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Hidden etiology of cerebral palsy: genetic and clinical
heterogeneity and efficient diagnosis by next-generation

sequencing

Monica Rosello', Alfonso Caro-Llopis’, Carmen Orellana’, Silvestre Oltra’, Marta Alemany-Albert?, Ana V. Marco-Hernandez?,
Sandra Monfort’, Laia Pedrola’, Francisco Martinez' and Miguel Tomas>

Cerebral palsy (CP) is a heterogeneous neurodevelopmental disorder that causes movement and postural disabilities. Recent
research studies focused on genetic diagnosis in patients with CP of unknown etiology. The present study was carried out in 20
families with one family member affected with idiopathic CP. Chromosomal microarray and exome sequencing techniques were
performed in all patients. Chromosomal microarray analysis did not show any pathological or probable pathological structural
variant. However, the next-generation sequencing study showed a high diagnostic yield. We report 11/20 patients (55%) with
different pathogenic or potentially pathogenic variants detected by exome sequencing analysis: five patients with mutations in
genes related to hereditary spastic paraplegia, two with mutations in genes related to Aicardi-Goutieres syndrome, three with
mutations in genes related to developmental/epileptic encephalopathies, and one with a mutation in the PGKT gene. The accurate
and precise patients’ selection, the use of a high-throughput genetic platform, the selection of adequate target genes, and the
application of rigorous criteria for the clinical interpretation are the most important elements for a good diagnostic performance.
Based on our findings, next-generation sequencing should be considered in patients with cryptogenic CP as the first line of genetic

workup.

Pediatric Research (2021) 90:284-288; https://doi.org/10.1038/s41390-020-01250-3

IMPACT:

® Sequencing techniques in CP of uncertain etiology provides a diagnostic yield of 55%.
® The appropriate selection of cases optimizes the diagnostic yield.
® NGS facilitate better understanding of new phenotypes of certain genetic diseases.

INTRODUCTION

Cerebral palsy (CP) describes a group of permanent disorders of
movement and posture development, causing mobility limitation
attributed to non-progressive disturbances that occurred in the
developing fetal or infant brain. The motor disorders of CP are
often accompanied by disturbances of sensation, perception,
cognition, communication and behavior, epilepsy, and secondary
musculoskeletal problems.! CP is a heterogeneous condition in
terms of etiology as well as in types and severity of impairments.
Hypoxic—ischemic encephalopathy, periventricular leukomalacia,
brain malformations, intrauterine infections, and neonatal strokes
are the most frequent causes of CP; however, up to 20% of
patients with CP do not have an etiological diagnosis. This group
of patients can be considered to have idiopathic or cryptogenic
CP.2 On the other hand, metabolic studies carried out in those
patients with unknown etiology have had very low performance.?
Genetic forms of CP account for ~2% in European populations,*
but recent research studies have suggested that genetic variants
contribute to CP more than expected. Before the next-generation
sequencing (NGS) era, a few studies of single-gene causes of CP
involving families with two or more members affected by the

disorder were performed. These initial studies led to the
identification of mutations in KANK1, AP4M1, and GAD1 genes.
Recent studies with high-throughput technologies reported that
at least 7% of cases might carry a copy number variation (CNV) of
clinical si%niﬁcance and 14% of CP cases had a plausible genetic
mutation.>® However, similar studies performed by other groups
show an obvious disparity in genetic diagnostic yields dependent
on the sample sizes and the clinical selection criteria used.””"°

Genetic and phenotypic heterogeneity may underlie in CP and
is difficult for etiological diagnosis. High-throughput technologies
such as NGS have made significant advances in the knowledge of
genetic causes of CP. In this study, we present the results from our
cohort of 20 patients with idiopathic CP after genomic array and
next-generation exome sequencing study.

METHODS

Subjects

The study was carried out in patients with idiopathic CP. Among
20 families, one family member affected with idiopathic CP was
recruited according to the diagnostic criteria established by
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Table 1. Clinical features of case series and genetic diagnosis.

