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Introduction

Abstract

Objective: Spastic paraplegia type 2 (SPG2) is an X-linked recessive (XLR)
form of hereditary spastic paraplegia (HSP) caused by mutations in proteolipid
protein 1 (PLPI) gene. We described the clinical and genetic features of three
unrelated families with PLP] mutations and reviewed PLPI-related cases world-
wide to summarize the genotype—phenotype correlations. Methods: The three
probands were 23, 26, and 27 years old, respectively, with progressively aggra-
vated walking difficulty as well as lower limb spasticity. Detailed physical exam-
ination showed elevated muscle tone, hyperreflexia, and Babinski signs in lower
limbs. Brain MRI examinations were investigated for all cases. PLPI mutations
were identified by whole exome sequencing, followed by Sanger sequencing,
family co-segregation, and phenotypic reevaluation. Results: A total of eight
patients with SPG2 were identified in these three families. The probands addi-
tionally had cognitive impairment, urinary or fecal incontinence, ataxia, and
white matter lesions (WML) in periventricular regions, with or without kinetic
tremor. Three hemizygous mutations in PLPI were identified, including
c.453+159G>A, c.834A>T (p.*278C), and c.434G>A (p.W145*), of which
c.834A>T was first associated with HSP. Interpretation: We identified three
families with complicated SPG2 due to three PLP1 mutations. Our study sup-
ports the clinically inter-and intra-family heterogeneity of SPG2. The periven-
tricular region WML and cognitive impairment are the most common
characteristics. The kinetic tremor in upper limbs was observed in 2/3 families,
suggesting the spectrum of PLP1-related disorders is still expanding.

categorized into pure or complicated forms on the basis
of clinical features.*”

Hereditary spastic paraplegia (HSP) is a highly clinically
and genetically heterogeneous group of neurodegenerative
diseases characterized by progressive spasticity of the
limbs."* They are characterized by length-
dependent corticospinal tract and dorsal column degener-

lower

ation with a prevalence ranging from 0.1 to 9.6/10°
around the world.” Currently, up to 101 genetic loci and
86 subtypes have been described in HSP, which can be

In 1957, Blumel et al.® first reported a family of
X-linked recessive (XLR) spastic paraplegia. Subsequently,
Keppen et al.” demonstrated the location of the locus for
this disorder, designated Spastic paraplegia type 2 (SPG2,
OMIM # 312920), in the middle of the long arm of the
X chromosome. Saugier-Veber et al.® found that prote-
olipid protein 1 (PLP1, NM_000533) is a possible candi-
date gene for SPG2 by narrowing the genetic interval in
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the X-linked SPG family reported by Bonneau et al.’
SPG2 is a rare subtype of XLR-HSP due to mutations in
PLPI gene. Therefore, males who carry a PLPI pathogenic
variant are mostly affected. However, neurological symp-
toms are occasionally observed in some female carri-
ers.'®! Clinical phenotypes of SPG2 compromise pure
and complicated forms usually occurring in the first dec-
ade of life."" The complicated form is characterized by
additional neurological dysfunctions, such as dysarthria,
ataxia, cognitive impairment, and nystagmus.'*"?

Here, we described the clinical and genetic features of
three families with SPG2, and further summarized the
genotype—phenotype correlations.

Material and Methods

Participants

We identified three probands fulfilling the diagnosis of
HSP according to progressive spasticity of lower limbs
and walking difficulty. All probands and their family
members were clinically examined.

Ethical approval

Written informed consent was obtained from the patients.
The ethics committee of Shanghai Sixth People’s Hospital
Affiliated to Shanghai Jiao Tong University School of
Medicine approved the study.

Mutation analysis

Genomic DNA was extracted from peripheral blood lym-
phocytes with a standard phenol/chloroform extraction
protocol. Healthy individuals (# = 300) of matched geo-
graphic ancestry were included as normal controls. Exome
sequencing was performed for the patients, using Agilent
SureSelect v6 reagents for capturing exons and Illumina
HiSeq X Ten platform. Alignment to human genome
assembly hgl9 (GRCh37) was carried out followed by
recalibration and variant calling. Population allele fre-
quencies compiled from public databases of normal
human variation [1000 Genomes (1000 g; http://browser.
1000genomes.org), the Exome Aggregation Consortium
(ExAC; http://exac.broadinstitute.org), dbSNP (https://
www.ncbi.nlm.nih.gov/projects/SNP/), NHLBI  Exome
Sequencing Project (ESP) Exome Variant Server (http://
evs.gs.washington.edu/EVS), and the Genome Aggregation
Database (gnomAD; http://gnomad-sg.org/)] were used to
initially filter the data to exclude variants at >19, fre-
quency in the population. The variants were further inter-
preted and classified according to the American College
of Medical Genetics and Genomics (ACMG) Standards

PLP1-Related SPG2 in Three Families

and Guidelines."* In this segment, two neurogeneticists
analyzed the inheritance pattern, allele frequency (from:
1000 g, ExAC, dbSNP, gnomAD, NHLBI Exome Sequenc-
ing Project (ESP) Exome Variant Server, and 300 healthy
controls), amino acid conservation, and nucleotide
pathogenicity prediction [Mutationtaster (http://www.
mutationtaster.org),  PolyPhen-2  (http://genetics.bwh.
harvard.edu/pph2/), and Scale-invariant feature transform
(SIFT; http://sift. jcvi.org)]. The variants were further
interpreted and classified according to the ACMG guide-
lines.'* Putative pathogenic variants were further con-
firmed by Sanger sequencing both forward and reverse
strands.

