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Objectives: Hereditary spastic paraplegia (HSP) is a genetically heterogeneous
disease caused by over 70 genes, with a significant number of patients still
genetically unsolved. In this study, we recruited a suspected HSP family charac-
terized by spasticity, developmental delay, ataxia and hypomyelination, and
intended to reveal its molecular etiology by whole exome sequencing (WES)
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individuals of the family to identify the causative mutations, including analyses
of SNVs (single-nucleotide variants) and CNVs (copy number variants). Accu-
rate circular consensus (CCS) long-read sequencing (LRS) was used to verify
the findings of CNV analysis from WES. Results: SNVs analysis identified a
missense variant ¢.195G>T (p.E65D) of MORF4L2 at Xq22.2 co-segregating in
this family from WES data. Further CNVs analysis revealed a microdeletion,
which was adjacent to the MORF4L2 gene, also co-segregating in this family.
LRS verified this microdeletion and confirmed the deletion range (chrX:
103,690,507-103,715,018, hg38) with high resolution at nucleotide level accu-
racy. Interpretations: In this study, we identified an Xq22.2 microdeletion
(about 24.5 kb), which contains distal enhancers of the PLPI gene, as a likely
cause of SPG2 in this family. The lack of distal enhancers may result in tran-
scriptional repression of PLPI in oligodendrocytes, potentially affecting its role
in the maintenance of myelin, and causing SPG2 phenotype. This study has
highlighted the importance of noncoding genomic alterations in the genetic eti-
ology of SPG2.
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associated with additional manifestations such as intellec-

Introduction tual disability, peripheral neuropathy, seizures, visual

Hereditary spastic paraplegia (HSP) is a genetically and
clinically heterogeneous group of inherited neurodevelop-
mental or neurodegenerative diseases, with a prevalence
of one to ten per 100,000 individuals worldwide.! The
core clinical manifestations include spasticity of lower
extremities, hyperreflexia, and extensor plantar reflexes.”
HSPs are clinically categorized as pure and complicated
forms. The pure form is generally limited to lower
extremities spasticity, with or without urinary symptoms
or sensory dysfunction The complicated form of HSP is

abnormality, ataxia, etc.”* To date, there are more than
70 genes that have been described to be associated with
HSP. All inheritance patterns were involved in HSP,
including Mendelian (autosomal dominant, autosomal
recessive, and X-linked) and non-Mendelian (mitochon-
drial transmission). However, there are still a considerable
number of genetically unsolved patients.

The PLPI gene is located at Xq22.2 and is responsible
for encoding proteolipid protein 1, an abundant mem-
brane protein found in the myelin of the central neural
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system (CNS).> Notably, PLPI exhibits dosage sensitivity,
resulting in disease traits by copy number gains and
losses. Compared to duplications or point mutations,
PLPI null mutations are known to manifest with milder
neurological symptoms. These
accompanied by peripheral neuropathy and are most

mutations are often
commonly associated with hereditary spastic paraplegia 2
(SPG2).°

Recent advances in novel sequencing technology allow
entire DNA sequences to be queried for disease-causing
genetic variants, including noncoding regions. Noncoding
sequences are segments of the genome that do not encode
proteins, but they play crucial roles in gene regulation.
Because Pelizacus—Merzbacher disease (PMD)/SPG2 can
result from overexpression or under-expression, proper
regulation of PLPI expressions is physiologically signifi-
cant. Enhancers are regulatory elements that can activate
the expression of nearby genes, and several enhancer
mutations have been linked to congenital disorders.” A
recent study identified two distal PLPI enhancers, EC1
and EC2, located between MORF4L2 and GLRA4, and
experimentally validated them as oligodendrocyte-specific
transcription of PLPI gene.”

Herein, we reported the clinical manifestations of a
family affected by hereditary SPG2, and identified the
deletion of distal enhancers of PLPI as a likely genetic
cause of SPG2 in this family. We also provided a sum-
mary and comparison of the genotype—phenotype correla-
tions between our patients and other individuals with
null PLPI mutations.

