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ABSTRACT

Introduction: The University of Wisconsin Undiagnosed Disease Program employs a “beyond the
exome” approach to diagnose rare disease patients.

Case Presentations: We present 2 cases of rare neurodevelopmental disorders identified by
whole genome sequencing. The first is a 12-year-old boy with global developmental delay/intel-
lectual disability (GDD/ID) and congenital hypotonia who was diagnosed with CAPZA2-related
disorder. The second is a 13-year-old boy with microcephaly, GDD/ID, and seizures who was diag-
nosed with neurodevelopmental disorder with language delay and behavioral abnormalities, with
or without seizures (NEDLAS).

Discussion: Our use of whole genome sequencing identified the fifth reported case of CAPZA2-
related neurodevelopmental disorder. Fewer than 40 patients have been reported with NEDLAS,
and we identified the fourth patient with the AGOT1 in-frame deletion p.Glu376del.

Conclusions: Whole genome sequencing can be effective in diagnosing patients with suspected
genetic disorders despite negative standard of care clinical genetic testing and enables the prac-

vated mortality rates compared to individu-
als with common conditions.! Rare diseases
also remain the leading cause of infant
mortality.2 Intellectual disabilicy (ID)
and global developmental delay (GDD)
are among the most frequently reported
impairments in children, with GDD affect-
ing 1% to 3% of children under the age of
5 and ID affecting 1.10% of children ages
3 to 17 years old.34

GDD is defined as significant delays
in 2 or more developmental domains in
children less than 5 years of age, while

ID is defined as having significant limi-

tice of precision medicine.

INTRODUCTION

Over 26 million Americans are affected by rare genetic disorders,
resulting in significantly higher annual health care costs than com-
mon conditions such as heart disease and cancer. Both pediatric
and adult patients with rare diseases experience longer hospital

stays, higher admission charges, increased readmissions, and ele-
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tations in both intellectual functioning

and adaptive behavior.> Numerous testing

routes can be pursued to determine the
etiology of GDD/ID, including chromosomal microarray and
whole exome sequencing, which are now standard-of-care tests
ordered in outpatient clinics. A chromosomal microarray is a test
that detects regions of genomic imbalances termed copy num-
ber variation. Whole exome sequencing involves sequencing the
protein-coding regions of the genome. This “coding” portion of
the genome is called the exome. The human exome represents
<2% of the genome but contains approximately 85% of known
disease-related variants.¢ The diagnostic yield of chromosomal
microarray in cases of GDD/ID ranges from 4.5% to 28.0%
(median 13.7%), while the diagnostic yield of whole exome
sequencing ranges from 28% to 43% (average 34%).” However,
the majority of patients with GDD/ID remain undiagnosed
after these evaluations, indicating the need for further work to
provide specific diagnoses for these patients and families. The
University of Wisconsin Undiagnosed Disease Program (UW
UDP) employs whole genome sequencing to discover novel dis-

ease genes and variants to enable diagnoses of ultra-rare genetic
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disorders. We choose whole genome sequencing as a first-line
test given that most referred patients already have had negative
clinical whole exome sequencing, and a whole exome sequencing
to whole genome sequencing approach leads to higher program
costs. Here, we present 2 cases of suspected neurodevelopmental
disorders of genetic etiology with negative clinical exome testing

that we diagnosed using whole genome sequencing.