Results

Clinical findings

Family 1 was comprised of five generations including
six male patients presenting with progressive muscle
weakness and spasticity in lower limbs. The proband
T1866 (IV:5 in Fig. 1A) was a 23-year-old male, with
progressive gait disturbance for 5 years. During school
days, poor performances of physical education examina-
tions were recorded. His initial symptoms appeared at
the age of 18 when he had difficulty in running and
climbing stairs. Three years later, abnormal walking pos-
ture and pes valgus were noticed. His symptoms pro-
gressively aggravated and mild cognitive dysfunction was
noted at the age of 23. Physical examination showed
hyperreflexia, weakness (4/5 on a medical research coun-
cil scale graded 0-5), bilateral ankle clonus, and Babin-
ski signs in lower limbs. At the age of 23, he was able
to walk alone slowly with a scissors gait and occasion-
ally experienced urinary incontinence. He scored 10
points in Spastic Paraplegia Rating Scale (SPRS). Mag-
netic resonance imaging (MRI) of the brain showed
white matter lesions (WML) in the periventricular
regions (Fig. 2A). Nerve conduction studies showed
impairment of deep sensory pathways in both lower
extremities. The similar symptoms and physical exami-
nation results of his 29-year-old brother T2137 (IV:4 in
Fig. 1A) were recorded. However, he manifested with a
more complicated and much severer phenotype, includ-
ing platypodia, sensory disturbance of distal extremities,
kinetic tremor in upper limbs, delayed motor mile-
stones, mental retardation after birth, and schizophrenia
at the age of 17. Right now, he is still able to walk
alone slowly with a scissors gait without assistance. He
scored 17 points in SPRS.

In Family 2, the proband T6956 (II:1 in Fig. 1B) was a
26-year-old male with progressive unsteady gait and leg
stiffness for 5 years. He had severe ichthyosis for 19 years

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 329


http://browser.1000genomes.org
http://browser.1000genomes.org
http://exac.broadinstitute.org
https://www.ncbi.nlm.nih.gov/projects/SNP/
https://www.ncbi.nlm.nih.gov/projects/SNP/
http://evs.gs.washington.edu/EVS
http://evs.gs.washington.edu/EVS
http://gnomad-sg.org/
http://www.mutationtaster.org
http://www.mutationtaster.org
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://sift
http://jcvi.org

PLP1-Related SPG2 in Three Families

A

L. Yao et al.

C.453+159G>A
AACGTGGT

G

1:1 "2 1.7
V:1 | IV:2 IV:3 V4 /"IV:5
V:1 V:2 V:3

c.834A>T (p.*278C)
TCTGATCCC
T

fﬁ\ "

~ 3 | fy

BRAVAVAVAYATA

Fat A ’* A
PFAVAVS /\ -»\/ VAVAVAY

11 LA A

Human KLMGRGTKF|ICSPV

-8

AN

C.434G>A(p.W145%)
AAATGGCT

11 ﬂ;‘\.ﬁﬂ/\ TAVAVAYAY
,}'1).(\."“.'"'.'. B'I“l" F.S‘

/
11:1 }/\}/\/\ \/’f\\/\ /\/\;’ﬂk /\

Human ERVCHCLGK

Mouse KLMGRGTKF
Bovine KLMGRGTKF
Rat KLMGRGTKF

Chicken KLMGRGTKF

Mouse ERVCHCLGK
Bovine ERVCHCLGK
Rat ERVCHCLGK
Chicken QRVCQCLGK

WLGH
WLGH

WLGH
WLGH

Figure 1. Pedigree of three families with SPG2 and conservation analysis of the PLPT mutations among different species. The pedigree is shown
with squares representing males, circles representing females; black-filled symbol representing affected, the white symbol representing unaffected,
and the half white and half black symbol representing heterozygous carriers, respectively. (A) Pedigree of Family 1. Sequence chromatogram of
PLP1 gene displays one hemizygous intronic mutation c.453+159G>A in the proband (IV:5), which was identified in his mother (lll:4) and affected
brother (IV:4) but negative in his father (lll:5). (B) Pedigree of Family 2. Sequence chromatogram of PLP1 gene displays one hemizygous elongation
mutation ¢.834A>T (p.*278C) in the proband (Il:1), which was identified in his mother (I:2) but negative in his father (I:1). (C) Pedigree of Family
3. Sequence chromatogram of PLP1 gene displays one hemizygous de novo mutation of c.434G>A, p.W145* in the proband (II:1), which was
negative in both parents (I:1 and 1:2). (B,C) The mutations located in the highly conserved region of proteins are shown in the bottom half. Red

square frame: mutant amino acid.

and hyperuricemia for 4 years. The physical examination
showed hyperreflexia, weakness (4/5), bilateral ankle clo-
nus, and Babinski signs in the lower limbs. Recently, he
complained about a moderate decline in recent memory.
At the most recent outpatient visit, he was able to walk
independently on flat ground with a scissors gait. He
scored 12 points in SPRS. The results of MRI showed
WML in the periventricular regions (Fig. 2B) and multi-
ple Schmor!l’s nodes in lumbar vertebrae.

330

In Family 3, the proband T0650 (II:1 in Fig. 1C) was a
27-year-old male with gait disturbance. Leg weakness,
drag-to and toe-walking gait were first noted between the
age of 2 and 3 years old. Later on, he had kinetic tremor
in upper extremities, especially when taking chopsticks
and fastening buttons. He had fecal and urinary inconti-
nence since early childhood. Neurological examination
showed dysarthria, right horizontal nystagmus, and invol-
untary movements of lip with mild cognitive impairment.
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Figure 2. Brain MRI of patients with SPG2. (A) (patient T1866) and (B) (patient T6956) showed hypersignal intensity of white matter in

periventricular regions on Flair-weighted sequences.

He had reduced strength (4/5), and increased muscle tone
in his lower limbs, without muscle atrophy. Tendon
reflexes were brisk in lower limbs with bilateral ankle clo-
nus and bilateral Babinski signs. Abnormal results were
disclosed bilaterally during the finger-to-nose test, heel—
knee-tibia test, and Romberg test. The patient was able to
walk slowly with the help of walker with a scissor gait.
Brain MRI showed symmetrical diffuse hyperintensity in
bilateral paraventricular central semiovale, posterior limb
of internal capsule, corpus callosum, bilateral cerebello-
pontine brachium conjunctivum, and medulla oblongata
on T2-weighted sequences.

