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Abstract

Objective: Hereditary spastic paraplegia (HSP) has been reported rarely

because of a monoallelic variant in ERLIN2. The present study aimed at

describing a novel autosomal dominant ERLIN2 pedigree in a Chinese family

and exploring the possible mechanism of HSP caused by ERLIN2 variants.

Methods: The proband and his family underwent a comprehensive medical his-

tory inquiry and neurological examinations. Whole-exome sequencing was per-

formed on the proband, and Sanger sequencing was performed on some family

members. HeLa cell lines and mouse primary cortical neurons were used for

immunofluorescence (IF) and reverse transcription-PCR (RT-PCR). Results:

Seven patients were clinically diagnosed with pure spastic paraplegia in four

consecutive generations with the autosomal dominant inheritance model. All

patients presented juvenile-adolescent onset and gradually worsening pure HSP

phenotype. Whole-exome sequencing of the proband and Sanger sequencing of

all available family members identified a novel heterozygous c.212 T>C
(p.V71A) variant in exon 8 of the ERLIN2 gene. The c.212 T>C demonstrated a

high pathogenic effect score through functional prediction. RT-PCR and IF

analysis of overexpressed V71A revealed an altered ER morphology and

increased XBP-1S mRNA levels, suggesting the activation of ER stress. Overex-

pression of V71A in primary cultured cortical neurons promoted axon growth.

Interpretation: The novel c.212 T>C heterozygous variant in human ERLIN2

caused pure HSP. Moreover, c.212 T>C heterozygous variant in ERLIN2

increased ER stress and affected axonal development.

Introduction

Hereditary spastic paraplegia (HSP) is a monogenic neu-

rological disease with progressive lower extremity spasms

and weakness.1 The prevalence of HSP ranges from 2 to 5

per 100,000 individuals worldwide.2,3 HSP phenotypes

and genetics are highly heterogeneous. Different clinical

symptoms indicate that HSP can be divided into pure or

complicated forms.4 Over 79 spastic paraplegia genes

(SPG) have been identified.5 Most patients have autoso-

mal dominant, autosomal recessive, or X-linked models,

but no causative genes have been identified in 13–40% of

cases.6 Therefore, novel gene discovery is crucial to estab-

lish a definitive diagnosis.

Endoplasmic reticulum lipid raft-associated 2 (ERLIN2)

variants have been identified in HSP patients with spastic

paraplegia 18 (SPG18).5 SPG18 was considered an autoso-

mal recessive disorder before 2018. So far, six SPG18 fam-

ilies presenting with autosomal dominant (AD)

inheritance have been reported,7–11 and the exact patho-

genic mechanism has yet to be determined.

The ERLIN2 protein is a 40-kDa transmembrane glyco-

protein belonging to the prohibitin family with Stomatin-

prohibitin-flotillin-HflC/K (SPFH) domain.12,13 ERLIN2, a

key component of the endoplasmic reticulum (ER)-

associated protein degradation (ERAD) pathway, binds to

activated inositol trisphosphate receptors (IP3Rs) and medi-

ates polyubiquitination and subsequent degradation of
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IP3Rs or 3-hydroxy-3-methylglutaryl-CoA reductase.14–16

The ERLIN2 variant causes continuous IP3R signal trans-

duction activation and increases calcium release from ER,

causing neuron hyperactivity and eventually leading to neu-

ron death.12,17,18 The relationship between ERLIN2 function

and the ERAD pathway has been studied. Studies have also

suggested that ERLIN2 may mediate the ER stress response

to protein misfolding in breast cancer cells.19

Protein accumulation frequently triggers ER stress under

pathological circumstances.20 Uncontrolled ER stress even-

tually causes cell death, including neuronal death in neuro-

degenerative diseases.21–23 Motor neurons are particularly

sensitive to ER stress because they are highly active.24–26

Studies have suggested that ER stress increases in the early

stage of amyotrophic lateral sclerosis (ALS).27–29 The

absence of membralin-ERLIN2 interaction increases basal

ER stress, which results in ER stress-induced cell death.30

Although ER stress pathogenicity has been studied in sev-

eral motor neuron diseases, little is known regarding the

relationship between ERLIN2 and ER stress in HSP.

