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Abstract

Background and Objectives
To expand the phenotype and genotype associated with PCYT2-related disorder.

Methods

Exome sequencing data from a patient with molecularly undiagnosed complex spastic para-
plegia and axonal motor and sensory polyneuropathy were analyzed. Clinical data and nerve
conduction studies of the patient and his affected brother were collected, and their phenotype
and genotype were compared with previously reported patients with PCYT2-related disorder.

Results

A novel homozygous missense variant in PCYT2 (NM_001184917.2) c.88T>G; p.(Cys30Gly)
was identified. This variant is located in a highly conserved tyrosine kinase site and is predicted
damaging by several variant annotation tools. Both patients reported here and the previously
published patients share several phenotypic features, including short stature, spastic tetrapa-
resis, cerebellar ataxia, epilepsy, and cognitive decline. Axonal polyneuropathy, diagnosed in
both brothers, was not previously reported.

Discussion

This family with a novel PCYT2 variant expands the clinical spectrum of PCYT2-related disorder
to include axonal motor and sensory polyneuropathy and the genetic spectrum to include the
variant located in the first catalytic domain, whereas all previously reported variants are located in
the second catalytic domain. Further research is required to disentangle the underlying patho-
physiologic mechanisms, leading to the complex phenotype of PCYT2-related disorder.
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Glossary

CTP = cytidylyltransferase; ES = exome sequencing; ET = CTP:phosphoethanolamine cytidylyltransferase.

Lipid metabolic pathways play an important role in the eti-
ology of the motor neuron diseases, a group of clinically and
genetically heterogeneous disorders characterized by the
progressive degeneration of upper and/or lower motor neu-
rons." Biallelic pathogenic variants in PCYT2 encoding CTP:
phosphoethanolamine cytidylyltransferase (ET), the rate-
limiting enzyme in phosphoethanolamine biosynthesis, have
recently been associated with a clinical spectrum ranging from
pure to complex spastic paraplegia syndrome, characterized
by spastic tetraparesis, intellectual disability, short stature,
progressive cerebral and cerebellar atrophy, epilepsy, and
ophthalmologic abnormalities.>®

Here, we report 2 patients, adult brothers, with a homozygous
missense variant in PCYT2 who had axonal motor and sensory
polyneuropathy in addition to a mild form of complex he-
reditary spastic paraplegia.

Methods

Clinical Investigations

The index patient was referred to the neurology department
because of complex spastic paraplegia syndrome. Physical and
neurologic examination and motor and sensory nerve con-
duction studies were performed. For neuropsychological as-
sessment, we used the Repeatable Battery for the Assessment
of Neuropsychological Status Update, which includes 12 tests
across S domains of cognition, including immediate memory,
visuospatial/constitutional, language, attention, and delayed
memory.”

Genetic Analyses

Exome sequencing (ES) was performed on genomic DNA of
the index patient using the Illumina Nextera Rapid Capture
Expanded Exome Kit for exome enrichment and sequenced
on the Illumina NextSeq 550 sequencer and the data ana-
lyzed as previously described.® Briefly, ES data were analyzed
in accordance with Genome Analysis Toolkit best practice
guidelines, using the bwa 0.7.2 algorithm for the alignment
of short sequencing reads and Genome Analysis Toolkit 3.5
toolkit for the detection of short sequence variation. The
variants were annotated and their impact predicted using
snpEft v4.3 software. Precomputed predictions of pathoge-
nicity were obtained from the dbNSFP v2.0 database. A
variety of predictors were used to predict the anticipated
effect of the identified variants, including classical predictors
(SIFT, PolyPhen2, and MutationTaster) and meta-
predictors (MetaSVM, CADD, and REVEL). Sanger se-
quencing was performed to confirm the PCYT2 variant in
the index patient and his affected brother and to test the
carrier status in the parents.
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Standard Protocol Approvals, Registrations,
and Patient Consents

