphyxia ac-
counts for less than 10% of cerebral palsy cases.*

A small but growing body of evidence suggests that a pro-
portion of cerebral palsy cases may be secondary to rare ge-
nomic variants of large effect size, including copy number vari-
ants (CNVs) and single nucleotide variants (SNVs),” as is the case
in other neurodevelopmental disorders, such as intellectual dis-
ability, autism spectrum disorder, and epilepsy.®® The rate of
positive genomic findings in prior studies with small sample
sizes (50 to 250 cases of cerebral palsy) ranged from 9.6% to
31.0% for CNVs detected using chromosomal microarray
analysis®'? and from 14% to 19% for SNVs identified using
exome sequencing.!*>1°

The purpose of this cross-sectional study was to deter-
mine the molecular diagnostic yield of exome sequencing
(prevalence of pathogenic and likely pathogenic variants) in
individuals with cerebral palsy.

Methods

Setting and Study Participants

Two independent cerebral palsy cohorts (a clinical laboratory
referral cohort and a health care-based cohort) were evalu-
ated in this study (Table 1 and Figure 1).

Clinical Laboratory Referral Cohort

The clinical laboratory referral cohort predominantly con-
sisted of pediatric patients who had been referred for diag-
nostic exome sequencing at a clinical genetics laboratory
(GeneDx) between August 31, 2012, and March 29, 2018.
Written informed consent for genetic testing was obtained
from the guardians of all pediatric individuals undergoing
testing. The Western institutional review board waived
authorization for the use of de-identified aggregate data for
the purposes of this study.

The clinical diagnoses of cerebral palsy and neurodevel-
opmental comorbidities were made by the referring clini-
cians and documented on the test requisition form and sub-
mitted via clinic notes, which were translated into Human
Phenotype Ontology terms (HP:0100021 for cerebral palsy; HP:
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Key Points

Question What is the molecular diagnostic yield of exome
sequencing (prevalence of pathogenic and likely pathogenic
variants) among patients with cerebral palsy?

Findings In this cross-sectional study that included 2 independent
cohorts of 1526 patients with cerebral palsy, the molecular
diagnostic yield of exome sequencing was 32.7% in a cohort that
predominantly consisted of pediatric patients and 10.5% in a
cohort that predominantly consisted of adult patients.

Meaning This study identified pathogenic and likely pathogenic
variants among some patients with cerebral palsy, although
further research is needed to understand the clinical implications
of these findings.

0012758 for neurodevelopmental delay; HP:0001249 for in-
tellectual disability; HP:0001250 for epilepsy; and HP:
0000729 for autistic behavior). The final date of follow-up was
March 29, 2018, for the clinical laboratory referral cohort.

Health Care-Based Cohort

The health care-based cohort predominantly consisted of adult
patients who were recruited from the DiscovEHR project, which
is an ongoing collaborative study between Geisinger and the
Regeneron Genetics Center,'® between February 8, 2007, and
April 24, 2017. Written informed consent was obtained from
the adult patients and from the parents or guardians of the pe-
diatric patients. The Geisinger institutional review board ap-
proved the study.

The diagnoses of cerebral palsy and neurodevelopmental
comorbidities were made by the treating physicians and ex-
tracted from the patient’s electronic health record using In-
ternational Classification of Diseases codes (International Clas-
sification of Diseases, Ninth Revision [ICD-9] codes 333.71,343.0,
343.1,343.2, 343.3, 343.8, and 343.9 and International Statis-
tical Classification of Diseases and Related Health Problems,
Tenth Revision [ICD-10] codes G80.0, G80.1, G80.2, G80.3,
G80.4, G80.8, and G80.9 for cerebral palsy; ICD-9 codes 315.5,
315.8, 317, 318.0, 318.1, 318.2, and 319 and ICD-10 codes F70,
F71,F72,F73,F78,F79, and F88 for intellectual disability; ICD-9
code 345 (all codes) and ICD-10 code G40 (all codes) for epi-
lepsy; and ICD-9 codes 299.00, 299.01, 299.80, 299.81, and
299.90 and ICD-10 codes F84.0, F84.5, F84.8, and F84.9 for
autism spectrum disorder). The final date of follow-up was April
24, 2017, for the health care-based cohort.