Our study identified a Chinese AD-HSP family with a

novel heterozygous missense variant of ERLIN2 (p.V71A)

that increased ER stress and altered axonal length.

Materials and Methods

Clinical assessment

A five-generation family with HSP was recruited at the

First Hospital of Shanxi Medical University, Taiyuan,

China. The present study involved nine participants (four

male and five female), including seven affected and two

unaffected. Pedigree analysis suggested autosomal domi-

nant inheritance. Informed consent was obtained from all

individuals included in the study. Detailed medical his-

tory and physical examinations were obtained by a quali-

fied investigator (J.G.). The severity of all HSP patients

was rated using the Spastic Paraplegia Rating Scale

(SPRS), with scores ranging from 0 to 52, and higher

scores indicate a more severe disease.31 Genomic DNA

was extracted from peripheral blood (II-3, II-4, III-2, III-

5, III-6, IV-3, IV-6, and V-1) and saliva (IV-2) samples

through standard procedures.

This study was reviewed and approved by the Ethics

Institutional Committee of the First Hospital of Shanxi

Medical University (K185).

Whole-exome sequencing and data analysis

Whole-exome capture (Running Gene, Beijing, China) of

subject IV-3 was performed as described previously.32

Our data analysis procedure used the Illumina Sequence

Control Software (SCS) and the BWA Aligner to align

our exome sequencing data with the human reference

genome (hg19). SNPs and INDELs were analyzed with

the Genome Analysis Toolkit (GATK) and annotated

using ANNOVAR. The clinically significant variants were

filtered in the following ways: (1) retaining variants with

a minor allele frequency (MAF) of less than 0.5% accord-

ing to the dbSNP, genomAD, and EXAC databases; (2)

remaining variants of exonic non-synonymous SNVs,

splice site SNVs, and INDELs; (3) classifying deleterious

variants as related or unrelated to the disease.

Sanger sequencing

To confirm the accuracy of the variants, we performed

Sanger sequencing on the clinically significant gene

ERLIN2. The ERLIN2 clone primers were designed using

the Primer3 software (http://frodo.wi.mit.edu/). The for-

ward primer was 50-ACCCTGTGAGGAAGGAGGAT-30,
and the reverse primer was 50-TCCATCACCTGGT-
CAAATCA-30. The co-segregation analysis between genes

and disease phenotypes was conducted using Sanger-

sequenced DNA samples from all available family mem-

bers. A total of 200 unrelated subjects, recruited from

Shanxi, China, where the disease family originated, were

used as controls. All controls had no history of dyskinesia

or other HSP-related phenotypes. Sequence analysis was

conducted using the BigDye Terminator Cycle Sequencing

Kit. PCR products were evaluated using the ABI PRISM

3730 Analyzer (Applied Biosystems, USA).

Plasmids construction and mRNA synthesis

The full-length human ERLILN2 cDNA (NM_007175.6)

was obtained using RT-PCR from human total RNA iso-

lated from HeLa cells using the Total RNA Isolation Kit

(RC101-01, Vazyme, China). Human ERLILN2 cDNA

was amplified and cloned into pCDNA3.1+ and

pCAGGS-IRES-GFP vectors, with double restriction sites

BamHI/XbaI and XbaI/NotI (New England Biolabs),

respectively. The missense variant p.V71A was introduced

into the hERLIN2 plasmid using site-direct mutagenesis

PCR (C214-01, Vazyme, China). All generated plasmids

were validated through Sanger sequencing. The primer

sequences are listed in Table S1. Expression plasmids were

extracted using the EndoFree Plasmid Mini Kit (CW2106,

ComWin Biotech Co, China).