CASE PRESENTATIONS

Case1

A 12-year-old male was referred to the UW UDP for neurode-
velopmental concerns, including motor and speech delays and
severe congenital hypotonia. He was born at 38 weeks gestation
by emergency cesarean delivery due to fetal heart rate decelera-
tion and failure to progress. At birth, he experienced breathing
difficulties requiring supplemental oxygen and had a small right
pneumothorax, which resolved spontaneously. His Wisconsin
state newborn screen was normal. At 3 weeks of age, he pre-
sented to the emergency department with excessive vomiting and
was diagnosed with pyloric stenosis, which was treated surgically.
Between 7 and 10 months, he was hospitalized 4 times for respi-
ratory infections exacerbated by hypotonia, making it difficult
for him to clear his airway, and he was later diagnosed with early
childhood asthma. At 10 months, At 10 months, he was identi-
fied to have significant developmental delays, achieving expres-
sive language skills expected of a 3- to 4-month old, receptive
language skills expected of an 8-month old, fine motor skills
expected of a 4- to 5-month old, and gross motor skills expected
of a 5-month old. At 12 months, his head circumference was
measured at the 98th percentile (Z-score=2.16). Magnetic reso-
nance imaging (MRI) and head ultrasound revealed an inciden-
tal finding of a 3mm cystic intradural lesion, but it was oth-
erwise normal. At 14 months, a screening electrocardiogram
showed sinus arrhythmia and findings of biventricular hypertro-
phy; however, an echocardiogram was normal. He was able to sit
alone at 2 years and walk without help between 3 and 4 years.
He was able to run at 9 years.

At 9 years and 6 months of age, moderate dilation of the ascend-
ing aorta was noted on echocardiogram (2.6 cm, Z-score=4.3)
with normal aortic root size. Follow-up echocardiogram at 12
years and 7 months revealed moderate dilation of the ascending
aorta to similar degree (3.1 cm, Z-score=4.2) with normal aortic
root size. At 10 years old, the patient was diagnosed with autism
after presenting with echolalia, repetitive verbalizations, and sen-
sory-seeking behaviors. He also had thrombocytopenia identified
consistently from age 19 months to 13 years, ranging from 75K/
uL to 145 K/uL and most often <120 K/uL.

Since age 12 years, the patient has used words in combination
with a communication device to communicate. He is able to fol-
low simple commands with a gesture. He is unable to walk long

distances and uses a wheelchair or stroller. His physical exam at
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this time indicated weight of 34.5kg (19.37%), height of 1.444 m
(26.92%), and head circumference of 55.5cm (88.03%).

At 13 years old, neurological exam revealed generalized hypo-
tonia with decreased muscle bulk and size in biceps, triceps,
quadriceps, soleus and gastrocnemius bilaterally. He has intrinsic
hand muscles with decreased tone and bulk. He sits in a “W”
position, and he is unable to rise from lying down to a seated
position independently but can sit up from lying down with
gentle assistance. He rises to stand from a seated position on the
ground using ground and nearby structures to support himself
in a modified Gower sign. He is not able to hold a squatting
position. He has an intention tremor at reach in upper extremi-
ties bilaterally but no dysmetria. His upper extremity biceps and
brachioradialis reflexes are 2+ and symmetric. His bilateral patel-
lar reflexes are 1+, and he has a trace Achilles reflex bilaterally.
He has a shuffling gait with limited plantarflexion and bilateral
pronation at the ankles and knees.

Genetic testing for spinal muscular atrophy, myotonic dystro-
phy, Prader Willi, and Fragile X syndromes, as well as chromo-
somal microarray analysis, were negative. For metabolic evalua-
tion, his acylcarnitine profile, plasma amino acids, urine organic
acids, plasma and cerebrospinal fluid lactate and neurotrans-
mitter profiles, and muscle biopsy for electron microscopy and
mitochondrial depletion studies were normal. Whole exome
sequencing completed in 2021 did not provide a definitive diag-
nosis, and the patient was referred to the UW UDP where whole
genome sequencing was completed. For this sequencing, DNA
was isolated from peripheral blood samples from the proband
and mother; the father was unavailable for testing. Libraries were
prepared and short-read, paired end, 150 base pair sequencing
was obtained. FASTQ files were aligned to the human reference
genome (GRCh38), and germline variant calling was performed
using DRAGEN, which identifies single nucleotide variants,
copy number variations, and structural variations. Variant calls
were analyzed by the study team, which includes a board-certi-
fied clinical molecular geneticist. The team identified a disease-
causing missense variant in CAPZA2 c¢.776G>T; p.Arg259Leu,
which was not inherited from the mother, and diagnosed the
proband with CAPZA2-related disorder. See Case 1 discussion

below for details.