Genetic studies were performed in a diagnostic context after
written informed consent. Written informed consent in-
cluding consent to publish photographs was obtained.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results

Clinical Findings

The patients are the only children of healthy, non-
consanguineous parents. There is no family history of neurologic
disease. Patient 1 (IL:1) is a 41-year-old man (Figure 1A). He
first presented with balance problems at age 14 months when he
started walking. At 19 months, his gait was unsteady and wide
based, and he was diagnosed with spastic paraparesis. At age 12
years, he was diagnosed with epilepsy. His seizures were mostly
tonic-clonic and well controlled with carbamazepine. In his
teens, he was diagnosed with myopia. He attended mainstream
school, finished secondary school, and got a job. At age 25 years,
he was retired due to gait instability and inability to walk. He had
dysarthria and urinary urge incontinence. At the initial exami-
nation at our clinic, at age 25 years, he was dysarthric and had
horizontal nystagmus, marked intention tremor, spasticity in the
upper and lower limbs, and polykinetic patellar and Achilles
reflexes. In addition, he showed signs of neuropathy on lower
limbs. He had muscle atrophy and weakness distal to the knees
(feet dorsiflexion 3/5; plantar flexion 4/5), high-arched feet, and
hammertoes, and he reported poor vibration and position per-
ception in the distal parts of the lower limbs. By age 41 years, his
condition deteriorated significantly. He was completely wheel-
chair dependent and cachectic and had cognitive decline with
psychosis. He complained of chronic generalized pain, which
was unresponsive to pharmacologic and nonpharmacologic
treatment. The pain worsened after some analgesics, such as
piritramide, and after food intake, causing him to refuse it. On
examination, he was 150 cm tall (—4.1 SD), weighed 38 kg (body
mass index 16.89 kg/ m?), and had a head circumference of 54.5
cm (-0.7 SD). He had pendular nystagmus in all directions. In
the upper limbs, the interosseous muscles were bilaterally
hypotrophic and weak, muscle tone was increased, and myotatic
reflexes were brisk. In the lower limbs, hip and knee flexion
contractures (Figure 1B-C) and minimal movement of the toes
were noted in addition to the abnormalities already reported. He
wore glasses for myopia but had no additional vision problems.
Nerve conduction studies showed evidence of axonal motor and
sensory polyneuropathy (Table). Neuropsychological assess-
ment revealed cognitive deficits in the domain of verbal memory,
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Figure Genetic and Clinical Findings of the Investigated Individuals
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executive functions, and construction skills. The patient’s global
score was in the impaired range. His construction skills, semantic
fluency, and delayed recall of verbal information were impaired,
and perseveration errors were noted. List learning was in the
lower average range, whereas story memory was borderline
impaired. Visuospatial abilities, attention span, and delayed
memory were below average, whereas language ability was in the
average range. A brain MRI scan showed subtle, nonspecific T2
hyperintense, punctiform, frontoparietal white matter lesions
and mild parietal and cerebellar brain atrophy. In the last 2 years,
the number of generalized tonic-clonic seizures increased despite
treatment with topiramate and lacosamide. His EEG was ab-
normal with short periods of theta between alpha background
activity and with high-amplitude spike wave paroxysms, some-
times with frequencies of 4-5 Hz and paroxysms of polyspikes,
frontally or generalized.

Patient 2 (II:2) is a 53-year-old man, an older brother of patient
1, with milder clinical presentation. He presented with gait in-
stability at age 2 years and began using crutches at age 14 years.
At age 15 years, he had his first generalized tonic-clonic seizure.
The seizures were well controlled with methylphenobarbital.
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His condition slowly deteriorated and by age 39 years, he was
wheelchair dependent. He did not complain of vision problems.
At age 53 years, he had a short stature (150 cm; —4.1 SD) and
weighed 50 kg, and his head circumference was 57 cm (+0.7
SD). Neurologic examination showed dysarthria, mild saccadic
eye movements, and nystagmus. Spasticity, distal muscle atro-
phy, and weakness were noted in the upper and lower limbs.
Patellar reflexes were brisk, and Achilles reflexes were weak. The
feet were high arched, and hammertoes were present. He could
not feel vibration even on the crista iliaca; otherwise, sensory
impairment was noted distal to the forearms and knees. He
could not perform active movements with the lower limbs.
Signs of cerebellar dysfunction (intension tremor, dysmetria,
dysdiadochokinesia, and mild truncal ataxia) were present. He
denied problems with urine retention. Cognitive impairment
was similar as in patient 1, although of milder degree. His EMG
was also consistent with axonal motor and sensory neuropathy
(Table).