Cell culture and transfections

HeLa cells were grown in Dulbecco’s modified Eagle

medium, DMEM (11965092, Thermo Fisher Scientific,

Waltham, MA, USA), supplemented with 10% fetal

bovine serum (10091, Thermo Fisher Scientific, Waltham,
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MA, USA) at 37°C and 5% CO2 atmosphere. The cells

were incubated for 24 h with the growth medium with or

without 2 lg/mL tunicamycin (IT2670, Solarbio, China).

The cells were transfected with a transfection reagent

(101000046, jetPRIME, USA). After 48 h of incubation,

protein and total RNA were extracted from the cells.

Primary cortical neurons were isolated from embryonic

day 16.5 (E16.5) ICR mice, maintained in neurobasal

medium (21103049, Invitrogen, Carlsbad, CA, USA) con-

taining 1% Glutamax (35050061, Invitrogen, Carlsbad, CA,

USA) and 2% B27 (17504044, Invitrogen, Carlsbad, CA,

USA), and cultured on poly-D-lysine-coated coverslips.

Cortical neurons were transfected using the Calcium Phos-

phate Cell Transfection Kit (40803ES70, Beyotime Biotech-

nology, Shanghai, China) on Day 2 in vitro (DIV2) and

collected on Day 5 in vitro (DIV5) for analysis of axon

outgrowth or total RNA extraction from the neurons.

Western blot analysis

HeLa cells were cultured in six-well plates and transfected

with a transfection reagent (101000046, jetPRIME, USA).

After 48 h, samples were collected from the six-well plates

and lysed in SDS buffer (P0013G, Beyotime, China). The

protein extract was obtained after centrifugation. Protein

quantitation was performed using the BCA method. Equal

amounts of protein (30 lg) were boiled in sample buffer,

ran on SDS-PAGE gels, transferred onto a PVDF mem-

brane, and immunoblotted with anti-IP3R (ab264281,

Abcom, 1:2000), anti-HA (C29F4, Cell Signaling Technol-

ogy, 1:1000), and a-tubulin (bs-0159R, Bioss, 1:2000)

antibodies. Immunoblots were developed using the ECL

reagent (AR1170, BOSTER, China) and imaged in the

BIO-RAD Imager.

Immunofluorescence

HeLa cells and neurons (DIV5) were fixed with 4% PFA

and 0.5% Triton X-100 in PBS. After blocking with 10%

fetal calf serum in 0.5% Triton X-10 PBS for 60 min, the

cells were stained with HA-Tag Rabbit primary antibody

(C29F4, Cell Signaling Technology, 1:1000) and Calnexin

(sc-23954, Santa Cruz Biotechnology Inc., 1:50) probed

with Alexa fluor-conjugated secondary antibodies for sub-

cellular localization of ERLIN2 and ER. DAPI was used to

stain the nuclei. Images were captured under a confocal

microscope (Leica, TSC-SP8).

Reverse transcription-PCR

Total RNA was extracted from the cells using the Total

RNA Isolation Kit (RC101-01, Vazyme, China). Total

RNA from each sample was reverse transcribed into

cDNA using the Revert Aid First Strand cDNA Synthesis

Kit (R323-01, Vazyme, China). PCR was then performed

using the 2 9 Phanta Max Master Mix (P515-01,

Vazyme, China). According to the manufacturer’s instruc-

tions, each PCR reaction mixture comprised 1 lL of

cDNA and 10 pm/lL of the appropriate forward and

reverse primers in a final volume of 10 lL. Primer

sequences are illustrated in Table S2. Primers were syn-

thesized by Sangon Biotech (Shanghai, China). The result-

ing products were subjected to 2% agarose gel

electrophoresis. The mRNA level in each sample was nor-

malized to that of b-Actin or XBP-1U mRNA.

Data presentation and Statistical analysis

All experiments were repeated at least three times. Quantita-

tive data were expressed as mean � SEM. Statistical analyses

were conducted using the GraphPad Prism software (version

6). A Student t-test or one-way ANOVA with Dunnett’s test

was performed to compare the means between two groups or

more than two groups, respectively. Differences with a

p-value <0.05 were considered significant.