Case Sex Age at diagnosis CP type GMFS ID Epilepsy Other associated conditions Genetic diagnosis
1 F 1 SD 1] Mod Yes No AP4B1

2 M 2 SD v Mod Yes No IFIH1

3 M 7 sD | No No No

4 M 6 SD | No No No SPAST

5 F 4 ST Il No No No ATL1

6 M 12 SD \Y Mod Yes No

7 M 6 SD | Mild No No

8 M 4 MX | No No No PGK1

9 M 13 SD | Mod No No

10 M 6 ST 1l Mild No Autism

11 F 15 ST Vv Sev Yes Axonal polyneuropathy ATL1

12 F 16 SD \Y Sev Yes No

13 F 6 SD Il No No No

14 M 6 ST \Y Sev Yes No SPATS

15 M 8 MX \ Sev Yes No GNAO1

16 M 7 ST \% Mod Yes No

17 F 8 ST \% Sev No Axonal polyneuropathy GNB1

18 M 10 ST Vv Mild No Axonal polyneuropathy ATL1

19 F 1 ST \% No No No

20 F 14 ST \% No No No RNASEH2B
CP cerebral palsy, GMFCS gross motor function classification, F female, M male, SD spastic diplegia, ST spastic tetraparesis, D dyskinetic, MX mixed, ID intellectual
disability.

Rosenbaum et al." A brief clinical description of this cohort can be
seen in Table 1.

This study was approved by the local ethics committee of the
Hospital Universitario y Politécnico La Fe (Valencia, Spain).
Informed consent was obtained from all participants.

Clinical features of case series. All patients were evaluated by
the same neuropediatrician. Demographic and clinical data were
collected: sex, age, details of pregnancy, birth, perinatal and clinical
evolution, and magnetic resonance imaging (MRI) study. A physical
examination and clinical evaluation were undertaken for each
patient, recording the following variables: type of CP (spastic,
dyskinetic, ataxic, mixed), functional classification on Gross Motor
Function Classification System (GMFS), and the presence of
intellectual disability (ID) or epilepsy and other associated conditions
such a polyneuropathy or autism.

The inclusion criteria were the presence of clinical findings
compatible with CP definition and the absence of the following
exclusion criteria: polymalformative syndrome, ataxic CP, progressive
encephalopathy, and neuroradiological findings compatible with
hypoxic-ischemic encephalopathy, periventricular leukomalacia,
cerebral malformation, or leukoencephalopathy. We have excluded
ataxic CP because ataxic forms of CP may be hard to distinguish
from progressive cerebral disorders."’

Genetic studies. Genomic DNA from peripheral blood samples from
individuals and their parents were isolated using the QIAsymphony
extractor (Qiagen, Hilden, Germany). DNA purity and concentration
were measured using standard procedures in our laboratory.
Chromosomal microarray (CMA) and exome sequencing were
performed in all 20 patients. Whole-genome dosage analysis was
performed using a genomic array (SNPs Affymetrix CytoScan® 750).
Array hybridization and scanning were performed following the
manufacturer’s specifications. The data were analyzed using the DNA
analytics ChAS software (Chromosome Analysis Suite of Affymetrix).
For most patients, a commercial clinical exome (SureSelect Focused
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Exome from Agilent Technologies) was used for exome sequencing
6110 genes described in different databases as disease-causing
genes. Patients 2, 10, 11, 12, and 18 were sequenced using
SureSelect Clinical Research Exome to analyze the coding sequences
of all known genes in a trio-based study. The libraries were
sequenced on an lllumina NextSeq 500 following the manufacturer’s
protocol to get a minimum reading depth of 100x. Sequence read
alignments, variant detection, and annotation were performed in
Unidad de Gendmica-IIS La Fe with its own bioinformatics pipeline.
To evaluate the clinical impact and to assess the pathogenicity of
variants in exome sequencing, we applied the criteria described
previously and the standards and guidelines of the Laboratory
Quality Assurance Committee (ACMG).'>"® All relevant genetic
variants (potential novel and rare variants) detected in the patients
as well as the studies in the DNA of their parents were performed
by Sanger sequencing (Supplementary Sanger results (online))
(primers and PCR conditions are available on request).

RESULTS
Twenty patients with idiopathic CP have been included, 9 females
(45%) and 11 males (55%). None of the patients had a family
history of CP or a pre- or perinatal history of interest. The mean
age at the time of the study was 8.6 years. Regarding the type of
CP, 11 cases (55%) were spastic tetraparesis (ST), 7 (35%) spastic
diplegia (SD), and 2 (10%) mixed. Motor assessment using the
GMFS scale gave the following results: 5 patients (25%) presented
a grade |, 3 (15%) grade II, 1 (5%) grade lll, 5 (25%) grade IV, and 6
(30%) grade V. In relation to comorbidities, 8 children (40%) were
associated with epilepsy, 5 (25%) presented a severe degree of ID,
5 (25%) a moderate degree, 3 (15%) a mild degree, and 7 (35%)
had no ID. Three patients had axonal polyneuropathy and one had
autism. Clinical features are summarized in Table 1.