Genetic Analyses
Analysis of ES data identified a novel homozygous missense
variant in PCYT2 (NM_001184917.2):c88T>G p.(Cys30Gly)
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Table 1 Clinical Features of PCYT2 Patients and Summary of Motor and Sensory Nerve Conduction Studies

Ten previously reported

Patient 1 Patient 2 patients*®
General information
Sex Male Male 8 male/2 female
Age at last assessment (y) 41 53 2.5-59
Age at onset (y) 1.2 2 0-17 (6 younger than 1)
The first sign of the disease Gait instability Gait instability Global DD (5)
Gait instability (3); congenital
nystagmus and cataract (1)
Retinal dystrophy (1)
Development
Independent walking Yes Yes Yes (7/10)
Speech delay No No Yes (4/10)
Regression Yes Yes Yes (4/8)
Neurologic features
Seizures Yes (TCS) Yes (TCS) Yes (7/10) TCS (5), FS (2)
Visual impairment Myopia No Yes (7/10)
Sensorineural hearing loss No No Yes (2/10)
Examination
Short stature Yes Yes Yes (3/4)
Spasticity Yes Yes Yes (9/10)
Hyperreflexia Yes Yes Yes (10/10)
Nystagmus Yes Yes Yes (9/10)
Ataxia Yes Yes Yes (9/10)
Dysarthria Yes Yes Yes (2/10)
Muscle atrophy Distal on upper Distal on upper No
and lower limbs and lower limbs
Pes cavus and hammer toes Yes Yes No
Sensory deficits Yes Yes Yes (2/10)
Investigations
Brain MRI Abnormal n.d. Abnormal (8/10)
Nerve conduction studies Abnormal Abnormal Normal (2/2)
Patient 1 (at age 41y) Patient 2 (at age 53 y)
Motor nerve conduction studies Motor nerve conduction studies
CMAP MNCV F latency - CMAP MNCV F latency -
latency (ms) (m/s) CMAP latency latency (ms) CMAP (mV) (m/s) CMAP latency
n. median 4.5 58 23 4.4 9 60 211
n. ulnar 3 64 22.8 37 7.2 50 223
Continued
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Table 1 Clinical Features of PCYT2 Patients and Summary of Motor and Sensory Nerve Conduction Studies (continued)

Patient 1 (at age 41y)

Patient 2 (at age 53 y)

Motor nerve conduction studies

Motor nerve conduction studies

CMAP MNCV F latency - CMAP MNCV F latency -
latency (ms) CMAP (mV) (m/s) CMAP latency latency (ms) CMAP (mV) (m/s) CMAP latency
n. fibular 7.7 0.3 38 33 0.7 46 353
n. tibial 4.6 3.7 48 39.9 33 0.6 66 40.7
Sensory nerve conduction studies Sensory nerve conduction studies
SNAP (uV) SNCV (m/s) SNAP (uV) SNCV (m/s)
n. median 1" 43 32 44
n. ulnar 1 53 28 45
n. sural 4 65 3 54

Abbreviations: CMAP = compound motor action potential; DD = developmental delay; FS = focal seizure; MNCV = motor nerve conduction velocity; n = not;
n. d. = not done; SNAP = sensory nerve action potential; SNCV = sensory nerve conduction velocity; TCS = tonic-clonic seizure.