Results

An autosomal dominant HSP family

Figure 1A presents an overview of the family pedigree.

Since the age of 14, the proband (IV-3), a 24-year-old

male, complained of progressive worsening spasticity. At

the age of 21, he was unable to run or walk fast because

of leg stiffness. The neurological examination revealed

hyperactive deep tendon reflexes in the lower limbs, ankle

clonus, contracted Achilles tendon, and the Babinski sign.

The patient had no cranial nerve palsy, cognitive func-

tions, muscle weakness, and atrophy (Video S1).

The proband’s father (III-5) was 47 years old. He

began walking abnormally at 14, developed leg stiffness in

his 20s, and eventually could not run by his 30s. Since

the age of 40, he could not walk without crutches. Neuro-

logical examinations revealed lower limb spasticity, hyper-

reflexia, and pathologic reflexes. There was no muscle

atrophy. Nerve conduction studies revealed no abnormal

findings of the peripheral nerves. Needle electromyogra-

phy showed no evidence of fibrillation, fasciculation

potentials, or chronic neurogenic changes in the gastroc-

nemius muscle and anterior tibialis (Table S3).

The proband’s grandfather (II-3) had gait disturbance as

a teenager, running difficulties in his 30s, and began using

a cane in his 50s (Video S2). He had a severely rigid spinal

deformity and lower limb contractures without muscle

atrophy. Neurological examinations revealed hyperreflexia

and pathologic reflexes in all extremities. The lower limbs
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were uncooperative because of contractures, whereas the

upper limbs had normal muscle strength.

Other family members (III-2, III-10, and IV-6) exhib-

ited similar symptoms and neurological findings. The

proband’s uncle (III-2), a 46-year-old man, began

complaining of stiffness in the legs at the age of 20. Neu-

rological examination revealed hypertonia, active or even

hyperreflexia, and a positive Babinski sign but no muscle

weakness. The proband’s sister (IV-6), a 43-year-old

woman, had slowly progressive spasticity of the lower

(A)

(B) (C)

(D)

Figure 1. Pedigree of affected family, ERLILN2 variants, and conservation among species. (A) Family pedigree. Black filled symbol, affected; white

symbol, unaffected; and black arrows, proband. Sanger sequencing was performed in some subjects (+/+: normal, M/+: heterozygous),

demonstrating complete segregation of the ERLIN2 missense variant c.212 T>C, p.V71A with the disease. (B) The partial nucleotide sequences of

exon 7 of ERLIN2 show the c.212 T>C variant in the affected or unaffected family members (II-3, III-5, IV-3, and IV-2). (C) Schematic representation of

the basic structure and domain organization of the ERLIN2 protein. The figure was generated using the Illustrator for Biological Sciences (IBS). The

observed variants were labeled. The site of the novel variant p.V71A identified in this study is indicated by red color. (D) Sequence alignment of

ERLIN2 proteins from various species. The arrows indicate the amino acid changes in this study. Emboldened amino acids are conserved.
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limbs at the age of 17. She can still walk without assis-

tance but cannot walk on her heel. Neurological examina-

tion showed active hyperreflexia and a positive Babinski

sign but normal muscle strength. The proband’s family

member (III-10), a 63-year-old woman, had slowly pro-

gressive spasticity of the lower limbs at the age of 40.

Until now, she can walk without assistance. She could not

attend the neurology examination because of a scheduling

conflict. V-1, a 22-year-old woman, had no clinical symp-

toms; however, neurological examinations revealed hyper-

active deep tendon reflexes in the lower limbs and the

Babinski sign. Table 1 presents the details of the neuro-

logical examinations. The proband’s 28-year-old sister

(IV-2) and mother (III-6) are normal walkers; neurologi-

cal examinations revealed no signs of muscle weakness,

hypertonia, hyperreflexia, or the Babinski sign.

