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ARTICLE INFO ABSTRACT

Keywords: Hereditary Spastic Paraplegia (HSP) is a group of inherited neurodegenerative disorders primarily characterized
Spastic Paraplegia Type 4 (SPG4) by progressive lower limb spasticity and weakness. Among the various genetic causes of HSP, pathogenetic
SPAST

variants in SPG4/SPAST are the most frequently identified, making them the leading molecular cause of auto-
somal dominant HSP. The SPAST gene encodes spastin, a protein involved in microtubule dynamics. In this
study, we focused on the functional characterization of two specific intronic variants in SPAST absent or present
at a very low frequency in GnomAD database and with conflicting classification of pathogenicity, ¢.1245 + 5G >
A and ¢.1493 + 2_1493 + 5del respectively. These variants were identified in two independent families, one of
Brazilian origin and the other of Japanese descent. Our data shows that the splicing variants impact splicing.
Furthermore, through segregation analysis and clinical assessments, we provided a detailed description of the
affected individuals, emphasizing the clinical presentation associated with these genetic changes. Notably, in
both families, the identified variants co-segregated symptoms consistent with anorexia nervosa, suggesting a
potential, previously unrecognized association between SPAST pathogenic variants and disordered eating be-
haviors. Our findings contributed to the expanding clinical spectrum of SPG4-associated HSP and highlighted the
importance of characterizing intronic SPAST variants. The characterization of intronic pathogenetic variants
enhanced our understanding of their potential pathogenic mechanisms, which may have implications for both
genetic diagnosis and the broader clinical management of HSP.
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Minigene assay
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Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition, Text Revision; SD, Standard Deviation; WGS, Whole Genome Sequencing.
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1. Introduction

Hereditary Spastic Paraplegia (HSP) is a heterogeneous group of
neurodegenerative disorders characterized by slowly progressive spas-
ticity and weakness of the lower limbs. To date, according to Online
Mendelian Inheritance in Man (OMIM), 93 subtypes (SPG1-SPG93) were
described and in most of them the causative genes was identified.
Furthermore, current efforts focus on the investigation of genes function
and pathogenetic mechanisms (Meyyazhagan and Orlacchio, 2022;
Panza et al., 2022; Martinello et al., 2023).

Many pathways were identified being affected in different forms of
HSP. These include, for example, axonal trafficking, mitochondria ho-
meostasis, lipid synthesis, autophagy, endoplasmic reticulum membrane
modelling, and amino acids metabolism (Lo Giudice et al., 2014; Magini
et al., 2019; Panza et al., 2019; Meyyazhagan et al., 2022; Martinello
et al., 2023).

Despite high genetic heterogeneity, few genes account for most of the
HSP cases (Panza et al., 2022; Blackstone, 2018). Among them, SPG4/
SPAST (OMIM 604277), is the most frequent molecular cause for fa-
milial autosomal dominant HSP. The SPAST gene encodes for the protein
spastin. This is a protein belonging to the ATPases Associated with
diverse cellular Activities (AAA) family and it has several biological
roles especially related to microtubule remodeling and membrane traf-
ficking (Lumb et al., 2012).

HSPs can be divided clinically between pure forms, if only the sign of
spastic paraplegia is present, or complicated forms, where spastic
paraplegia is accompanied by other signs (Panza and Orlacchio, 2025).
Most of the SPG4 patients show a pure form, but phenotypic variations
have been reported (Varghaei et al., 2022).

While haploinsufficiency is a recognized pathogenic mechanism for
SPG4, (Solowska et al., 2010), it has been shown that long spastin iso-
forms exhibit a gain of function pathogenic mechanism and may play a
central part in HSP pathophysiology (Solowska et al., 2014).

In our study, we identified variants resulting in early stop codons or
deletions of part of the SPG4/SPAST gene, leading to an impaired
microtubule structure assembly (Sandate et al., 2019). Intronic variants
or even variants that cause a synonymous aminoacidic change, were
associated with splicing defects (Pippucci et al., 2009; Rossi et al., 202.3;
Benvenuto et al., 2024; Innella et al., 2024). SPAST is not an exception,
with many findings of altered or deleted spastin protein due to such
mechanism (Fonknechten et al., 2000; Meijer et al., 2002; Sauter et al.,
2002; de Bot et al., 2010; Klimpe et al., 2011).

Here, we describe in detail the clinical presentation of affected
members from two families of middle and high socioeconomic status:
one of Brazilian and one of Japanese origin. These variants have already
been reported in the literature (Wang et al., 2021; Ferese et al., 2023),
but a detailed clinical description of the associated phenotype is missing.
Considering the interesting, complicated phenotype associated with
these variants, and particularly the intriguing report of anorexia nervosa
in both families, we set out to better characterize these variants.

Furthermore, taking into consideration that the variants c.1493 +
2.1493 + 5del and the ¢.1245 + 5G > A has not yet been assessed by the
ClinGen experts’ groups, and the latter variant has been reported with
conflicting classification of pathogenicity, we set out to characterize the
effect of these variants. We tested the effect of these variants confirming
their impact on splicing using the mini-gene assay in HEK293T cells and
in SH-SY5Y, a neuronal cell line, which confirmed the results in a
disease-relevant cell context.