Genomic microarray and exome sequencing were performed in
all patients. CMA analysis did not show any pathological or
probable pathological copy number variant. On the other hand,
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the NGS study showed a high diagnostic yield. Pathogenic or
probably pathogenic variants were detected by exome sequencing
analysis in 55% (11/20) of the patients (Table 2). Our genetic results
can be grouped as follows: five patients with mutations in genes
related to hereditary spastic paraplegia (HSP), two with mutations
in genes related to Aicardi-Goutieres syndrome, three with
mutations in genes related to developmental/epileptic encepha-
lopathies, and one with mutation in the PGK1 gene, an X-linked
recessive condition with a highly variable clinical phenotype where
the predominant described feature is not neurological.

Most of the diagnostic variants (7/11) were autosomal dominant
and occurred de novo in the patients. In one case, the male
patient inherited the X-linked mutation in PGKT gene from her
healthy mother (patient 8). The pathogenic role of the novel PGK1
variant detected was confirmed by an enzymatic study showing
low levels of phosphoglycerate kinase. In this patient, the
phenotype consisted of SD and normal cognitive level. We believe
that diplegia is a neurological manifestation of phosphoglycerate
kinase deficiency, not previously described in a disease in which
phenotypic variability is the rule. The remaining three cases
showed an autosomal-recessive inheritance, where both parents
are heterozygous carriers of the pathogenic variants. Although the
father of patient 14 was not available for study, only one of the
two variants in SPATA5 gene was detected in the mother, so that a
paternal inheritance of the other is presumed. In this patient,
spasticity was severely affecting his quality of life, requiring the
installation of a baclofen pump.

Pathogenic variants have been identified in different genes,
except for the ATLT gene, where three different de novo mutations
were found in patients 5, 11, and 18. Patient 5 had typical spastic
paraplegia with an early-onset of symptoms, while the other two
(cases 11 and 18) had a sensory-motor neuropathy with symptoms
associated with an extremely disabling early-onset ST with a GMFS
of V. In silico genetic studies suggest that the mutations detected in
patients 11 and 18 could impede the tetrameric formation of
the active protein, causing considerable loss of function. The in silico
study was carried out using the HOPE bioinformatics tool (https://
www3.cmbi.umcn.nl/hope/). While the mutation detected in case 5
leads to a decrease in the GTPase activity of the protein and would
not affect its function so drastically.'* These different mechanisms
illustrate that not all variants in the same gene produce the same
phenotype or the same severity in their manifestations.

The 13 different variants are not recurrent and most are
missense variants (11/13). None of the dominant or X-linked
variants was reported in control databases (GnomAD, Exome
Aggregation Consortium), while the recessive variants appear with
allele frequencies of 0.1% (p.Ala177Thr in RNASEH2B) or less. Those
variants found in patients 2, 11, 14, 15, 17, 18, and 20 were
previously reported as likely pathogenic or pathogenic in the
ClinVar database, while the variants detected in patients 4 and 5
were reported as pathogenic in the HGMD database. The
remaining variants have not been previously described, but the
in silico predictions (mutation taster, SIFT, Provean, and Polyphen)
classify them as pathogenic.

We have found differences between the group with a genetic
diagnosis and the group of idiopathic cerebral palsy with no
genetic diagnosis (Table 3). In the first group, spastic tetraparesis is
more frequent as a type of CP, has a higher frequency of epilepsy,
and greater motor impairment.

DISCUSSION

There are very few studies published to determine the prevalence
and characteristics of CNVs and/or point mutations in children
with CP of unknown etiology.'®">™"” McMichael et al.'® studied
children with CP in 50 Caucasian families using two microarray
designs. They found 14 CNVs of potential pathogenic relevance
(20%), but most were inherited from an unaffected parent (11/14),
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Pathogenic or potentially pathogenic variants detected in our patients by NGS analysis.

Table 2.