The detailed clinical features of the four patients are all
summarized in Table 1.

Genetic findings

A hemizygote intronic variation c.453+159G>A in PLPI
gene was identified in the proband (IV:5), his elder
brother (IV:4) and their mother (III:4) which was nega-
tive in the unaffected father (III:5) of Family 1 (Fig. 1A).
An elongation mutation c.834A>T (p.*278C) was dis-
closed in the proband (II:1) and his mother (I:2) but was
negative in the unaffected father (I:1) of Family 2
(Fig. 1B). In Family 3, a de novo nonsense variant
c434G>A (p.-W145*) was detected in the proband (II:1)
which was negative in both parents (I:1 and I:2, Fig. 1C).
The amino acid sites affected are all highly conserved

among different species. All of the three variants were not
identified in 300 healthy controls, 1000 Genome Project
(http://browser.1000genomes.org), NHLBI Exome
Sequencing Project (ESP) Exome Variant Server or ExAC,
and were predicted as “disease causing” by multiple sili-
con software. c.434G>A has been recorded in dbSNP
(rs132630292). According to ACMG guidelines,"* all the
variants in PLPI genes are classified as “pathogenic”
(Table 1).

Discussion

PLP1-related disorders include a wide spectrum of XLR
neurodegenerative dysfunctions. So far, a total of 392
PLPI mutations have been reported to be associated with
SPG2, multiple sclerosis, hypomyelination of early myeli-
nating structures (HEMS), Pelizaeus—Merzbacher disease
(PMD), autism, neurodevelopmental disorders, and early-
onset neurological disease trait (EONDT),"” *” which dif-
fer in the onset, severity of symptoms and neuroimaging
findings.'” Among these, PMD typically manifests as sev-
ere spasticity, ataxia, nystagmus, hypotonia, cognitive
impairment, WML, and shortened lifespan, usually with
onset in infancy or early childhood.”® However, SPG2
patients usually have normal life span.'' HEMS represents
an intermediate phenotype between PMD and pure
SPG2.*” Among these, sever PMDs are usually due to
duplication mutations and gross insertions,”® while milder
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Figure 3. Schematic diagram of PLP1 structure and summary of

Cogpnitive impairment + dysarthria - Cognitive impairment

genotype—phenotype correlations of SPG2. Mutation spectrum of SPG2. The

schematic diagram of PLP1 structure with all mutations in exons associated with SPG2 were highlighted with different colors. Intronic mutations
were listed in the left bottom. Genotype-phenotype correlations of SPG2 were highlighted with different colors. PLP1 is 30 kDa tetraspanin
protein with -NH; and -COOH termini in cytoplasm. Full length of PLP1 (NM_000533) contains four transmembrane domains [A (aa from 10-36);
B (aa 64-88); C (aa 152-177); D (aa 234-260)] and five topological domains [a (aa 2-9); A,B (aa 37-63); B,C (aa 89-151); C,D (aa 178-233); d

(aa 261-277)]. These mutations distributed in different domains,

(8.00%, 2/25), “B,C" (8/63, 12.70%), "C" (2/26, 7.69%), "C,D"

such as “a” (22.22%, 2/9aa), "A" (3.70%, 1/27), "AB" (0%, 0/27), "B"
(3/56, 5.36%), “D" (1/27, 3.70%), “d" (3/17, 17.65%). Yellow balls: amino

acids in topological domains; red balls: amino acids in transmembrane domains; green balls: known mutations associated with SPG2; purple balls:
mutations reported in this study; EC, extracellular; IC, intracellular; NH,, amino terminal; COOH, carboxyl terminal; aa, amino acids.

heterozygous carriers may develop late-onset gait distur- disability, and behavioral abnormalities).'®'® Furthermore,
bance, which is probably due to skewed inactivation of the the phenotypic heterogeneity of PLP1-related disorders
wild-type allele on the X chromosome.'””* Indeed, female =~ might be related with variable genetic background, the con-
carriers with a gross deletion in PLPI are likely to present tribution of genetic modifiers of PLP1 as well as the envi-

with  EONDT (severe developmental delay, intellectual ronmental factors.

64—66
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Cognitive impairment

44.44% (24/54) Peripheral neuropathy

11.11% (6/54)

Nystagmus 31.48% (17/54)
Dysarthria 29.63% (16/54
Ataxia 27.78% (15/54

Bladder dysfunction 20.37% (11/54 ASD

Babinski sign

LL hypertonia

LL hyperreflexia

LL weakness

Foot deformity 12.96% (7/54)

Spinal deformity 11.11% (6/54)
Amyotrophy 7.41% (4/54)
Leukoencephalopathy

Thin corpus callosum 8.89% (4/45)

Abnormal NCV

Sensory disturbance 11.11% (6/54)

Dysphagia 9.26% (5/54)

Mental disorder 7.41% (4/54)

5.56% (3/54)

Seizure j 3.70% (2/54)

35.19% (19/54) UL hypertonia

100.00% (54/54)

96.30% (52/54)

88.89% (48/54)

12.96% (7/54)

UL hyperreflexia 18.52% (10/54)
UL weakness 5.56% (3/54)
Tremors 9.26% (5/54)
88.89% (40/45)
64.71% (11/17)

Figure 4. Clinical features of SPG2 patients with PLP7 mutations. For each clinical feature, the proportion of patients is indicated. Blue: clinical
symptoms; yellow: physical examinations; green: imaging and electrophysiological findings. UL, upper limbs; LL, lower limbs; ASD, anal sphincter

dysfunction; NCV, nerve conduction velocity.