Methods

Participants

Two affected individuals and 11 healthy unaffected mem-
bers from a Chinese family were included in this study
(Fig. 1A). All individuals were subjected to thorough neu-
rological examinations by at least two experienced neurol-
ogists. Brain and spinal MRIs were performed in all 13
family members, and the brainstem auditory evoked
potentials (BAEP) and nerve conduction study (NCS)
were performed in the two affected individuals. The
severity of spastic paraplegia was evaluated by the Spastic
Paraplegia Rating Scale (SPRS). The cognition was
assessed by Mini-Mental State Examination (MMSE),
Clinical Dementia Rating (CDR), and Neuropsychiatric
Inventory (NPI). Genomic DNA was extracted from
peripheral blood leucocytes using QIAamp DNA Mini
Kit/DNeasy Plant Mini Kit® (QIAGEN). The project was
approved by Xiangya Hospital, Central South University.
Informed consents were obtained from the proband and
other family members involved in this study.
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Whole exome sequencing and multiplex
ligation-dependent probe amplification

Whole exome sequencing (WES) was performed to detect
potential causal single-nucleotide variants (SNVs) in all
13 individuals (I-1, I-2, I-3, 1-4, 1I-1, II-2, 1I-3, 1I-4, II-5,
1I-6, 1I-7, 1II-1, and III-2). The exome sequences were
efficiently enriched from 0.4 png genomic DNA using Agi-
lent liquid capture system (Agilent SureSelect Human All
Exon V6) according to the manufacturer’s protocol, with
2 x 150 bp sequencing mode. The sequencing data used
the BWA-GATK-ANNOVAR analysis pipeline. Burrows—
Wheeler Aligner (BWA) was performed to align the reads
to human reference genome (GCRH37/hgl9). Genome
Analysis Toolkit (GATK) was used for variant calling and
filtering, and the variants were annotated using ANNO-
VAR. The classification of variants was according to the
guidelines of the American College of Medical Genetics
and Genomics (ACMG).

The multiplex ligation-dependent probe amplification
(MLPA) kit (SALSA MLPA probemix P165 and P213,
MRC-Holland) was used to detect the extent of large
deletions or duplications of several spastic paraplegia
associated genes, including SPAST, ATLI1, REEPI, and
SPG7. MLPA results were analyzed by Coffalyer.net
software.

Long-read whole genome sequencing

LRS was performed to further detect the potential struc-
tural variants in III-1. The integrity of the DNA was
determined with the Agilent 4200 Bioanalyzer (Agilent
Technologies, Palo Alto, California). Fifteen micrograms
of genomic DNA were sheared using g-Tubes (Covaris),
and concentrated using AMPure PB magnetic beads. Each
SMRT bell library was constructed by SMRTbell express
template prep kit 2.0 (Pacific Biosciences). The libraries
were size-selected on a BluePippin™ system for molecules
>11 kb, followed by primer annealing and SMRT bell
templates binding to polymerases using the DNA/poly-
merase binding kit. Sequencing was carried out on the
Pacific Bioscience Sequel II platform for 30 h. Long reads
were aligned to the reference genome (GRCh38/hg38)
using NGMLR. Structural variations (SVs) were detected
by sniffles and annotation by ANNOVAR.

Polymerase chain reaction

PCR was used to verify the breakpoint from long-read
sequencing. Forward primer (5'-ACCTGGATAATTCCTGG-
CATA-3') and reverse primer were designed (5-GGACT-
GAGGGATGGTGAATG-3') to span the deletion. Intronic
primers were designed for the PCR amplification to cover
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Figure 1. (A) Family tree. (B) T2-weighted image (T2WI) and fluid-attenuated inversion recovery (FLAIR) revealed symmetric, diffuse hyperintensity
in the periventricular white matter and the posterior limbs of the internal capsule in lll-1, lll-2, and II-5. Brain atrophy is shown in lll-1, and II-1
presented normal brain MRI.
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the whole intron 3 of PLPI gene to exclude the hypomyeli-
nation of early myelinating structures (HEMS) causing
alteration (Intron3-A, 5-CTCATTCTTTGGAGCGGGTG-3'
and  5'-ATTGCTGGAACCCACACATG-3',  Intron3-B,
5'-CCATGCTTTGAGTGAGGTGC-3' and 5'-AAGCACCCG
TACCCTAACTC-3'). The following thermal conditions
were used: initial denaturation at 94°C for 1 min, followed
by 30 cycles for 94°C for 30 s, 62°C for 30 s, and 72°C for
2 min. The PCR products were analyzed by electrophoresis
on a 1.2% agarose gel and Sanger sequencing.