Exome Sequencing and Variant Detection

Exome sequencing was performed using previously reported
protocols (additional information appears in the eMethods in
the Supplement).!”-!® Routine clinical exome analysis was
conducted for the clinical laboratory referral cohort. The
health care-based cohort underwent research-based exome
sequencing analysis with CNV detection. Across cohorts,
variants were evaluated for pathogenicity using standards
and guidelines for the interpretation of sequence variants
from the American College of Medical Genetics and Genom-
ics and the Association for Molecular Pathology.'®
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Table 1. Demographics and Neurodevelopmental Comorbidities in 2 Cerebral Palsy Cohorts

Clinical laboratory referral cohort

Health care-based cohort

No. of patients 1345

No. of trios® 1009
Age, median (IQR) [range], y

Sex, No. (%)

Female 601 (45)
Male 744 (55)
Neurodevelopmental comorbidities,
No. (%)°
Intellectual disability 1243 (92)
or developmental delay®
Epilepsy? 666 (50)
Autism spectrum disorder® 285 (21)

8.8 (4.4-14.7) [0.1-66]

181
0
41.9 (28.0-59.6) [4.8-89]

96 (53)
85 (47)

42 (23)

77 (43)
11 (6)

Abbreviation: IQR, interquartile range.
2 The term trios refers to a patient with cerebral palsy plus both parents.

bSome patients have more than 1 comorbidity so the comorbidity numbers may
sum to more than 100%. For the clinical laboratory referral cohort,
comorbidity information was extracted from the indication for referral as
provided on the test requisition form and submitted via clinic notes, which
were translated into Human Phenotype Ontology (HPO) terms. For the health
care-based cohort, the diagnoses were extracted from the patient’s electronic
health record using International Classification of Diseases, Ninth Revision
(ICD-9) and International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision (ICD-10) codes. Any patients matching the
HPO terms or ICD codes were included.

€ The HPO codes were HP:0001249 for intellectual disability and HP:0012758
for neurodevelopmental delay. For intellectual disability or developmental
delay, the ICD-9 codes were 315.5, 315.8, 317, 318.0, 318.1, 318.2, and 319 and
the ICD-10 codes were F70, F71, F72, F73, F78, F79, and F88.

9The HPO term was HP:0001250. The ICD-9 codes were all 345 codes and the
ICD-10 codes were all G40 codes.

€ The HPO term was HP:0000729. The ICD-9 codes were 299.00, 299.01,
299.80, 299.81, and 299.90 and the ICD-10 codes were F84.0, F84.5, F84.8,
and F84.9.

Figure 1. Study Design and Flowchart

1345 Pediatric patients with cerebral palsy were referred
for exome sequencing at a clinical laboratory
(including 1009 trios?) and routine clinical exome
sequencing analysis was performed

181 Adult patients with cerebral palsy were recruited
from another study® (including 0 trios?) and
research-based exome sequencing analysis

|

was performed

ACMG/AMP guidelines® were used for
sequence variant interpretation

ACMG/AMP guidelines® were used for
sequence variant interpretation

|

|

Molecular diagnostic yield was the prevalence
of pathogenic and likely pathogenic variantsd

Molecular diagnostic yield was the prevalence
of pathogenic and likely pathogenic variantsd

]

Cross-cohort spectrum of genomic variation (genes with
pathogenic and likely pathogenic variants from both cohorts)

Each cohort predominantly consisted of pediatric or adult patients.
2The term trios refers to a patient with cerebral palsy plus both parents.

b Refers to the DiscovEHR project, which is an ongoing collaboration between
Geisinger and the Regeneron Genetics Center.

¢ Standards and guidelines for the interpretation of sequence variants from the
American College of Medical Genetics and Genomics and the Association for
Molecular Pathology (ACMG/AMP) recommend the use of a 5-tier terminology

system (ie, pathogenic, likely pathogenic, uncertain significance, likely benign,
and benign) to describe variants identified in genes associated with mendelian
disorders and describes a process for classifying variants into these 5
categories using evidence-based criteria.

dThe term pathogenic is used for variants with the strongest evidence of
pathogenicity, whereas likely pathogenic is used to mean greater than 90%
certainty of a variant causing a disease.

Statistical Analysis

The molecular diagnostic yield was summarized by cohort and
reported as frequency and percentage of pathogenic and likely
pathogenic variants. Multivariable logistic regression, control-
ling for cohort, was used to estimate the association between
comorbid neurodevelopmental disorders and the likelihood of
detection of pathogenic and likely pathogenic variants. The
presence or absence of intellectual disability, epilepsy, or au-
tism spectrum disorder was coded as a binary variable.

jama.com

The multivariable logistic regression model was used to
estimate molecular diagnostic yield for each individual neu-
rodevelopmental disorder as well as in combination. An ini-
tial model was fit that included the main effects for each
neurodevelopmental comorbidity and all 2-way and 3-way in-
teractions while controlling for cohort.