Excitingly, potential therapeutic targets for PLPI-
related disorders are emerging. Morpholino antisense oli-
gomers could significantly shift alternative splicing toward
PLPI expression in oligodendrocyte cell line.”” Colony-
stimulating factor 1 receptor (CSF-1R) inhibitor PLX3397
could significantly reduce resident microglia and T-
lymphocyte recruitment in the CNS of two PLP] mutant
mouse models.®*® In addition, umbilical cord blood
transplantation could delay the PMD’s progression and
improve myelination.”” Furthermore, cytotoxic drugs
VX680 or 5azadC successfully reversed the abnormal X-

chromosome inactivation and restored expression of the
wild-type allele in the female carrier-derived lympho-
blastoid cell line.”

Conclusion

Overall, our study reported three families with SPG2, in
combination with cognitive impairment, WML, with or
without ataxia and tremor. The kinetic tremor in upper
limbs was observed in 2/3 families, suggesting the spec-
trum of PLP1-related disorders is still expanding.

334 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.



L. Yao et al.

Acknowledgements

The authors appreciate all the participants for their con-
tributions.

Data Analysis

Li Yao, Wotu Tian, and Li Cao, Department of Neurol-
ogy, Shanghai Sixth People’s Hospital Affiliated to Shang-
hai Jiao Tong University School of Medicine, Shanghai,
200233, China.

Author Contributions

Li Yao and Zeyu Zhu contributed to data collection, anal-
ysis, and drafted the manuscript. Chao Zhang contributed
to data collection. Wotu Tian and Li Cao contributed to
study design and conceptualization, data acquisition, data
analysis, interpretation of data, and manuscript revision.

Conflict of Interest

The authors declare that they have no conflict of interest.

Disclosure

Prof. L Cao is in charge of National Natural Science
Foundation of China (No. 81870889 and 82071258). Dr.
Tian is in charge of National Natural Science Foundation
for Young Scholars of China (No. 82201398), China Post-
doctoral Science Foundation (No. 2022 M712117), Shang-
hai Pujiang Program (22PJD052), and Young Scholar
Cultivation Project of Basic Scientific Research in Shang-
hai Sixth People’s Hospital Affiliated to Shanghai Jiao
Tong University School of Medicine (No. YNQN202224).
The other co-authors report no disclosures relevant to the
manuscript.

Data Availability Statement

The original dataset used and analyzed for this study is
available from the corresponding author on reasonable
request.

References

1. Shribman S, Reid E, Crosby AH, Houlden H, Warner TT.
Hereditary spastic paraplegia: from diagnosis to emerging
therapeutic approaches. Lancet Neurol. 2019;18(12):1136-
1146. doi:10.1016/s1474-4422(19)30235-2

2. Hedera P. Hereditary spastic paraplegia overview. In:
Adam MP, Everman DB, Mirzaa GM, et al., eds.
GeneReviews(®). Seattle, WA, University of Washington;
2021.

10.

11.

12.

13.

14.

15.

16.

PLP1-Related SPG2 in Three Families

. Meyyazhagan A, Orlacchio A. Hereditary spastic

paraplegia: an update. Int J Mol Sci. 2022;23(3):35-39.
doi:10.3390/ijms23031697

. Harding AE. Classification of the hereditary ataxias and

paraplegias. Lancet. 1983;1(8334):1151-1155. d0i:10.1016/
s0140-6736(83)92879-9

. Murala S, Nagarajan E, Bollu PC. Hereditary spastic

paraplegia. Neurol Sci. 2021;42(3):883-894. doi:10.1007/
§10072-020-04981-7

. Blumel ], Evans EB, Eggers GW. Hereditary cerebral palsy;

a preliminary report. J Pediatr. 1957;50(4):454-458. doi:10.
1016/50022-3476(57)80255-8

. Keppen LD, Leppert MF, O’Connell P, et al. Etiological

heterogeneity in X-linked spastic paraplegia. Am ] Hum
Genet. 1987;41(5):933-943.

. Saugier-Veber P, Munnich A, Bonneau D, et al. X-linked

spastic paraplegia and Pelizaeus-Merzbacher disease are
allelic disorders at the proteolipid protein locus. Nat
Genet. 1994;6(3):257-262. doi:10.1038/ng0394-257

. Bonneau D, Rozet JM, Bulteau C, et al. X linked spastic

paraplegia (SPG2): clinical heterogeneity at a single gene
locus. ] Med Genet. 1993;30(5):381-384. doi:10.1136/jmg.
30.5.381

Rubegni A, Battisti C, Tessa A, et al. SPG2 mimicking
multiple sclerosis in a family identified using next
generation sequencing. ] Neurol Sci. 2017;375:198-202.
doi:10.1016/j.jns.2017.01.069

Wolf NI, van Spaendonk RML, Hobson GM, Kambholz J.
PLP1 disorders. In: Adam MP, Mirzaa GM, Pagon RA,

et al., eds. GeneReviews(®). University of Washington;
2019.

Inoue K. PLP1-related inherited dysmyelinating disorders:
Pelizaeus-Merzbacher disease and spastic paraplegia type 2.
Neurogenetics. 2005;6(1):1-16. doi:10.1007/s10048-004-
0207-y

de Souza PVS, de Rezende Pinto WBV, de Rezende
Batistella GN, Bortholin T, Oliveira AS. Hereditary spastic
paraplegia: clinical and genetic hallmark. Cerebellum.
2017;16(2):525-551. doi:10.1007/s12311-016-0803-z
Richards S, Aziz N, Bale S, et al. Standards and guidelines
for the interpretation of sequence variants: a joint
consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology. Genet Med. 2015;17(5):405-424.
doi:10.1038/gim.2015.30

Martin HC, Gardner EJ, Samocha KE, et al. The
contribution of X-linked coding variation to severe
developmental disorders. Nat Commun. 2021;12(1):627.
doi:10.1038/s41467-020-20852-3