Results

Clinical findings in the investigated family

The clinical features of individuals affected by microdele-
tion were summarized in Table 1. The proband (III-1) is
an 18-year-old man who was born after normal preg-
nancy and delivery. While his infantile development was
normal, his parents observed delays in his motor develop-
ment, including poor jumping and running ability at the
age of 2 years. At the age of 6 years, he demonstrated
poor learning and athletic ability compared to his peers.
Furthermore, at 8 years old, he developed a spastic gait,
poor coordination, and dysarthria, which progressively
worsened. He did not show any signs of epilepsy or extra-
pyramidal signs. He has reported poor eyesight since
childhood, and his ophthalmoscope revealed optic atro-
phy. At 18 years old, he was admitted to our hospital.
His eye movements were not restricted, and nystagmus
was detected. Neurologic examinations of his lower
extremities showed hyperactive reflexes and extensor
plantar reflexes. Motor-evoked potential (MEP) tests were
abnormal in the upper and lower extremities. The brain
magnetic resonance image (MRI) showed atrophy and
hyperintensity in the cerebral white matter (Fig. 1B). His
8-year-old younger brother (III-2) had similar phenotypes
and MRI also revealed hyperintensity (Fig. 1B). Although
their parents did not report any abnormal clinical pheno-
types, the neurological examination of the proband’s
mother (II-5) revealed hyperactive reflexes in both lower
extremities and induced extensor plantar reflexes. Addi-
tionally, the brain MRI of the proband’s mother (II-5)
also showed abnormal hyperintensity in the white matter
(Fig. 1B). Both her parents (I-3 and I-4), and other family
members (I-1, 1-2, II-1, II-2, II-3, 1I-4, II-6, and II-7)
showed normal brain MRIL

Whole exome sequencing

WES and MLPA did not reveal any known causative
genes for HSP. WES revealed a missense variant
c.195G>T (p.E65D) in MORF4L2 (GCRh37/hgl9), which

Enhancers Deletion Causing SPG2

co-segregated in three affected individuals but not in 10
unaffected members, with MAF <0.001 in FEast Asian
(EAS) populations of the ExAC, GnomAD genome, Gno-
mAD exome, and our in-house database. In silico damage
prediction was conducted using multiple metrics evalua-
tion, including the ReVe score (score 0.136),” CADD
PHRED score (score 9.099), REVEL rank score (score
0.014), and SIFT score (score 0.319). MORF4L?2 is located
on Xq22.2 and encodes mortality factor 4-like protein 2,
a component of the NuA4 histone acetyltransferase com-
plex that is involved in transcriptional activation.
MORF4L2 is expressed in over 200 tissues, including
brain tissue. As Xq22 is known for its genomic instability,
we performed CNV (copy number variation) analysis in
this region. The brothers (III-1 and III-2) and their
mother (II-5) shared a single CNV, which was a deletion
of the GLRA4 and TMEM31 gene, just located adjacent to
MORF4L2. The variant ¢.195G>T (p.E65D) in MORF4L2
gene is possibly linked to this CNV. Evaluation of the
BAM file showed hemizygous deletion of the siblings, and
possibly heterozygous deletion of their mother (II-5)
(Supporting Information Figure S1). However, the dele-
tion range and breakpoint were not available from the
WES data.

Long-read whole genome sequencing
successfully detected the mutation

As the deletion range and breakpoint could not be accu-
rately identified by WES, we performed long-read whole
genome sequencing on the PacBio Sequel platform to
investigate potential complex SVs. Within the suspected
region, we did observe a microdeletion of 24,512 bp at
Xq22.2 (chrX: 103,690,507-103,715,018, GCRh38/hg38) in
patient III-1 (Fig. 2B-D), supported by all reads with a
high-resolution deletion breakpoint. This microdeletion
partially involved one antisense RNA (asRNA) and two
genes: MORF4L2-AS1 (exon 1 deletion), GLRA4 (exonl
and exon 2 deletions), and TMEM31 (exon 8 and exon9
deletions) (Fig. 2A). By aligning the sequences to the ref-
erence genome, we obtained complete information on the
breakpoint junctions and the flanking regions. Moreover,
we identified a 5 bp (AGACA) microhomology region at
the breakpoint (Figs. 2D and E, 3B and C). Then we ana-
lyzed the sequence flanking of each breakpoint, but we
did not observe any inversion or duplication at the break-
point or flanking sequence.