Case 2

A 13-year-old male with global developmental delays, intellectual
disability, seizures, and postnatal microcephaly was referred to
the UW UDP. He was born at full term by normal spontaneous
vaginal delivery after an uncomplicated pregnancy. After birth, he
failed his newborn hearing screen twice and was diagnosed with
mild bilateral sensorineural hearing loss at 2 months old. At 3
months, he was evaluated by genetics, who noted plagiocephaly,
high-arched palate, minor ear anomalies, low hairline, umbilical
hernia, and bilateral clubfoot. By 7 months, he developed postna-
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Table 1. Clinical Features of All Known Individuals With CAPZA2-related Disorder
UW UbP Huang et al® Pi et al'0 Zhang et al""
Case 1 Patient Patient 1 Patient 2 Patient 1 Patient
Origin European Chinese European Chinese ND
Variant p.Arg259Leu p.Arg259Leu p.Lys256Glu p.Arg260del €.219+1G>A Splicing
Inheritance Not inherited from mother, de novo de novo de novo de novo
father unavailable
Gender Male Female Female Female Male
Age 12 years 2.5 years 9 years 10 months 3 years
Growth
Short stature - - - ND -
Microcephaly —; macrocephalic - - i -
Dysmorphic features - - - ND ND
Development
Speech delay i W W NA -
Motor delay + + + + -
Intellectual disability + NA + NA +
Neurological
Autism + NA + NA -
Hypotonia i W W i -
Seizure history - +; atypical +; developed seizures at 7 +; developed +; 7 seizure episodes,
febrile months and infantile spasm spasms at 5 of which were
seizure occurred at 10 months 3 months febrile seizures
Magnetic resonance +; 3-mm cystic - +; mild abnormal myelination - +; septal pellucidum
imaging abnormality intradural lesion in frontal area, mild peri- cyst and bilateral
on spine vascular space dilation in mastoiditis
parietal and occipital area
Others
Neonatal feeding difficulty i W W i -
Additional findings +; moderate dilation of ascending - +, hypopigmentation on right - -
aorta; history of thrombocytopenia; lower leg, hyper pigmentation
pyloric stenosis; toe walking upper legs; toe walking
Abbreviations: UW UPD, University of Wisconsin Undiagnosed Disease Program; +, feature present; —, feature absent; NA, not applicable due to patient age; ND, not
determined.

tal microcephaly, with his head circumference measuring at the 1st
percentile (Z-score=-2.10).

By 22 months, the patient had eye-rolling spells and was
diagnosed with epilepsy after an electroencephalogram showed
frequent occipital spike and wave discharges and severely abnor-
mal background with absence of sustained posterior dominant
rhythm and sleep architecture. At 26 months, head MRI showed
mild delay in white matter myelination in the parietal and tem-
poral regions bilaterally, prominence of the lateral and third ven-
tricles, and simplification of the sulcal pattern along the sylvian
fissures. He began walking at 4 years old and spoke his first word
at 5 years old.

Repeat MRI at 7 years old showed similar configuration of
brain morphology with interval maturation of the sulcation and
myelination in both frontal and temporal lobes. T2/FLAIR signal
abnormalities were seen in the periatrial white matter of both cere-
bral hemispheres with additional involvement of the subcortical

white matter in both parietal lobes. At 11 years old, neurology
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noted focal seizures, choreoathetotic movements, truncal hypoto-
nia with spasticity of the extremities, and an ataxic gait. Currently,
at 13 years old, the patient has a happy demeanor, is largely non-
verbal, and uses a walker.