Ajoint test of the interaction effects was conducted using
thelikelihood ratio test and comparing the model with a nested
model of only main effects. Model fit for the logistic regression
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Table 2. Molecular Diagnostic Yield of Pathogenic and Likely Pathogenic Variants in 2 Cerebral Palsy Cohorts Using Exome Sequencing

Clinical laboratory referral cohort

Health care-based cohort

Molecular diagnostic yield, No./total (%) [95% CI]*

440/1345 (32.7) [30.2-35.2]

19/181(10.5) [6.0-15.0]

Single nucleotide variants 415/440 (94.3) 14/19 (73.7)
Copy number variants 19/440 (4.3) 5/19 (26.3)
Both single nucleotide and copy number variants 6/440 (1.4) 0/19 (0)
Inheritance pattern of pathogenic and likely pathogenic variants among
trios in which the patient had positive diagnostic results®
De novo 257/357 (72) NAS
Autosomal recessive 70/357 (19.6) NAC
Autosomal dominant 18/357 (5) NAC
X-linked 12/357 (3.4) NA®©

Abbreviation: NA, not applicable.

2 Molecular diagnostic yield refers to the prevalence of pathogenic and likely
pathogenic variants.

b pathogenicity was determined using standards and guidelines for the

interpretation of sequence variants from the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. The term
trios refers to a patient with cerebral palsy plus both parents.

¢ Parental samples were not available.

model was assessed using the deviance statistic and the Hos-
mer-Lemeshow goodness-of-fit statistic. For the primary es-
timates, 95% ClIs were reported.

Statistical significance was defined as P<.05 and all tests
were 2-sided. Because of the potential for type I error due to
multiple comparisons, the findings for the analyses of the sec-
ondary end points should be interpreted as exploratory. There
were no missing or imputed data. SAS version 9.4 (SAS Insti-
tute Inc) was used for all the analyses.

. |
Results

Demographics of the 2 Cohorts

The clinical laboratory referral cohort included 1345 patients
(1009 parent-offspring trios) with a median age of 8.8 years
(interquartile range, 4.4-14.7 years; range, 0.1-66 years) and 601
(45%) were female (Table 1). The health care-based cohort in-
cluded 181 patients (parental samples were not available) with
amedian age of 41.9 years (interquartile range, 28.0-59.6 years;
range, 4.8-89 years) and 96 (53%) were female.

Exome Sequencing Molecular Diagnostic Yield
Clinical Laboratory Referral Cohort
Exome sequencing yielded a positive diagnostic result in
440 of 1345 patients in the clinical laboratory referral cohort
(32.7% [95% CI, 30.2%-35.2%]; Table 2 and eTable 1 in the
Supplement), of which 94.3% (415/440) had SNVs, 4.3%
(19/440) had CNVs, and 1.4% (6/440) had both SNVs and
CNVs. Testing of a proband concurrently with parents
(trio; n = 1009) significantly improved the molecular diag-
nostic yield from 23.3% (proband only) to 35.4% (Fisher
exact test P = .003).

Among trios with positive diagnostic results (n = 357),
de novo variants were identified most frequently (72%;
257/357), whereas 5% (18/357) were inherited in an autosomal
dominant manner, 19.6% (70/357) were inherited in an auto-
somal recessive manner, and 3.4% (12/357) were X-linked.
Exome sequencing-derived CNV analysis identified 25
patients with pathogenic and likely pathogenic CNVs,

JAMA February 2,2021 Volume 325, Number 5

ranging in size from 637 base pairs to 93.3 mega base pairs, of
which 15 cases involved a single gene and 10 included mul-
tiple genes.

The identification of a molecular diagnosis allowed for
revision of the 1% to 2% empirical recurrence risk of cere-
bral palsy for future children born to the same parents.?° In
72% (257/357) of trios with positive diagnostic results, the
identification of a de novo pathogenic and likely pathogenic
variant resulted in an adjusted recurrence risk of less than
1%, whereas the recurrence risk increased to 25% in cases
with recessive variants (19.6%; 70/357) and to 50% in cases
with dominant or X-linked pathogenic and likely pathogenic
variants (8.4%; 30/357).