Variant verification

We conducted PCR and Sanger sequencing to validate
the breakpoint of the deletion and confirm the results of
long-read sequencing. The electrophoresis on a 1.2%
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Table 1. The clinical characteristics of a family affected by hereditary SPG2.

Clinical
features -1 II-2 I-5

Gender Male Male Female
Age at onset, 2 2 —
yrs
Current age, 18 8 —
yrs
UU/LL spasticity —/+ —/+ —/—
ULL —/— —/- —/—
weakness
Visual system  Refractive anomaly Refractive anomaly —
Cognitive MCI MClI Normal
function
Developmental
delay
Gastrointestinal — — —
Urinary/fecal
urgency or
incontinence
Extensor + + +
plantar reflex
Hyperactive + + +
reflexes
Sensory deficits
Dysarthria
Ataxia
Muscle atrophy — — —
Seizure - — —
Retinopathy - - -
Deafness -
Optic atrophy
Nystagmus
Extrapyramidal — - -
involvement
Pain - — —
Behavior - — —
abnormal
Facial - — —
dysmorphism
SPRS 16 8 NA
Brain MRI Symmetric and diffuse hyperintensity in the Symmetric and diffuse hyperintensity in the Mild hyperintensity in the
periventricular white matter and the periventricular white matter and the periventricular white matter and the
posterior limbs of the internal capsule posterior limbs of the internal capsule posterior limbs of the internal
capsule
Spinal cord — — —
MRI
Peripheral Normal Normal NA
neuropathy
MEP + + NA
SEP — — NA
VEP + + NA
MMSE 23 NA 27
CDR 0.5 NA 0
NPI 0 NA 0

+
+
|

+ o+
+ o+

+ +
+ +
|

Abbreviations: CDR, Clinical Dementia Rating; LL, lower limb; MCI, mild cognitive impairment; MEP, motor-evoked potentials; MMSE, Mini-Mental
State Examination; NA, not available; NCS, nerve conduction studies; NPI, Neuropsychiatric Inventory; SEP, sensory-evoked potentials; UL, upper
limb; VEP, visual evoked potentials.
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Figure 2. (A) Diagrammatic sketch of the deletion. (B) The deletion shown in Integrative Genomics Viewer (IGV) from the original BAM file of
the proband. (C, D) The breakpoint (red arrow) of deletion.
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Figure 3. (A) Confirmation of the deletion of the genes by agarose gel electrophoresis of PCR products. Chromosomal DNA of the mutant
strains served as the template for PCR (lll-1, lll-2, and II-5). Fragments of the wild type strain were too long to obtain PCR products. (B) Validation
of the breakpoints by Sanger sequencing. (C) Sequence data for the breakpoint junction and microhomologies are marked in red letter. Proximal
reference is marked in blue, and distal reference is marked in orange. (D) There were no alterations in regions wherein previously reported as

HEMS-causing mutations.

agarose gel of PCR products showed lanes of approxi-
mately 560 bp in II-5, III-1, and III-2, while no frag-
ments were detected in other unaffected family members
due to the long fragment sizes from the wild type.
(Fig. 3A). This deletion was inherited from the asymp-
tomatic mother (II-5) and was a de novo origin in II-5.
Results from Sanger sequencing were consistent with
those of LRS (Fig. 3B). No variants were detected in
intron 3 of the PLPI gene by Sanger sequencing
(Fig. 3D).

1596

Discussion

In the present study, we reported a family with hereditary
SPG2 and identified a novel microdeletion of 24.5 kb at
Xq22.2 co-segregated in this family. This microdeletion is
located between MORF4L2 and GLRA4 and contains two
distal enhancers of the PLPI gene reported previously.®
Although there was a missense variant (MORF4L2
¢.195G>T) revealed by SNV analysis in this family, it was
considered uncertain significance according to ACMG.
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Table 2. The clinical features of patients with PLPT null mutations.