Extensive genetic testing, including chromosome analysis,
chromosomal microarray, connexin G/B2 sequencing for hear-
ing loss, and Prader-Willi methylation polymerase chain reaction,
were negative. In 2021 at age 11 years, whole exome sequencing
revealed a heterozygous pathogenic variant in the ADSL gene,
which causes an autosomal recessive inborn error of metabolism;
however, the patient is presumed to be unaffected as biallelic vari-
ants were not identified. In addition, he was identified to have
a heterozygous, maternally inherited, likely pathogenic variant
in PTPRQ (c.4015+1G>A). Pathogenic variants in PTPRQ are
known to cause autosomal dominant or autosomal recessive hear-
ing loss.8 Notably, the mother has no history of hearing loss, and
few families have been reported with disease. At age 13 years,

whole genome sequencing by the UW UDP identified a de novo
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Table 2. Clinical Features of Individuals With the de novo AGOT7 p.Glu376 Deletion Pathogenic Variant
UW UDP Schalk et al'® Niu et al"’
Case 2 Patient Patient in Family 21 Patient in Family 22 Patient 1

Origin African American/ European European ND ND
Variant p.Glu376del p.Glu376del p.Glu376del p.Glu376del
Gender Male Male Female Female
Age 13 years 3 years ND ND
Growth

Postnatal microcephaly + + + +

Dysmorphic features W W ND ND
Development

Speech delay W W W i

Motor delay i i - o

Intellectual disability + + + +
Neurological

Autism - - + ND

Hypotonia + + + +

Seizure history W +; generalized seizures with - -

corpus callosotomy at age 7
secondary to intractable seizure

Abnormal movements + ND + -

Abnormal brain magnetic +; prominent ventricles, signal —; normal MRI at 10 months ND +; myelin dysplasia, mild widening

resonance imaging (MRI) abnormality in the periatrial of bilateral frontotemporal space,

and subcortical white matter and mild widening and deepening
sulcus fissure

Others

Neonatal feeding difficulty i - - o

Additional findings +; Bilateral sensorineural hearing - - +; Mild deafness

loss; bilateral club foot

Abbreviations: UW UPD, University of Wisconsin Undiagnosed Disease Program; +, feature present; —, feature absent; ND, not determined.
aSchalk et al reported 33 individuals with NEDLAS including 2 patients with the same p.Glu376del variant.

in-frame deletion in AGOI (c.901_903delGAG; p.Glu376del),
diagnosing him with neurodevelopmental disorder with language
delay and behavioral abnormalities, with or without seizures
(NEDLAS). See Case 2 discussion below for details.

DISCUSSION

The UW UDP’s use of whole genome sequencing identified the
fifth reported case of CAPZA2-related disorder and the fourth
patient with the in-frame deletion p.Glu376del in AGOI, which
causes NEDLAS.

Case1

CAPZA2 encodes an F-actin capping protein, CapZ, which is
critical for dendritic spine development and neurodevelopment.
Capping proteins such as CapZ terminate the elongation of actin
filaments by binding at the barbed end of the tentacle domain.2
This regulation is essential for maintaining the proper length and
stability of actin filaments, which are integral to the cytoskeleton
and play a pivotal role in cellular morphology, motility, and vari-
ous intracellular processes.1213 Knockdown of capping proteins

o and B2 subunits in hippocampal cultures results in a marked
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decline in spine density, altered spine morphology, and a reduced
number of functional synapses.!3 This suggests that CAPZA?2 sig-
nificantly influences the function of capping proteins in dendritic
spine development, thus playing a critical role in neurodevelop-
ment. It is postulated that variants in or near the highly conserved
basic residues of the CAPZA2 tentacle domain disrupt the regula-
tory function of CapZ, contributing to the pathogenesis of neuro-
developmental disorders. !4

The variant we identified in CAPZA2 ¢.766G>T (p.Arg259Leu)
previously has been reported as pathogenic in the literature, and
this variant, along with the other 2 previously reported variants
p-Lys256Glu and p.Arg260del, affect highly conserved basic resi-
dues.>10 According to American College of Medical Genetics and
Genomics (ACMG) guidelines, this variant is classified as “likely
pathogenic” (PS2, PM2, PP3, and PP5 criteria).!> The identifica-
tion finding of our patient with CAPZA2-related disease further
confirms the known phenotype of this disease. Our patient shares
features of speech and motor delays, hypotonia, and neonatal
feeding difficulties with the previously reported patients (Table 1).