Causal variant identification for the HSP
pedigree

We performed whole-exome sequencing on the proband

to precisely localize the disease gene. An average of 99.8%

of targeted regions was covered at a mean read depth of

141.429. As every generation exhibited similar symptoms,

autosomal dominant inheritance was considered. After

the filtering procedure, 356 small nucleotide variants

(SNPs) and 95 indels were identified. In this study, we

focused on variants discovered in genes that have been

reported to cause HSP. ERLIN2 has been reported to

cause HSP. Our study identified a novel variant in the

ERLIN2 gene (c.212 T>C), but the other causative vari-

ants were not discovered in the ERLIN2 gene.

The c.212 T>C variant was confirmed in exon 7 of

ERLIN2 through Sanger sequencing. The HSP-affected

family members were heterozygous for the c.212 T>C var-

iant, whereas the unaffected family member had only the

ERLIN2 reference sequence, suggesting the co-segregation

of genotype and phenotype within the family (Fig. 1B). In

200 unrelated controls from the same ethnic background,

the variant was not detected. Furthermore, the identified

variant was not documented in the Single Nucleotide

Polymorphism Database (dbSNP), the 1000 Genomes

Project, the Exome Aggregation Consortium (ExAC), or

the Genome Aggregation Database (genomeAD).

The c.212 T>C single nucleotide variant converted

amino acid 71 from valine to alanine (p.V71A), located

in the SPFH domain of the ERLIN2 protein (Fig. 1C).

The c.212 T>C demonstrated a high pathogenic effect

score, predicted to be deleterious through SIFT (score:

�3.255), Polyphen-2 (possibly damaging, score: 0.711,

sensitivity: 0.86, specificity: 0.92), and Mutation Taster

(disease-causing, score: 0.999). The p.V71A is also located

in a region highly conserved in other species (Fig. 1D).

Studies have identified ERLIN2 variants that cause

autosomal recessive HSP, namely SPG18 (OMIM

611225).5 Heterozygous ERLIN2 variants also cause a rare

autosomal dominant HSP. Studies have reported six AD-

SPG18 families, including 4 ERLIN2 variants7–11 (Table 2).

As with previous AD ERLIN2 variants, p.V71A was iden-

tified in the SPFH domain (Fig. 1C). AD-SPG18 presents

as juvenile- or adolescent-onset pure HSP in these six

families. A minority of patients with ERLIN2 variants ini-

tially present with spastic paraplegia before developing

ALS 30–40 years later (Table 2).

ERLIN2-V71A increases ER stress

ERLIN2 encodes a member of the SPFH domain-

containing family of lipid raft-associated proteins. ERLIN2

is situated in lipid rafts of the endoplasmic reticulum and

plays a critical role in ER stress and the ERAD pathway.

HeLa cells were transfected with either ERLIN2-WT or

V71A to investigate the expression and subcellular localiza-

tion of the cells. As shown in Figure 2A, the expression

levels of ERLIN2-WT and V71A were consistent. Previous

studies have reported that ERLIN2 overexpression

Table 1. Clinical characteristics of the affected individuals in the

family.

Individual II-3 III-2 III-5 IV-3 IV-6 V-1

Gender M M M M F F

Age at examination 71 46 47 24 43 22

Age at onset 21 20 14 14 17 –

Disease duration 50 26 33 10 26 –

Age when walking

needs assistant

50 – 42 –

Disability stagea 5 3 4 3 3 1

SPRS 48 5 40 13 20 0

Spastic gait ++++ + ++++ ++ ++ –

Increased muscle tone

in LL

++++ + ++++ + + –

Hyperreflexia in LL – ++++ ++++ ++++ +++ +++

Weakness in LL NA + + – – –

Babinski sign + + + + + +

Foot deformity ++ – ++ – – –

Bladder disturbances – – – – – –

Mental retardation – – – – – –

Seizure – – – – – –

Scoliosis +++ – ++ – + –

–, absent; +, mild; ++, moderate; +++, severe; ++++, extremely

severe; NA, not available; LL, lower limbs; SPRS: Spastic Paraplegia

Rating Scale, range 0–52, higher scores indicating more severe dis-

ease; a: disability stage (SPATAX-EUROSPA): 0, no functional handi-

cap; 1, no functional handicap but signs at examination; 2, able to

run, walking unlimited; 3, unable to run, limited walking without aid;