Enhancers Deletion Causing SPG2

Patient 1 Patient 2 Patient 3
Clinical features -1 -2 BAB1379 BAB1684 Patient A (I-1) (II-2) (I-1) Patient 1 Patient 2 Patient 3
Classified type SPG2 SPG2 SPG2 SPG2 SPG2 SPG2 SPG2 SPG2 EONDT EONDT EONDT
Gender Male Male Male Male Male Male Female Female Female Female Female
Current age, yrs 18 8 10 10 2 29 31 59 3 7 19
Spasticity + + + + + + + + — — —
Intellectual MCI MCI NA Severe NA NA — Dementia  Severe delay Severe delay Severe
development/ delay delay
cognitive
function
Motor Moderate Moderate Severe Severe Moderate  Moderate Moderate  Almost Severe delay Severe delay Severe
development delay delay delay delay delay delay delay normal delay
Eyes Refractive Refractive NA — — — Nystagmus Nystagmus  Strabismus Divergent —
anomaly, anomaly, strabismus
nystagmus. nystagmus.
optic optic
atrophy atrophy
Gastrointestinal — — NA NA NA NA NA NA Gastroesophageal — Constipation
reflux
Dysarthria - — NA + + — — + + +
Dysphagia + + NA - NA + + — + — —
Ataxia + + NA NA + + - - NA NA NA
Abnormal — — NA NA NA NA NA NA Self-injury — Hitting
behaviors self-biting
fingers
Seizure - - NA - NA — — - + - +
Peripheral - - - NA NA NA NA NA NA NA NA
neuropathy
Facial — — NA NA NA NA NA NA + + +
dysmorphism
Hypomyelination ~— + + + + + + + — +
Abnormal corpus  — — - - - + + — — + +
callosum
NCV — - + + + + + + NA NA NA
BAEP + + + + + — - - NA + NA
Others — — — — — — — - Sleep disturbance  Hypersomnia Poor sleep
Ref the present  the present Inoue Inoue Torisu Matsufuli  Matsufuli  Matsufuli ~ Yamamoto Yamamoto  Yamamoto
study study et al. et al. et al. et al. etal. et al. etal. et al. etal.

Abbreviations: BAEP, brainstem auditory-evoked potentials; EONDT, early onset neurological disease trait; MCl, mild cognitive impairment;
NA, not available; NCV, nerve conduction studies; SPG2, spastic paraplegia type 2.

Notably, the MORF4L2 gene is located at Xq22.2, a region
with abundant low copy repeats (LCRs), that can contrib-
ute to genomic rearrangements. Therefore, we further
sought the possibility of potential causative CNV from
the WES data. CNVs analysis by WES revealed a microde-
letion at Xq22.2, which was further verified by LRS analy-
sis with accurate breakpoint mapping.

Xq22.2 encompasses 38 annotated genes (GCRh38/
hg38), including the PLPI gene. The mutations of PLPI
gene cause a spectrum of PLPI-related disorders, with dif-
ferences in age at onset, disease severity, brain MRI, and

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

electrophysiology. Duplications are the most common
mutations, accounting for 60%-70% of PLPI-ralated dis-
orders, and are linked to the classic PMD.'? Patients with
point mutations of PLPI are associated with variable phe-
notypes, which range from clinically mild to severe
form."" In contrast to duplications, deletions are signifi-
cantly rare and smaller in size, especially in males. It is
possible that large microdeletions are embryonic lethal
and only carriers of small deletions can survive.'” Our
patients exhibited symptoms of lower limbs spastic para-
plegia, motor development delay, intellectual disabilities,
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Patient 4 Patient 5 Patient B BAB2595 BAB2650 BAB8120 BAB12522 BAB8201 BAB8204
Unclassified Unclassified SPG2 EONDT EONDT EONDT EONDT SPG2 SPG2

Female Female Male Female Female Female Female Male Male

1 7 16 13 9 3.5 8 15 16

- - + + + + + + +

Severe delay Severe delay  NA Severe delay Severe delay

Mild Severe delay  Delay Severe delay Severe delay
delay
— Strabismus Nystagmus  Strabismus Strabismus,
nystagmus
Gastroesophageal — NA Gastroesophageal ~ Gastroesophageal
reflux reflux disease, reflux disease
constipation
+ + + NA NA
- - NA NA NA
NA NA NA NA NA
- Repetitive NA - -
hands to
month
NA NA NA - -
- - NA — +
NA + + + +
NA — — — +
NA NA NA NA NA
NA NA + - -
Poor sleep Impaired pain  — — —
perception.
‘Yamamoto Yamamoto Prior Hijazi Hijazi
et al. et al. et al. etal. et al.