Liu Y, Liu X, Qin D, et al. Clinical utility of next-
generation sequencing for developmental disorders in the
rehabilitation department: experiences from a single
Chinese center. ] Mol Neurosci. 2021;71(4):845-853.
doi:10.1007/s12031-020-01707-4

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 335


https://doi.org/10.1016/s1474-4422(19)30235-2
https://doi.org/10.3390/ijms23031697
https://doi.org/10.1016/s0140-6736(83)92879-9
https://doi.org/10.1016/s0140-6736(83)92879-9
https://doi.org/10.1007/s10072-020-04981-7
https://doi.org/10.1007/s10072-020-04981-7
https://doi.org/10.1016/s0022-3476(57)80255-8
https://doi.org/10.1016/s0022-3476(57)80255-8
https://doi.org/10.1038/ng0394-257
https://doi.org/10.1136/jmg.30.5.381
https://doi.org/10.1136/jmg.30.5.381
https://doi.org/10.1016/j.jns.2017.01.069
https://doi.org/10.1007/s10048-004-0207-y
https://doi.org/10.1007/s10048-004-0207-y
https://doi.org/10.1007/s12311-016-0803-z
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/s41467-020-20852-3
https://doi.org/10.1007/s12031-020-01707-4

PLP1-Related SPG2 in Three Families

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

336

Singh R, Samanta D. Pelizaeus-Merzbacher Disease.
StatPearls. StatPearls Publishing; 2022.

Hijazi H, Coelho FS, Gonzaga-Jauregui C, et al. Xq22
deletions and correlation with distinct neurological disease
traits in females: further evidence for a contiguous gene
syndrome. Hum Mutat. 2020;41(1):150-168. doi:10.1002/
humu.23902

Yamamoto T, Wilsdon A, Joss S, et al. An emerging
phenotype of Xq22 microdeletions in females with severe
intellectual disability, hypotonia and behavioral
abnormalities. ] Hum Genet. 2014;59(6):300-306. doi:10.
1038/jhg.2014.21

Warshawsky I, Rudick RA, Staugaitis SM, Natowicz MR.
Primary progressive multiple sclerosis as a phenotype of a
PLP1 gene mutation. Ann Neurol. 2005;58(3):470-473.
doi:10.1002/ana.20601

Cloake NC, Yan J, Aminian A, Pender MP, Greer JM.
PLP1 mutations in patients with multiple sclerosis:
identification of a new mutation and potential
pathogenicity of the mutations. J Clin Med. 2018;7
(10):342. do0i:10.3390/jcm7100342

Al-Mubarak B, Abouelhoda M, Omar A, et al. Whole
exome sequencing reveals inherited and de novo variants
in autism spectrum disorder: a trio study from Saudi
families. Sci Rep. 2017;7(1):5679. d0i:10.1038/s41598-017-
06033-1

Matthews AM, Blydt-Hansen I, Al-Jabri B, et al. Atypical
cerebral palsy: genomics analysis enables precision
medicine. Genet Med. 2019;21(7):1621-1628. doi:10.1038/
s41436-018-0376-y

Zhai Y, Zhang Z, Shi P, Martin DM, Kong X.
Incorporation of exome-based CNV analysis makes trio-
WES a more powerful tool for clinical diagnosis in
neurodevelopmental disorders: a retrospective study.

Hum Mutat. 2021;42(8):990-1004. do0i:10.1002/humu.24222
Alazami AM, Al-Qattan SM, Faqeih E, et al. Expanding
the clinical and genetic heterogeneity of hereditary
disorders of connective tissue. Hum Genet. 20165135
(5):525-540. d0i:10.1007/s00439-016-1660-z

Salinas V, Vega P, Marsili L, et al. The odyssey of complex
neurogenetic disorders: from undetermined to positive.
Am ] Med Genet C Semin Med Genet. 2020;184(4):876-
884. doi:10.1002/ajmg.c.31848

Kevelam SH, Taube JR, van Spaendonk RM, et al. Altered
PLP1 splicing causes hypomyelination of early myelinating
structures. Ann Clin Transl Neurol. 2015;2(6):648-661.
doi:10.1002/acn3.203

Khalaf G, Mattern C, Begou M, Boespflug-Tanguy O,
Massaad C, Massaad-Massade L. Mutation of proteolipid
protein 1 gene: from severe hypomyelinating
leukodystrophy to inherited spastic paraplegia.
Biomedicine. 2022;10(7):1709. doi:10.3390/
biomedicines10071709

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

L. Yao et al.

Nicita F, Aiello C, Vasco G, et al. Expanding the clinical
and mutational spectrum of the PLP1-related
hypomyelination of early myelinated structures (HEMS).
Brain Sci. 2021;11(1):93. d0i:10.3390/brainscil 1010093
Sistermans EA, de Coo RF, De Wijs IJ, Van Oost BA.
Duplication of the proteolipid protein gene is the major
cause of Pelizaeus-Merzbacher disease. Neurology. 1998;
50(6):1749-1754. do0i:10.1212/wnl.50.6.1749

Cailloux F, Gauthier-Barichard F, Mimault C, et al.
Genotype-phenotype correlation in inherited brain
myelination defects due to proteolipid protein gene
mutations. Clinical European network on brain
Dysmyelinating disease. Eur ] Hum Genet. 2000;8(11):837-
845. doi:10.1038/sj.ejhg.5200537

Taube JR, Sperle K, Banser L, et al. PMD patient
mutations reveal a long-distance intronic interaction that
regulates PLP1/DM20 alternative splicing. Hum Mol
Genet. 2014;23(20):5464-5478. d0i:10.1093/hmg/ddu271
Yamamoto-Shimojima K, Akagawa H, Yanagi K, Kaname
T, Okamoto N, Yamamoto T. Deep intronic deletion in
intron 3 of PLP1 is associated with a severe phenotype of
Pelizaeus-Merzbacher disease. Hum Genome Var. 2021;8
(1):14. doi:10.1038/s41439-021-00144-y