4, walking with one stick; 5, walking with two sticks; 6, unable to

walk, requiring wheelchair; 7, confined to bed;
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promoted IP3R degradation in the ERAD pathway. How-

ever, we found that overexpression of ERLIN2-WT or

V71A diminished IP3R protein levels, suggesting that

V71A does not affect the ERAD pathway. To explore the

effect of V71A on ER stress, we induced ER stress using

tunicamycin (TM) as a positive control. One of the main

pathways of ER stress is the splicing of X-box binding pro-

tein 1 (XBP-1S) mediated by inositol demand enzyme 1a
(IRE1a). TM can induce ER stress by increasing XBP-1S.33

Immunofluorescence labeling ER with Calnexin (CANX)

revealed partial colocalization of ERLIN2-WT and V71A

with ER. However, the V71A and TM treatment groups

had altered ER morphology, with fragmented or bubble-

like tubular structures (Fig. 2B). In the V71A- and TM-

treated groups, RT-PCR revealed increased transcription

levels of XBP-1S and the XBP-1S/XBP-1U ratio compared

with the control group. Furthermore, the levels of XBP-1S

and the XBP-1S/XBP-1U ratio in the V71A group were sig-

nificantly higher than those in the WT group (Fig. 2C–E).
These findings suggest that V71A overexpression promotes

ER stress through the IRE1 pathway. This finding was con-

firmed by performing an analogous experiment on mouse

primary cortical neurons. Similarly, V71A increased XBP1

splicing (Fig. S1). These findings collectively suggest that

V71A increases ER stress.

ERLIN2-V71A facilitates axonal outgrowth

Previous research has demonstrated that the XBP-1S pro-

tein regulates neuritis growth in developing neurons.34

We produced ERLIN2-WT and V71A variant plasmids in

the pCAGGS-IRES-GFP vector to transfect mouse pri-

mary cortical neurons and to investigate the role of

ERLIN2 in neural development. At DIV5, immunofluo-

rescence revealed that ERLIN2 V71A mutants were associ-

ated with longer axons and total neuritis than ERLIN2-

WT (Fig. 3).

Discussion

The present study reports a novel heterozygous ERLIN2

variant p.V71A in a Chinese family through whole-exome

sequencing. We discovered that ERLIN2-V71A altered ER

morphology and increased XBP1-S expression, supporting

the association between ER stress and HSP. Functional

studies have indicated that ERLIN2-V71A promotes axo-

nal growth, suggesting ER stress is one of the mechanisms

underlying HSP.

Almost all patients in the family presented with pure

HSP symptoms, including progressive lower limb weak-

ness and spasticity. DNA sequencing identified heterozy-

gous variant V71A to ERLIN2 in the proband, and the

variant was co-segregated with the clinical phenotype in

the family. As previously reported, ERLIN2 variants can

cause AD and AR inheritance patterns. A heterozygous

variant in ERLIN2 causes pure HSP,7–11 whereas biallelic

variants in ERLIN2 cause autosomal recessive complicated

HSP.17,35,36 The clinical symptoms of SPG18 may differ

by gender,8,37 with milder and later-onset symptoms in

female patients. The average age of male onset in the

Table 2. A summary of all reported autosomal dominant spastic paraplegia 18 (AD-SPG18) families.