Health Care-Based Cohort

Pathogenic and likely pathogenic variants were identified in
19 of 181 patients in the health care-based cohort (10.5%
[95% CI, 6.0%-15.0%]; Table 2 and eTable 2 in the Supple-
ment), of which 73.7% (14/19) had SNVs and 26.3% (5/19) had
CNVs. Of the 19 cases, 9 (47.4%) had pathogenic and likely
pathogenic SNVs in genes implicated in disorders with domi-
nant inheritance, 5.3% (1/19) with recessive inheritance, and
21% (4/19) with X-linked inheritance.

Exome sequencing-derived CNV analysis identified 5
individuals with pathogenic and likely pathogenic dele-
tions, ranging in size from 6.4 kilobase pairs to 14.8 mega
base pairs, including the recurrent deletions 16p13.11
and 17pll.2, a large deletion of chromosome 4, a heterozy-
gous exonic deletion of TCF4 (NM_003199; Pitt-Hopkins
syndrome), and a homozygous exonic deletion of TUSC3
(NM_006765).

Molecular Diagnostic Yield and Neurodevelopmental Comorbidities
in Both Cohorts

Complete comorbidity data on the presence or absence of in-
tellectual disability, epilepsy, or autism spectrum disorder was
available for all 1526 patients from both cohorts. A test of the
interactions among the 3 neurodevelopmental comorbidities
was not significant (likelihood ratio test = 1.88; P = .76). There-
fore, a main effect model was fitted.
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The tests of fit using the deviance statistic (6.68; P = .74)
and the Hosmer-Lemeshow statistic (3.47; P = .48) were not
significant. The estimated cross-cohort exome sequencing mo-
lecular diagnostic yield ranged from 11.2% (95% CI, 6.4%-
16.2%) for patients with cerebral palsy but without intellec-
tual disability, epilepsy, or autism spectrum disorder to 32.9%
(95% CI, 25.7%-40.1%) for patients with cerebral palsy and all
3 comorbidities.

The association comparisons between neurodevelop-
mental comorbidities and the likelihood of having a patho-
genic and likely pathogenic variant appear in Figure 2.
For patients with cerebral palsy and intellectual disability vs
patients with cerebral palsy but without intellectual disabil-
ity, the adjusted odds ratio was 2.59 (95% CI, 1.61-4.17;
P <.001) for the association between neurodevelopmental
comorbidities and the likelihood of having a pathogenic
and likely pathogenic variant; it was 1.01 (95% CI, 0.81-
1.27; P = .91) for patients with cerebral palsy and epilepsy
vs patients with cerebral palsy but without epilepsys; it
was 1.04 (95% CI, 0.79-1.37; P = .78) for patients with
cerebral palsy and autism spectrum disorder vs patients with
cerebral palsy but without autism spectrum disorder; and it
was 2.73 (95% CI, 1.58-4.72; P < .001) for patients with cere-
bral palsy and all 3 neurodevelopmental comorbidities vs
patients with cerebral palsy but without the 3 neurodevelop-
mental comorbidities.

Cross-Cohort Spectrum of Genomic Variation

Combining positive results from both cohorts resulted in the
identification of 229 genes (29.5% of 1526 patients) harbor-
ing pathogenic and likely pathogenic variants (eTable 3 in the
Supplement). There were 143 genes (62.4%) that were mu-
tated in single cases and 86 genes (37.6%) that had patho-
genic and likely pathogenic variants in 2 or more patients
(20.1% of 1526 patients).

The most frequently mutated genes were CTNNBI (NM_
001098210; 18/450 [4.0%] of positive cases) followed by
KIF1A (NM_004321; 8/450 [1.8%] of positive cases). The fol-
lowing mutated genes were found among 7 of 450 [1.6%]
positive cases each: COL4A1 (NM_001303110), GNAOI (NM_
020988), KCNQ2 (NM_172109), MECP2 (NM_004992), and
STXBPI1 (NM_003165). There were 10 genes in which patho-
genic and likely pathogenic variants were independently
identified in both cohorts (2.9% of 1526 patients; Table 3).

|
Discussion

The findings of this study indicated that, similar to other
neurodevelopmental disorders, exome sequencing in
patients with cerebral palsy identified pathogenic and
likely pathogenic variants in hundreds of genes with a
prevalence of 32.7% in the cohort that predominantly con-
sisted of pediatric patients and a prevalence of 10.5% in the
cohort that predominantly consisted of adult patients. Prior
large-scale studies of individuals with neurodevelopmental
disorders showed that detecting independent de novo
pathogenic variants in the same gene among unrelated
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individuals provides strong evidence to reliably identify
disease-related genes.?!