Hand CK, Bernard G, Dubé MP, Shevell MI, Rouleau GA.
A novel PLP1 mutation further expands the clinical
heterogeneity at the locus. Can J Neurol Sci. 2012;39
(2):220-224. doi:10.1017/s0317167100013263

Hebbar M, Shukla A, Nampoothiri S, Bielas S, Girisha
KM. Locus and allelic heterogeneity in five families with
hereditary spastic paraplegia. ] Hum Genet. 2019;64(1):17-
21. doi:10.1038/s10038-018-0523-y

Noetzli L, Sanz PG, Brodsky GL, et al. A novel mutation
in PLP1 causes severe hereditary spastic paraplegia type 2.
Gene. 2014;533(1):447-450. do0i:10.1016/j.gene.2013.09.076
Gorman MP, Golomb MR, Walsh LE, et al. Steroid-
responsive neurologic relapses in a child with a proteolipid
protein-1 mutation. Neurology. 2007;68(16):1305-1307.
doi:10.1212/01.wnl.0000259522.49388.53

Osaka H, Kawanishi C, Inoue K, et al. Novel nonsense
proteolipid protein gene mutation as a cause of X-linked
spastic paraplegia in twin males. Biochem Biophys Res
Commun. 1995;215(3):835-841. doi:10.1006/bbrc.1995.2539
Sivakumar K, Sambuughin N, Selenge B, et al. Novel exon
3B proteolipid protein gene mutation causing late-onset
spastic paraplegia type 2 with variable penetrance in
female family members. Ann Neurol. 1999;45(5):
680-683.

Hodes ME, Hadjisavvas A, Butler IJ, Aydanian A, Dlouhy
SR. X-linked spastic paraplegia due to a mutation
(C506T; Ser169Phe) in exon 4 of the proteolipid protein
gene (PLP). Am ] Med Genet. 1998;75(5):516-517. doi:
https://doi.org/10.1002/(sici) 1096-8628(19980217)
75:5<516::aid-ajmg11>3.0.co;2-n

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


https://doi.org/10.1002/humu.23902
https://doi.org/10.1002/humu.23902
https://doi.org/10.1038/jhg.2014.21
https://doi.org/10.1038/jhg.2014.21
https://doi.org/10.1002/ana.20601
https://doi.org/10.3390/jcm7100342
https://doi.org/10.1038/s41598-017-06033-1
https://doi.org/10.1038/s41598-017-06033-1
https://doi.org/10.1038/s41436-018-0376-y
https://doi.org/10.1038/s41436-018-0376-y
https://doi.org/10.1002/humu.24222
https://doi.org/10.1007/s00439-016-1660-z
https://doi.org/10.1002/ajmg.c.31848
https://doi.org/10.1002/acn3.203
https://doi.org/10.3390/biomedicines10071709
https://doi.org/10.3390/biomedicines10071709
https://doi.org/10.3390/brainsci11010093
https://doi.org/10.1212/wnl.50.6.1749
https://doi.org/10.1038/sj.ejhg.5200537
https://doi.org/10.1093/hmg/ddu271
https://doi.org/10.1038/s41439-021-00144-y
https://doi.org/10.1017/s0317167100013263
https://doi.org/10.1038/s10038-018-0523-y
https://doi.org/10.1016/j.gene.2013.09.076
https://doi.org/10.1212/01.wnl.0000259522.49388.53
https://doi.org/10.1006/bbrc.1995.2539
https://doi.org/10.1002/(sici)1096-8628(19980217)75:5&lt;516::aid-ajmg11&gt;3.0.co;2-n
https://doi.org/10.1002/(sici)1096-8628(19980217)75:5&lt;516::aid-ajmg11&gt;3.0.co;2-n

L. Yao et al.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

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

Kobayashi H, Hoffman EP, Marks HG. The rumpshaker
mutation in spastic paraplegia. Nat Genet. 1994;7(3):351-
352. doi:10.1038/ng0794-351

Lee ES, Moon HK, Park YH, Garbern J, Hobson GM. A
case of complicated spastic paraplegia 2 due to a point
mutation in the proteolipid protein 1 gene. J Neurol Sci.
2004;224(1-2):83-87. d0i:10.1016/.jns.2004.05.015

Cambi F, Tang XM, Cordray P, Fain PR, Keppen LD,
Barker DF. Refined genetic mapping and proteolipid
protein mutation analysis in X-linked pure hereditary
spastic paraplegia. Neurology. 1996;46(4):1112-1117.
doi:10.1212/wnl.46.4.1112

Donnelly A, Colley A, Crimmins D, Mulley J. A novel
mutation in exon 6 (F236S) of the proteolipid protein
gene is associated with spastic paraplegia. Hum Mutat.
1996;8(4):384-385. doi:https://doi.org/10.1002/(sici)1098-
1004(1996)8:4<384::Aid-humul7>3.0.Co;2-z

Suzuki SO, Iwaki T, Arakawa K, Furuya H, Fujii N, Iwaki
A. An autopsy case of adult-onset hereditary spastic
paraplegia type 2 with a novel mutation in exon 7 of the
proteolipid protein 1 gene. Acta Neuropathol. 2011;122
(6):775-781. doi:10.1007/s00401-011-0916-x

Kubota K, Saito Y, Ohba C, et al. Brain magnetic
resonance imaging findings and auditory brainstem
response in a child with spastic paraplegia 2 due to a
PLPI splice site mutation. Brain Dev. 2015;37(1):158-162.
doi:10.1016/j.braindev.2014.03.001

Vaurs-Barriere C, Wong K, Weibel TD, et al. Insertion of
mutant proteolipid protein results in missorting of myelin
proteins. Ann Neurol. 2003;54(6):769-780. doi:10.1002/
ana.10762