F1 F2 F3 F4 F5 F6 F7

Race Germany Norway France Korea Chinese NA Chinese

Variants c.386 G>C c.386 G>C c.502 G>A c.452 C>T c.502

G>A

c.206 A>T c.212 T>C

Protein

change

p.S129T p.S129T p.V168M p.A151V p.V168M p.D69V p.V71A

Age at

examination,

years

25–76 35–59 NA 23–77 30–63 41–69 24–71

Disease

duration,

years

2–50 2–50 Conversion to ALS

(25–30 years later)

1–39 10–48 16–50 10–50

Age at onset,

years

13–46 9–28 25–45 15–38 8–15 20–25 14–21

Symptoms at

onset

Stiffness in

the legs

Stiffness in

the legs

NA Awkward gait or

Gait disturbance

Abnormal

walking

Difficulty in descending

stairs or moving his legs

Gait

disturbance

Phenotype Pure Pure Pure, convert to ALS Pure Pure Pure, convert to ALS Pure

Reference Rydning

et al.7
Rydning

et al.7
Amador et al.10 Park et al.8 Chen

et al.9
Kume et al.11 Our family

ALS, amyotrophic lateral sclerosis; NA, not available.
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present study ranged from 14 to 25 years, consistent

with previously reported cases.7–11 Our family shown that

the disorder appeared later and presented milder

symptoms in women. A 22-year-old woman with the

variant gene exhibited no clinical signs of the disease

except for Babinski signs. Additional research is required

to better understand inheritance modes and gender

differences.

ERLIN2 is an ER membrane protein containing an evo-

lutionarily conserved SPFH domain, which includes the

determinants for binding to activated IP3Rs.38,39 Notably,

all autosomal dominant HSP cases, including ours, involve

variants in ERLIN’s SPFH domain. The ERLIN2-T65I vari-

ant in the SPFH domain inhibits the IP3Rs ERAD path-

way, causing abnormal protein accumulation.18 Although

overexpression of both ERLIN2-WT and V71A decreased

IP3R protein levels, we found that overexpression of V71A

increased ER stress.

XBP-1 serves as a significant transcription factor and is

activated under ER stress.40,41 As a key regulator of ER

stress, XBP-1 can be divided into the active isoform

(XBP-1S) and the inactive isoform (XBP-1U).42 The gen-

eration of XBP-1S induces ER stress, whereas XBP-1U is

independent of ER stress activation.43,44 ER stress was

induced by targeting XBP-1 splicing to increase the XBP-

1S/XBP-1U ratio.45 After overexpression of V71A, the

XBP-1S/XBP-1U ratio was elevated compared with the

control group, which was consistent with the TM group.

Moreover, the levels of XBP-1S and the XBP-1S/XBP-1U

ratio in the V71A group were significantly higher than

those in the WT group. Our findings confirm that over-

expression of V71A increases ER stress. Moreover, we dis-

covered that ERLIN2-V71A facilitated axon growth. Our

results demonstrated that multiple pathogenic mecha-

nisms appeared to cause selective neurodegeneration of

the corticospinal tracts in HSP.46

Conclusion

We demonstrated that a novel ERLIN2 missense variant

caused pure HSP in an autosomal dominant manner.

Our findings reveal that the ERLIN2 variant increases ER

Figure 2. ERLIN2-V71A overexpression alters ER morphology and increases XBP-1 splicing. (A) The expression levels of ERLIN2-WT-HA, ERLIN2-

V71A-HA, and IP3R were detected through WB. (B) HeLa cells were cultured with or without TM or transfected with ERLIN2-WT-HA or ERLIN2-

V71A-HA and then immunostained for HA (green) and CANX (red) to detect ER. Merged images are to the right. Bars, 10 lm. (C–E) HeLa cells

were cultured with or without TM or transfected with ERLIN2-WT-HA or ERLIN2-V71A-HA, and then, the relative mRNA level of XBP-1S/Actin and

XBP-1S/XBP-1U was detected using RT-PCR. One-way ANOVA test with Dunnett’s test or unpaired t-test; values are presented as mean n � SEM.

*p < 0.05, ****p < 0.0001.
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stress, causing abnormal neuron development. These find-

ings expand the mutational and inheritance spectrum of

SPG18. Moreover, these findings shed light on the patho-

genesis of the ERLIN2 variant.
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