Multiple genes were mutated in 2 or more unrelated
patients with cerebral palsy in this study, including CTNNBI,
KIF1A, GNAOI, and TUBAIA (NM_006009). Mutations in
CTNNBI have been previously reported in patients with
cerebral palsy' and an autosomal dominant neurodevelop-
mental disorder with intellectual disability, spasticity, micro-
cephaly, and visual defects.?? Pathogenic variants in KIF1A
have been identified in patients with autosomal dominant
intellectual disability with spastic paraparesis, axonal neu-
ropathy, cerebellar atrophy,?* and autosomal recessive spas-
tic paraplegia.?*

Mutations in GNAOI have been reported in patients with
cerebral palsy?® and an autosomal dominant neurodevelop-
mental disorder with epileptic encephalopathy and move-
ment disorder.?® Mutations in TUBAIA have been reported
in patients with cerebral palsy'® and autosomal dominant
brain malformations, microcephaly, intellectual disability,
and epilepsy.?” The identification of genes mutated in 2 or
more patients and the replication of findings across differ-
ent settings and cohort types provided strong evidence for
their role in cerebral palsy and, in some cases, expanded the
phenotype associated with these known neurodevelopmen-
tal disorder genes to include cerebral palsy phenotypes.

Some patients had variants in genes previously associ-
ated with both cerebral palsy and hereditary spastic
paraplegia, including AP4EI (NM_001252127), AP4MI1 (NM_
004722), and AP4S1 (NM_001128126; AP-4 deficiency
syndrome),>-28:29 ATL1 (NM_001127713),'-3° and SPAST
(NM_199436).1531 Even though cerebral palsy and hereditary
spastic paraplegia are considered distinct clinical entities
due to the nonprogressive, permanent nature of cerebral
palsy and the neurodegenerative progression of hereditary
spastic paraplegia, shared genomic findings have been pre-
viously reported between these and other neurodevelop-
mental disorders.?33

Similarly, other patients had mutations in genes or
regions associated with disorders frequently considered dif-
ferent from cerebral palsy, including Pitt-Hopkins (TCF4),
Rett (MECP2), and Smith-Magenis (17p11.2 deletion) syn-
dromes. As with other neurodevelopmental disorders, such
as autism spectrum disorder, intellectual disability, and epi-
lepsy, the diagnosis of cerebral palsy is based on clinical
manifestations not etiology. As noted by the International
Cerebral Palsy Genomics Consortium in their clinical consen-
sus statement, when a pathogenic and likely pathogenic vari-
ant is identified in a patient with a phenotype consistent with
current consensus definitions of cerebral palsy,>* the cere-
bral palsy diagnosis should not be removed, nor should the
case be reclassified as cerebral palsy mimic, masquerader, or
cerebral palsy-like.*®

Exome sequencing is currently recommended as a
first-tier clinical diagnostic test for individuals with neu-
rodevelopmental disorders.® The mean molecular diagnos-
tic yield of exome sequencing in other neurodevelopmental
disorders averaged across multiple studies was 35% for
intellectual disability or neurodevelopmental delay, 45%
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Table 3. Genes With Pathogenic and Likely Pathogenic Variants Identified in Both Cohorts Among Unrelated Patients With Cerebral Palsy

No. of cases
Clinical
laboratory Health
RefSeq accession referral care-based
Gene? No. cohort cohort Total  OMIM phenotype® Inheritance
MECP2 NM_004992 5 2 7 Rett syndrome X-linked
Intellectual disability with spasticity X-linked
Intellectual disability, syndromic, X-linked
Lubs type
Encephalopathy, neonatal severe X-linked
TCF4 NM_003199 5 1 Pitt-Hopkins syndrome Autosomal dominant
TUBAIA NM_006009 5 1 Lissencephaly type 3 Autosomal dominant
SLC2A1 NM_006516 4 1 5 GLUT1 deficiency syndrome type 1, Autosomal dominant
infantile onset, severe or autosomal recessive
GLUT1 deficiency syndrome type 2, Autosomal dominant
childhood onset
Dystonia type 9 Autosomal dominant
Stomatin-deficient cryohydrocytosis Autosomal dominant
with neurological defects
KMT2A NM_005933 4 1 5 Wiedemann-Steiner syndrome Autosomal dominant
CAMTA1 NM_015215 3 1 4 Cerebellar ataxia, nonprogressive Autosomal dominant
with intellectual disability
ATL1 NM_001127713 2 2 4 Spastic paraplegia type 3A Autosomal dominant
Neuropathy, hereditary-sensory-type Autosomal dominant
intellectual disability
IQSEC2 NM_001111125 2 1 3 Intellectual disability type 1/78 X-linked
ASXL3 NM_030632 2 1 3 Bainbridge-Ropers syndrome Autosomal dominant
L1CAM NM_024003 1 1 2 CRASH syndrome X-linked
Corpus callosum, partial agenesis X-linked
Hydrocephalus due to aqueductal stenosis X-linked