Bold—Ilower or higher than 2 SD of normal values.

(Figure 1A). No significant homozygosity blocks were identified
in the ES data, and we did not detect pathogenic variants in other
polyneuropathy-related genes in the exome. Sanger sequencing
confirmed the homozygous state of the same PCYT2 variant in
the index patient and his affected brother. Both unaffected parents
were found to be heterozygous carriers of the variant (Figure 1A).
The identified variant was absent in databases (gnomAD and our
internal database). The nucleotide and amino acid position are
well conserved (Figure 1D), and theoretical predictors of path-
ogenicity consistently predicted a deleterious effect on protein
function for this amino acid substitution. MutationTaster, Poly-
Phen2, SIFT, and MetaSVM anticipated a likely or probably
damaging effect, and CADD and REVEL reported high patho-
genicity scores of 27.3 and 0.93, respectively. In addition, the
variant substitutes a cysteine residue that can form disulfide bonds
and thus may be important for maintaining protein structure. The
substitution is located in a highly conserved tyrosine kinase site
(RVWCDGCY; 24-31 amino acids) 5 residues N-terminal to the
HYGH catalytic motif (35-38 amino acids) in the first cytidy-
Iyltransferase (CTP) catalytic domain (Figure 1D).”

Discussion

Recently, biallelic pathogenic variants in PCYT2 have been
reported in 10 members of 9 independent families.”® Two
patients, a 32-year-old and a 59-year-old man, had a pure form
of spastic paraparesis™; all the others presented with a complex
spastic paraplegia syndrome. The individuals reported here
share several phenotypic features, including short stature,
spastic tetraparesis, cerebellar ataxia, epilepsy, and cognitive
decline (Table). In addition, they showed progressive axonal
motor and sensory polyneuropathy, evident in the third decade
of life, a feature not previously observed in PCYT2-related
disorders. Of S previously reported adult patients (age range of
20-59 years),”® nerve conduction studies were performed in 2
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of them and reported as normal.>* Clinically, one of them had
hypopallesthesia of the ankles,* and the other had loss of vi-
bration sense in the lower limbs and mild loss of proprioception
in the feet.?

A wide phenotypic spectrum has been reported in patients
with PCYT2-related disorders with varying time of onset,
from birth to the second decade of life, different initial pre-
senting symptoms, and varying severity, ranging from normal
development to severe developmental delay and intellectual
disability. The phenotypic variability is partly associated with
the classical phenotypic variability in inborn errors of me-
tabolism but could also be due to the type and location of the
PCYT?2 variant.

Ten variants in PCYT2 have been associated with PCYT2-
related disorders, and all were located in the second CTP
catalytic domain.>® Six of these were missense (Figure 1D).
The variant detected in this study is located in the first CTP
catalytic domain. No pathogenic variant has yet been de-
scribed in this domain, but there are several lines of reasoning
supporting its importance: (1) both CTP domains are im-
portant for enzyme activity,'® (2) the first CTP domain is
thought to contribute mainly to the catalytic reaction of ET,""
and (3) the first CTP domain is part of all 3 known isoforms,
whereas the second CTP domain, the hotspot of previously
reported variants, is present in 2 of them."’

In summary, we presented a family with biallelic varjants in
PCYT2 and showed that not only missense variants in the
second CPT domain but also variants in the first CPT domain
lead to the PCYT2-related disorders. In addition, the patients
exhibited axonal motor and sensory polyneuropathy, which
represents a new phenotypic entity of PCYT2-related disorders
and expands the spectrum of the disease. Although poly-
neuropathy has not been previously reported in patients with
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PCYT2-related disorder, it has been associated with pathogenic
variants in genes involved in phosphatidylethanolamine bio-
synthesis such as PNPLAG.""* Further reports and studies are
needed to clarify whether polyneuropathy is a low penetrant
sign in PCYT2-related disorders or is related to a specific lo-
cation of variants in PCYT2.
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