Severe delay Severe delay — —

Severe delay Severe delay Severe delay Severe delay

Strabismus Strabismus, left amblyopia, ~ Strabismus  Strabismus
optic atrophy
Gastroesophageal reflux Gastroesophageal reflux Poor Gastroesophageal
disease disease, constipation appetite, reflux disease
G-tube
NA NA NA NA
NA NA NA NA
NA NA NA NA
Dystonia with occasional  hand-to-mouth and hand — —
stereotyped behavior wringing stereotypies,
and tongue protrusion irritable
_ + _ _
_ _ + _
+ _ _ _
+ + + +
_ + + _
NA NA NA NA
+ - + NA
— Ventricular septal defect, Peripheral —
decreased bone mineral neuropathy
density, hypothyroidism
Hijazi Hijazi Hijazi Hijazi
et al. et al. etal. etal.

and ataxia, which were consistent with SPG2. Notably,
recent studies have proposed a novel disease known as
“hypomyelination of early myelinating structures
(HEMS)”. It is caused by mutations in intron 3 or exon
3B, which lead to altered alternative splicing of PLP1/
DM20 and subsequent reduction in the PLP1/DM20
ratio.'>'* Individuals affected by HEMS exhibited brain
MRI images showing poor myelination in structures that
are normally myelinated during the early stages, such as
the brainstem, hilus of the dentate nucleus, posterior limb
of internal capsule (PLIC), and optic tracts.”'*'¢
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Conversely, patients with SPG2 exhibit the opposite MRI
results, characterized by relatively inadequate myelination
of structures that undergo myelination at a later age. This
finding is similar to what was observed in our patients.
Additionally, we performed Sanger sequencing on III-1,
III-2, and II-5 to further exclude HEMS (Fig. 3D).

Until now, there are 20 reported patients with null
PLP1 mutation, of which 11 were classified as SPG2, 7
presented as early-onset neurological disease trait
(EONDT), and 2 were unclassified'>!”?* (Table 2). In
these patients, motor development delay is the most
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common symptom (19 out of 20, 95%), followed by
intellectual development/cognitive function (13 out of 16,
81.3%), and spasticity (15 out of 20, 75%). All 11 SPG2
patients presented hypomyelination in brain MRI, with or
without a thin corpus callosum. While peripheral neurop-
athy symptoms were reported in only one SPG2 patient
(1 out of 5, 20%), decreased conduction velocities were
observed in five patients (5 out of 7, 71.4%), and the
remaining two patients exhibited normal nerve conduc-
tion velocities from our study. Compared to other null
PLP] cases, the clinical features of patients in our study
were relatively milder. We found the sporadic paraplegia
was limited to lower limbs, with moderate motor devel-
opment and mild cognitive impairment. Peripheral neu-
ropathy is commonly observed in patients with null
mutations. Interestingly, the patients in this study did not
exhibit any features of peripheral neuropathy and had
normal nerve conduction velocities. Analysis of BAEP
revealed reduced amplitude and prolonged central con-
duction time (CCT). Additionally, hypomyelination was
observed in the majority of white matter areas. These
findings suggest that this microdeletion primarily affects
central nervous system (CNS) while sparing the peripheral
nervous system (PNS).

The genomic arrangement at Xq22.2 involving PLPI is
a nonrecurrent event, and none of the published families