Notably, our patient has not had any known seizures, unlike the
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4 other reported patients. Additionally, our patient had pyloric
stenosis, moderate dilation of the ascending aorta, and thrombo-
cytopenia. As additional patients are identified, further explora-
tion can determine whether these features are a part of the clinical
spectrum of CAPZA2-related disease.

Case 2
AGO1I encodes Argonaute-1, a protein essential for gene silenc-
ing mediated by small non-coding RNAs. In transcriptional gene
silencing, AGO! forms RNA-induced transcriptional silencing
complexes that recruit chromatin-modifying proteins to create
heterochromatin, thereby preventing mRNA synthesis. In post-
transcriptional gene silencing, AGO! binds small RNAs, guiding
them to complementary mRNA targets to induce mRNA deg-
radation or inhibit translation.!® Pathogenic variants in AGOI,
including the p.Glu376del variant, are predicted to alter the flex-
ibility of the AGOI linker domains, which likely impairs function
in mRNA processing.16 The variant identified in this patient is
classified as “likely pathogenic” per ACMG guidelines (PS2, PM2,
PM4, and PP5 criteria).!s

Our patient is the fourth reported case with the same patho-
genic variant p.Glu376del, and all 4 cases have postnatal micro-
cephaly, GDD/ID, and hypotonia (Table 2).1617 Forty-six percent
of patients with NEDLAS have variable brain MR anomalies, and
46% of affected individuals have a history of seizures.’¢ Notably,
our patient also has bilateral clubfoot and bilateral sensorineu-
ral hearing loss. Another patient with this variant also has mild
deafness, potentially expanding the known clinical spectrum of
disease.’” However, it is also possible that the hearing loss is not
directly caused by the AGOI variant but, instead, is secondary
to the previously identified likely pathogenic variant in PTPRQ,
which is known to be associated with hearing loss. Further inves-
tigation into the etiology of our patients bilateral sensorineural

hearing loss is warranted.

CONCLUSIONS
The UW UDP employs whole genome sequencing to diagnose

Mendelian diseases in previously undiagnosed patients. Our iden-
tification of the fifth reported case of CAPZA2-related disorder
and the fourth case of NEDLAS with the AGO! in-frame dele-
tion p.Glu376del highlights the power of participation in research
studies when clinical whole exome sequencing is unrevealing.

In Case 1, an in-depth exploration of the coding regions by our
team identified a disease-causing variant that was not reported on
clinical whole exome sequencing. In Case 2, the identification of
a disease-causing variant was enhanced by new scientific literature
published after clinical whole exome sequencing was completed,
highlighting the crucial role of undiagnosed disease programs in
reexamining challenging cases where prior clinical whole exome
sequencing results were negative.

In general, the UW UDP performs whole genome sequencing
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as the first-tier test as: (1) patients are most often referred to our
program following negative clinical whole exome sequencing, (2)
it has superior mapping quality over whole exome sequencing,!
and (3) it is more comprehensive in the ability to detect noncod-
ing variants, large structural rearrangements, and copy number
variation. 1920

Making a rare disease diagnosis reduces the uncertainty expe-
rienced by patients, families, and caregivers and may improve the
overall quality of care. Integrating advanced genomic techniques
and continuous reanalysis of genome data holds significant
promise for improving diagnostics, patient care, and outcomes
through more effective and personalized health care solutions.
Our findings reinforce the importance of long-term follow-up
for patients, including exome reanalysis or additional genomic
testing through whole genome sequencing, to ensure ongoing
diagnostic accuracy as new genetic insights and technologies

emerge.
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