2 The full lists of genes with pathogenic and likely pathogenic variants appear in
eTables 1-3 in the Supplement.

®The OMIM is an online catalog of human genes and genetic disorders. The
phenotypes represent well-documented clinical manifestations of mendelian

disorders (genotype-phenotype relationship). For some of the genes listed,
the OMIM phenotype includes neuromotor disorders, whereas for other
genes, the neuromotor manifestations have not been thoroughly
characterized.

for epilepsy, and 15% for autism spectrum disorder,”2%-*7 all
of which are known cerebral palsy comorbidities. Cerebral
palsy can be identified earlier than other neurodevelopmen-
tal disorders (such as intellectual disability and autism spec-
trum disorder).

Among individuals in a Danish national registry, the
median age for cerebral palsy diagnosis was 11 months,3®
and cerebral palsy or a high risk of cerebral palsy can often
be accurately predicted before the corrected age of 6
months.?° Therefore, performing genetic testing in indi-
viduals with cerebral palsy may have the potential for
a more timely identification of pathogenic and likely
pathogenic variants, facilitating early initiation of preven-
tion and treatment strategies. Moreover, pathogenic
and likely pathogenic variants were also identified in
individuals with cerebral palsy who did not have other diag-
noses (intellectual disability or autism spectrum disorder)
that would have led to clinical genetic testing based on cur-
rent recommendations.

The identification of pathogenic and likely pathogenic
variants in patients with cerebral palsy may result in
genomics-informed changes in clinical care for some
patients. For example, a patient from the clinical laboratory
referral cohort had a homozygous pathogenic variant in

jama.com

the SPR (NM_003124) gene, which established the molecular
diagnosis of sepiapterin reductase deficiency. The dopamine
deficiency associated with this disorder can be corrected
with levodopa in combination with carbidopa, which often
corrects the motor abnormalities.*® In addition, families
with 1 child with cerebral palsy are typically counseled that
their risk of recurrence is 1% to 2%2°; however, the findings
in this study indicate the possibility of a higher recurrence
risk for some families, which may lead to changes in family
planning counseling.

Limitations
This study has several limitations. First, the 2 independent
cohorts were ascertained using different approaches and the
extent of available clinical information for each patient was
variable, which resulted in a more heterogeneous combined
cohort. The correlation between different types of cerebral
palsy (spastic, dyskinetic, ataxic, and mixed) and exome
sequencing molecular diagnostic yield was not explored
because detailed clinical information was not available for
most patients.

Second, the exome sequencing capture reagents and ana-
lytical pipelines varied between cohorts; however, all vari-
ants were evaluated for pathogenicity using standards and
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guidelines for the interpretation of sequence variants from
the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology.

Third, the health care-based cohort did not have avail-
able parental samples to assess for variant inheritance
because it was a cohort that predominantly consisted of adult
patients, which resulted in a more conservative exome
sequencing molecular diagnostic yield because identifying
de novo variants can increase the strength of evidence to
classify variants as pathogenic. This was demonstrated in the
clinical laboratory referral cohort for which trio testing was
associated with significant improvement in molecular diag-
nostic yield compared with proband only testing.

Molecular Diagnostic Yield of Exome Sequencing in Patients With Cerebral Palsy

Fourth, this was an observational study and a causal re-
lationship between detected gene variants and phenotypes in
participants is not definitively established.

. |
Conclusions

Among 2 cohorts of patients with cerebral palsy who underwent
exome sequencing, the prevalence of pathogenic and likely
pathogenic variants was 32.7% in a cohort that predominantly
consisted of pediatric patients and 10.5% in a cohort that pre-
dominantly consisted of adult patients. Further research is
needed to understand the clinical implications of these findings.
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