Pathogenicity

Phenotype

Inheritance

Protein

Coding

Transcript

Inheritance type  Position (Hg19)

Case Gene

Pathogenic

Spastic paraplegia

Maternal
Paternal

p.Tyr519Ter
p.Lys14Ter

c.1557T>A
c40A>T

Chr1:114438614 NM_006594.4
Chr1:114447300 NM_006594.4

AP4B1 AR

1

Pathogenic

NM_022168.4

Pathogenic

Neurodevelopmental delay/epileptic

c.2317G>C p.Glu773GIn  De novo
encephalopathy

Chr2:163130442

AD

IFIH1

2

Likely pathogenic
Likely pathogenic

Spastic paraplegia

De novo

p.Glud42Lys

c.1324G> A
c.460C > G

NM_015915.4

NM_014946.3

Chr2:32361948

AD
AD

SPAST
ATLT

4
5

Spastic paraplegia

De novo

p.GIn154Glu
p.Lys192Met

NM_000291.3

Chr14:51058295
ChrX:77373601

Pathogenic

Neurodevelopmental delay

Maternal

c575A>T

X-linked

PGK1
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Table 3. Differences between the group of idiopathic cerebral palsy
with or without a genetic diagnosis.

With genetic diagnosis Without genetic diagnosis

Number of cases % Number of cases %

CP types
ST 4 445 6 64.5
SD 4 445 4 36.5
MX 1 1 1 9
Epilepsy 3 27 5 45
GMFS
110 5 45,5 4 36.4
V-V 6 55.5 7 63.6

CP cerebral palsy, ST spastic tetraparesis, SD spastic diplegia, MX mixed,
GMFCS gross motor function classification.

suggesting another genetic or environmental contributing factor.
Segel et al.'”> found 19% pathogenic CNVs in patients with
cryptogenic CP. The majority of these CNVs were de novo and of
large size (median 3 Mb). However, these CNVs were present in
patients with dysmorphism and non-motor comorbidities, espe-
cially ID. These features are present in many unspecific
neurodevelopmental disorders, but none are included in the
concept of idiopathic CP. A systematic study carried out by Oskoui
et al.> determined a 7% de novo CNV rate in a CP cohort, but they
included an unselected series of children, such as a patient with
Wolf-Hirschhorn syndrome. On the other hand, by whole-exome
sequencing, McMichael et al.® found that 14% of the 98 case-
parent trios had variants that were putatively disease causing in
five known pathogenic genes (KDM5C, SCN8A, TUBAITA, L1CAM,
and PAK3) and eight novel candidate genes (TENM1, AGAPI,
CD99L2, WIPI2, MAST1, JHDM1D, NAA35, and RFX2).° In recent
years, genetic studies performed by whole-exome sequencing
analysis have identified a greater number of patients with CP and
genetic mutations. Takezawa et al.'® identified pathogenic/likely
pathogenic variants in 9 out of 17 cases (52.9%) and no
pathogenic CNVs were identified in a subgroup of CP patients
selected by two simple criteria: (i) gestational age of 37 weeks or
more and (ii) normal or nonspecific brain MRI findings. In the study
of a Greek tertiary care center published in 2019,'” a group of 47
patients with a clinical picture regarded as CP were included. They
found the underlying genetic molecular diagnosis in 23 patients
(49%). In this regard, our results constitute one of the first
publications in a series of idiopathic CP in which no CNV was
found through the array technology and with the highest
detection rate of NGS studies (11/20 or 55% of cases with a
genetic diagnosis).

We identified candidate pathogenic variants of three HSP-
related genes in five patients: AP4B1 (case 1), SPAST (case 4), and
ATLT (case 5, 11 and 18), which represents 45% of the total
number of cases with a genetic diagnosis and 25% of the total
series. HSP is a very heterogeneous group of neurodegenerative
disorders characterized by progressive spasticity and weakness of
the lower limbs. Traditionally, it is classified as either the pure or
the complicated form, depending on the presence of additional
neurological features.'® The mean age at onset of symptoms in
HSP is 18.9 years old. HSP is genetically very heterogeneous, with
at least 77 different loci and 60 associated genes. Our cases were
non-progressive and the onset of symptoms was in the infancy.
SPAST and ATLT mutations are the most frequently mutated genes
identified in HSP.'°