Biancheri R, Grossi S, Regis S, et al. Further genotype-
phenotype correlation emerging from two families with
PLP1 exon 4 skipping. Clin Genet. 2014;85(3):267-272.
doi:10.1111/cge.12154

Martinez-Montero P, Mufioz-Calero M, Vallespin E, et al.
PLP1 gene analysis in 88 patients with leukodystrophy.
Clin Genet. 2013;84(6):566-571. doi:10.1111/cge.12103
Benkirane M, Marelli C, Guissart C, et al. High rate of
hypomorphic variants as the cause of inherited ataxia and
related diseases: study of a cohort of 366 families. Genet Med.
2021;23(11):2160-2170. doi:10.1038/s41436-021-01250-6
Akgakaya NH, Oze§ Ak B, Gonzalez MA, Zichner S,
Battaloglu E, Parman Y. Clinical and genetic aspects of
hereditary spastic paraplegia in patients from Turkey.
Neurol Neurochir pol. 2020;54(2):176-184. doi:10.5603/
PJNNS.a2020.0026

Yamamoto-Shimojima K, Imaizumi T, Aoki Y, et al.
Elucidation of the pathogenic mechanism and potential
treatment strategy for a female patient with spastic
paraplegia derived from a single-nucleotide deletion in
PLPI. ] Hum Genet. 2019;64(7):665-671. doi:10.1038/
$10038-019-0600-x

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

PLP1-Related SPG2 in Three Families

Matsufuji M, Osaka H, Gotoh L, Shimbo H, Takashima S,
Inoue K. Partial PLP1 deletion causing X-linked dominant
spastic paraplegia type 2. Pediatr Neurol. 2013;49(6):477-
481. doi:10.1016/j.pediatrneurol.2013.07.012

Kim AR, Lee YJ, Kwack MH, Lee JM. Symptomatic female
spastic paraplegia patient with a novel heterozygous
variant of the PLP1 gene. Ann Indian Acad Neurol.
2021;24(6):958-960. doi:10.4103/aian.AIAN_793_20

Lynch DS, Rodrigues Brandao de Paiva A, Zhang W],

et al. Clinical and genetic characterization of
leukoencephalopathies in adults. Brain. 2017;140(5):1204-
1211. doi:10.1093/brain/awx045

Kim D, An H, Fan C, Park Y. Identifying oligodendrocyte
enhancers governing Plpl expression. Hum Mol Genet.
2021;30(23):2225-2239. doi:10.1093/hmg/ddab184
Southwood CM, Garbern J, Jiang W, Gow A. The
unfolded protein response modulates disease severity in
Pelizaeus-Merzbacher disease. Neuron. 2002;36(4):585-596.
doi:10.1016/s0896-6273(02)01045-0

Duan R, Li L, Yan H, et al. Novel insight into the
potential pathogenicity of mitochondrial dysfunction
resulting from PLP1 duplication mutations in patients
with Pelizaeus-Merzbacher disease. Neuroscience.
2021;476:60-71. doi:10.1016/j.neuroscience.2021.08.029
Numasawa-Kuroiwa Y, Okada Y, Shibata S, et al.
Involvement of ER stress in dysmyelination of Pelizaeus-
Merzbacher disease with PLP1 missense mutations shown
by iPSC-derived oligodendrocytes. Stem Cell Rep. 2014;
2(5):648-661. doi:10.1016/j.stemcr.2014.03.007

Nave KA, Lai C, Bloom FE, Milner RJ. Splice site selection
in the proteolipid protein (PLP) gene transcript and
primary structure of the DM-20 protein of central nervous
system myelin. Proc Natl Acad Sci USA. 1987;84(16):5665-
5669. doi:10.1073/pnas.84.16.5665

Wight PA. Effects of intron 1 sequences on human PLP1
expression: implications for PLP1-related disorders. ASN
Neuro. 2017;9(4):1759091417720583. doi:10.1177/
1759091417720583

Gruenenfelder FI, Thomson G, Penderis J, Edgar JM.
Axon-glial interaction in the CNS: what we have learned
from mouse models of Pelizaeus-Merzbacher disease. J
Anat. 2011;219(1):33-43. doi:10.1111/j.1469-7580.2011.
01363.x

Simons M, Kramer EM, Macchi P, et al. Overexpression
of the myelin proteolipid protein leads to accumulation of
cholesterol and proteolipid protein in endosomes/
lysosomes: implications for Pelizaeus-Merzbacher disease.
J Cell Biol. 2002;157(2):327-336. d0i:10.1083/jcb.
200110138

Newton T, Allison R, Edgar JR, et al. Mechanistic basis of
an epistatic interaction reducing age at onset in hereditary
spastic paraplegia. Brain. 2018;141(5):1286-1299. doi:10.
1093/brain/awy034

337


https://doi.org/10.1038/ng0794-351
https://doi.org/10.1016/j.jns.2004.05.015
https://doi.org/10.1212/wnl.46.4.1112
https://doi.org/10.1002/(sici)1098-1004(1996)8:4&lt;384::Aid-humu17&gt;3.0.Co;2-z
https://doi.org/10.1002/(sici)1098-1004(1996)8:4&lt;384::Aid-humu17&gt;3.0.Co;2-z
https://doi.org/10.1007/s00401-011-0916-x
https://doi.org/10.1016/j.braindev.2014.03.001
https://doi.org/10.1002/ana.10762
https://doi.org/10.1002/ana.10762
https://doi.org/10.1111/cge.12154
https://doi.org/10.1111/cge.12103
https://doi.org/10.1038/s41436-021-01250-6
https://doi.org/10.5603/PJNNS.a2020.0026
https://doi.org/10.5603/PJNNS.a2020.0026
https://doi.org/10.1038/s10038-019-0600-x
https://doi.org/10.1038/s10038-019-0600-x
https://doi.org/10.1016/j.pediatrneurol.2013.07.012
https://doi.org/10.4103/aian.AIAN_793_20
https://doi.org/10.1093/brain/awx045
https://doi.org/10.1093/hmg/ddab184
https://doi.org/10.1016/s0896-6273(02)01045-0
https://doi.org/10.1016/j.neuroscience.2021.08.029
https://doi.org/10.1016/j.stemcr.2014.03.007
https://doi.org/10.1073/pnas.84.16.5665
https://doi.org/10.1177/1759091417720583
https://doi.org/10.1177/1759091417720583
https://doi.org/10.1111/j.1469-7580.2011.01363.x
https://doi.org/10.1111/j.1469-7580.2011.01363.x
https://doi.org/10.1083/jcb.200110138
https://doi.org/10.1083/jcb.200110138
https://doi.org/10.1093/brain/awy034
https://doi.org/10.1093/brain/awy034