Enhancers Deletion Causing SPG2

showed the same Xq22-PLPI deletion (Fig. 4). All previ-
ously reported patients presented with SPG2 had a full or
partial deletion of PLPI (Table 3). However, the deletion
in our patients was located ~658 kb away from PLPI
gene. Therefore, it is unlikely that the associated clinical
features were caused by loss or alterations in the coding
regions of the PLP] gene. In the deletion region, we iden-
tified only the GLRA4 and TMEM31 genes, as well as the
MORF4L2 gene antisense RNA (MORF4L2-AS). GLRA4 is
a pseudogene and lacks the fourth transmembrane
domain, while TMEM31 encodes transmembrane protein
3, which has limited available information. Hence, it is
also unlikely that these genes contribute to the SPG2 phe-
notype. Recently, Kim et al. uncovered two distal PLPI
enhancers, EC1 and EC2, located between MORF4L2 and
GLRA4. Silencing either EC1 or EC2 resulted in a 47%-—
62% decrease in PLPI expression compared to Scrl, and
silencing both EC1 and EC2 resulted in greater suppres-
sion of PLPI expression.® Our study found the deletion
located at chrX:103,690,507-103,715,018 (hg38) contains
the both enhancers. Advanced experimental validation
showed that EC1 and EC2 are oligodendrocyte-specific
enhancers among various brain cells. The electromyogra-
phy analysis of our patients strongly supports the notion
that EC1 and EC2 play a crucial role in oligodendrocytes.
It is noteworthy that the contribution of enhancers to

EC1 TMEM31
ToEAL? EC2 GLRA4 H2BW1  ZCCHCS o osass
BEX3 RAB4OI.\r CEALS TCE':EF FaL2 |_ PLP1 RAB9B TVMSB15B H2BW2 | |_
i = FAM199X
R 1 T I
[ ! | | ! [ I I [
103,300,040 103,500,000 103,7p0,000 103,900,000 104,100,000 104,300,000
]

The pres'ent study

«—— EONDT-SRO ————>

Inoue et al. 2002 (BAB1379)

Inoue et al. 2002 (BAB1684)

Inoue et al. 2002 ‘H152‘

Torisu et al. 2012

Matsufuji et al. 2014 (Patient 1)

B Hijazi et al. 2019 (BAB8201)

B | Hijazi et al. 2019 (BAB8204)

Figure 4. Results of deletions mapping at Xg22. The EONDT-SRO is shown in the green box. The blue and red bars indicated the deletion

regions identified in patients with SPG2 phenotype.
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PLP] transcription in Schwann cells may be relatively
modest, as it does not result in a significant destabiliza-
tion of peripheral myelin. However, further investigation
is necessary to elucidate the underlying mechanism.
Another possible cause is that the deletion at chrX:
103,690,507—-103,715,018 (hg38) may regulate the expres-
sion level of the PLPI gene through a position effect. Lee
et al. reported a case of SPG2 with 135 to 185 kb down-
stream duplication of PLPI gene, suggesting that the
duplication may lead to silencing of the PLPI gene
through a position effect.”> However, there was no associ-
ated mechanism proposed.

LRS enables the generation of reads exceeding 10 kb in
length, and the PacBio platform offers high-fidelity reads
with greater than 99% accuracy.” Recently, LRS has
revealed tens of thousands of SVs of the genome and
helped to solve several pathogenic mutations that have
long gone unsolved.”> *’ Previous studies have used tradi-
tional technical methods such as fluorescent in situ
hybridization (FISH), multiplex ligation-dependent probe
amplification (MLPA), or array comparative genomic
hybridization (aCGH) to detect several SVs at Xq22.
However, these methods did not provide information on
the position of duplicated copies and were unable to
resolve breakpoints at the nucleotide sequence level.” In
this study, we used LRS whole genome sequencing to pre-
cisely map the deletion in the non-coding region and
found a 5 bp microhomology at the breakpoint joint.
Our study suggested that LRS is a powerful tool for
detecting causal structural variants in genetic disorders.

Conclusions

In this study, we identified a novel microdeletion (about
24.5 kb) at Xq22.2 in a Chinese SPG2 family by WES and
LRS, and it is the first report of SPG2 caused by the dele-
tion of distal enhancers of PLPI gene. The lack of distal
enhancers may result in transcriptional repression of
PLP] in oligodendrocytes, potentially affecting its role in
the maintenance of myelin, and causing SPG2 phenotype.
This study has highlighted the importance of noncoding
genomic alterations in the genetic etiology of SPG2.
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Supplemental Figure 1 Integrative Genomics Viewer
(IGV) visualization of BAM files showed large hemizy-
gous deletion in III-1 and III-2 (red box), and a possibly
heterozygous deletion in II-5 according to the sequencing

depth (red arrow) compared to her mother (1-4).
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