Distinguishing between genetic forms of CP and HSP can be
clinically very difficult, especially as new expanding phenotypes of
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both are continuously being described. This can be seen in AP4M1
mutations, which cause both CP (OMIM#603513) and HSP (OMIM
#614066). In the future, boundaries between genetic CP and HSP will
probably become more subtle, and therefore the term “CP
spectrum,” already described by different authors, could be used
more widely. We have identified two patients with mutations in
genes previously related to Aicardi-Goutiéres syndrome, RNASEH2B
(case 20) and IFHI (case 2) genes, which correspond to subtypes 2
and 7, respectively, of the genetic classification of this syndrome.
The classic form of the syndrome described by Jean Aicardi and
Francoise Goutiéres is characterized by early-onset encephalopathy,
progressive course, and basal ganglia calcification.® However, in
recent years, atypical phenotypes have been described, including
the absence of basal ganglia calcification’’ or late onset.?* The
RNASEH2B-mutated patient presented a non-progressive course with
white matter abnormalities, but no calcifications. The patient with
IFHI mutation apparently presented a progression during the first
year of life, but when we assessed him, the patient presented a static
picture, with SD and calcifications appeared posteriorly when he was
5 years old. The late onset of calcifications has been described in
other cases and is a reason for delayed diagnosis.?* Therefore, both
cases were atypical and the contribution of NGS to the diagnosis has
been essential.

Patient with GNBT mutation (case 17) had a phenotype similar to
those described in the literature.”> Motor involvement had a mixed
component, with dyskinesia in the arms and spasticity in the legs.
The patient had severe ID and growth retardation. She did not have
epilepsy, despite the fact that up to 50% of patients with mutations
in this gene have genitourinary nor gastrointestinal alterations.

In case 15, a pathogenic mutation was found in the GNAOT
gene. Mutations in this gene present two different phenotypes,
depending on the type of mutation found: early epileptic
encephalopathy (Ohtahara syndrome-like) and movement dis-
order mainly manifested with chorea or dystonia, but without
seizures. In all cases, there is an evident neurodevelopmental
delay.®* Although it is true that our patient indeed had seizures,
these appeared at 5 years of age and were controlled with
antiepileptic treatment; therefore, it cannot be classified as early
epileptic encephalopathy. In this case, tetraparesis together with
ID were the most prominent features of his phenotype. It is,
therefore, a novel phenotypic variant not yet described in GNAOT
mutation. An important aspect when evaluating our results and
those of other similar studies is the definition of CP, which is very
unspecific. CP is defined as a group of permanent disorders of
movement and posture development, causing mobility limitations
attributed to non-progressive disturbances that occurred in the
developing fetal or infant brain." It is, therefore, an umbrella term
and includes a heterogeneous group of disorders defined by the
clinical description and not by etiology or pathology.

The first problem that we encountered is that the definition of
CP is too broad and a heterogeneous number of processes can be
included, which hinders the comparison between series. For
instance, we have excluded polymalformative syndromes because
we have focused our research in patients with unidentified
etiology and we think patients with polymalformative syndromes
constitute a different scenario. However, a panel of international
CP register and surveillance researchers advise the inclusion of
these syndromes within the definition of CP, with genetic origin or
not, as long as they meet the criteria for this definition."’

Another complicated aspect of the syndromic diagnosis of CP is
the exclusion criteria of progressive disease. In this sense, the
aforementioned panel of experts recommends including patients
who may have experienced a regressive pattern in early ages and
since then behave like static encephalopathy. This is the case of
the two patients previously discussed with Aicardi-Goutiéres
syndrome who were included in our series.

At this moment, there is a wide debate about the relevance
of including patients with a found genetic mutation in the CP
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definition, taking into account that with the development of NGS
technologies, the number of these patients will increase.>® Thus,
should we reserve the term CP only for those patients with a
perinatal known etiology as hypoxic-ischemic encephalopathy or
periventricular leukomalacia, or should we consider the diagnosis
of CP to be a syndromic diagnosis and maintained whether or not
a genetic diagnosis is established? Different terms have been
proposed for those cases of CP in which a genetic diagnosis has
been made: CP mimics,®® masqueraders of CP,'® or even some
authors propose using the term CP spectrum disorders?®’ for the
whole range of CP regardless of the etiological diagnosis.

The accurate and precise patients’ selection, the use of a high-
throughput genetic platform, the selection of adequate target
genes, and the application of rigorous criteria for the clinical
interpretation of the variants found are the strengths of this study.
Based on our findings, NGS should be considered in all patients with
cryptogenic CP as the first line of workup at genetic diagnosis.

It has to be noted that our study has several limitations,
including the relatively small number of patients and the
heterogeneity in the genetic results detected. However, it reflects
real-life clinical practice in a large tertiary referral center and in the
complex clinical and genetic diagnosis of the cerebral palsy.
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