PLP1-Related SPG2 in Three Families L. Yao et al.

65. Lai LL, Chen YJ, Li YL, et al. Novel CAPN1 mutations 68. Groh J, Friedman HC, Orel N, et al. Pathogenic
extend the phenotypic heterogeneity in combined spastic inflammation in the CNS of mice carrying human PLP1
paraplegia and ataxia. Ann Clin Transl Neurol. 2020;7 mutations. Hum Mol Genet. 2016;25(21):4686-4702.
(10):1862-1869. doi:10.1002/acn3.51169 doi:10.1093/hmg/ddw296

66. Grad LI, Rouleau GA, Ravits J, Cashman NR. Clinical 69. Groh J, Klein D, Berve K, West BL, Martini R. Targeting
Spectrum of Amyotrophic Lateral Sclerosis (ALS). Cold microglia attenuates neuroinflammation-related neural
Spring Harb Perspect Med. 2017;7(8):a024117. doi:10. damage in mice carrying human PLP1 mutations. Glia.
1101/cshperspect.a024117 2019;67(2):277-290. doi:10.1002/glia.23539

67. Tantzer S, Sperle K, Kenaley K, Taube J, Hobson GM. 70. Wishnew J, Page K, Wood S, et al. Umbilical cord blood
Morpholino antisense oligomers as a potential therapeutic transplantation to treat Pelizaeus-Merzbacher disease in 2
option for the correction of alternative splicing in PMD, young boys. Pediatrics. 2014;134(5):e1451-e1457. doi:10.
SPG2, and HEMS. Mol Ther Nucleic Acids. 2018;12:420- 1542/peds.2013-3604

432. doi:10.1016/j.0mtn.2018.05.019

338 © 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.


https://doi.org/10.1002/acn3.51169
https://doi.org/10.1101/cshperspect.a024117
https://doi.org/10.1101/cshperspect.a024117
https://doi.org/10.1016/j.omtn.2018.05.019
https://doi.org/10.1093/hmg/ddw296
https://doi.org/10.1002/glia.23539
https://doi.org/10.1542/peds.2013-3604
https://doi.org/10.1542/peds.2013-3604

	 Abstract
	 Intro�duc�tion
	 Mate�rial and Meth�ods
	 Par�tic�i�pants
	 Eth�i�cal approval
	 Muta�tion anal�y�sis

	 Results
	 Clin�i�cal find�ings
	acn351722-fig-0001
	 Genetic find�ings

	 Dis�cus�sion
	acn351722-fig-0002
	acn351722-fig-0003

	 Con�clu�sion
	acn351722-fig-0004

	 Acknowl�edge�ments
	 Data Anal�y�sis
	 Author Con�tri�bu�tions
	 Con�flict of Inter�est
	 Dis�clo�sure
	 Data Avail�abil�ity State�ment

	 Ref�er�ences
	acn351722-bib-0001
	acn351722-bib-0002
	acn351722-bib-0003
	acn351722-bib-0004
	acn351722-bib-0005
	acn351722-bib-0006
	acn351722-bib-0007
	acn351722-bib-0008
	acn351722-bib-0009
	acn351722-bib-0010
	acn351722-bib-0011
	acn351722-bib-0012
	acn351722-bib-0013
	acn351722-bib-0014
	acn351722-bib-0015
	acn351722-bib-0016
	acn351722-bib-0017
	acn351722-bib-0018
	acn351722-bib-0019
	acn351722-bib-0020
	acn351722-bib-0021
	acn351722-bib-0022
	acn351722-bib-0023
	acn351722-bib-0024
	acn351722-bib-0025
	acn351722-bib-0026
	acn351722-bib-0027
	acn351722-bib-0028
	acn351722-bib-0029
	acn351722-bib-0030
	acn351722-bib-0031
	acn351722-bib-0032
	acn351722-bib-0033
	acn351722-bib-0034
	acn351722-bib-0035
	acn351722-bib-0036
	acn351722-bib-0037
	acn351722-bib-0038
	acn351722-bib-0039
	acn351722-bib-0040
	acn351722-bib-0041
	acn351722-bib-0042
	acn351722-bib-0043
	acn351722-bib-0044
	acn351722-bib-0045
	acn351722-bib-0046
	acn351722-bib-0047
	acn351722-bib-0048
	acn351722-bib-0049
	acn351722-bib-0050
	acn351722-bib-0051
	acn351722-bib-0052
	acn351722-bib-0053
	acn351722-bib-0054
	acn351722-bib-0055
	acn351722-bib-0056
	acn351722-bib-0057
	acn351722-bib-0058
	acn351722-bib-0059
	acn351722-bib-0060
	acn351722-bib-0061
	acn351722-bib-0062
	acn351722-bib-0063
	acn351722-bib-0064
	acn351722-bib-0065
	acn351722-bib-0066
	acn351722-bib-0067
	acn351722-bib-0068
	acn351722-bib-0069
	acn351722-bib-0070