2. Methods
2.1. Participants and clinical assessments
The study was achieved according to a protocol reviewed and

accepted by the Ethics Committee of the University of Perugia, Perugia,
Italy, in addition to the Azienda Ospedaliera di Perugia, Perugia, Italy, as
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well as local Institutional Review Boards (IRBs) of the referring in-
stitutions. The subjects’ consent was obtained agreeing to the Declara-
tion of Helsinki (https://www.wma.net/policies-post/wma-declaration-
of-helsinki/). Clinical material was collected, and neurological exami-
nations were carried out by movement disorders specialists (G.R., R.M.,
J.L.P.,, O.G.P.B.,, HAA.G.T., and A.O.).

2.2. Genetic analysis

Genomic DNA of all family members were extracted from peripheral
blood using a commercial kit (Qiagen blood mini kit).

Due to the high genetic heterogeneity of HSP and given the
increasing number of genes associated with HSP discovered each year,
Whole Exome Sequencing (WES) was conducted on all affected in-
dividuals to identify potential genetic variants, with a process previously
reported (Magini et al., 2019). In brief, alignment to the human refer-
ence genome (hg38), detection of sequence variants, and annotation
were performed using dedicated programs (Magini et al., 2019). Finally,
the identified variants were validated by direct Sanger Sequencing, and
segregation analysis was confirmed in each family.

2.3. Bioinformatic prediction of the impact of the intronic variants and
literature analysis

Intronic variants were evaluated in terms of impact on the splicing
activity by means of bioinformatic tools. We interrogated prediction
software to investigate variants pathogenicity, using different software
included in the ModiDetails program (SpliceAl, MaxEntScan). Pre-
dictions were made using default settings (Table 1).

2.4. Minigene assay

Variants were predicted to affect mRNA splicing. Since a fresh
sample of RNA from patients was not available, for each variant a
genomic fragment bearing wild-type and mutant DNA was cloned into
the exon trapping pSPL3 vector to assess the effect on splicing (Rossi
et al., 2023) (see Supplementary Table S1 for primer sequences). The
plasmids were generated and verified through direct sequencing and

Table 1
Results by splicing prediction bioinformatic programs.

Program and score Mutation Mutation

c.1245 + 5G > A

c.1493 + 2-1493 + 5del

SpliceAl
https://spliceailookup.
broadinstitute.org/

MaxEntScan

MobiDetails
https://mobidetails.ch

th base variant™

A score*:

- Acceptor Loss0.93

- Donor Loss0.98

- Acceptor Gain0.02

- Donor Gain0.02

§

Wild type = 7.77
Mutant = -5.44
(variation —170.01%)
MPA score® = 10MPA
impact = High Impact

+

A score*:
- Acceptor Loss0.79
- Donor Loss1.00

§

Wild type = 9.46
Mutant = -0.39
(variation —104.12%)
MPA score® = 10MPA
impact = High Impact

u-montpellier.fr/

+SpliceAl looks within a window (+/- 500 bp by default) to see how the variant
affects the probability of different positions serving as splice acceptors or donors.
The offsets in this column represent positions with the biggest change in prob-
ability within the window.
*A score range from O to 1 and can be interpreted as the probability that the
variant affects splicing at any position within a window around it (+/- 500 bp by
default).
§ MaxEntScan report as indicative of altered splicing only variation > 15% as
absolute value, and.
a raw score for mutant or wild type of at least 3.
Raw score [0;10], 10: high impact.

@ Gomplex evaluation by MobiDetails.


https://spliceailookup.broadinstitute.org/
https://spliceailookup.broadinstitute.org/
https://mobidetails.chu-montpellier.fr/
https://mobidetails.chu-montpellier.fr/
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nucleofected into HEK293T cells (Lonza). Furthermore, to verify the
effect on splicing the same constructs were nucleofected in SH-SY5Y cell
line to confirm the effect on splicing in a neuronal derived cell line. In
both cases RNA was extracted, and cDNA was synthetized. The ampli-
fication of construct specific fragments and size analysis by agarose gel
electrophoresis showed bands of different size between wild-type and
mutant transfected constructs. Fragment’s identity was verified by
direct Sanger sequencing.

3. Results
3.1. Identification and characterization of SPAST intronic variants

Two SPAST intronic variants were found in six affected members of
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the Brazilian family identified as BRA53, and in six patients of the
pedigree coded as JAP95. The variants co-segregated within the
respective families and were observed exclusively in the affected in-
dividuals (Fig. 1). The BRA53 variant is in the fifth position at 5"-splice-
site within intron 9 (NM_014946.4:c.1245+5G>A), while the JAP95
deletion is located at the 5-splice-site in intron 12 (NM_014946.3:
¢.1245+5G>A) (Supplementary Fig. S1). The c.1245 + 5G position is
highly conserved as it is demonstrated by a score of 8.912 in the 100
vertebrates base-wise conservation by PhiloP value and a score of 8.787
by a PhiloP conservation among 241 Zoonomia representing placental
mammals (Supplementary Fig. $2). In the case of the c.1493 + 2_.1493
+ 5del variant, the first base deleted, a T, has a 6.980 score in the 100
vertebrates base-wise conservation by PhiloP value and a score of 6.305
by a PhiloP conservation among 241 Zoonomia representing placental
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Fig. 1. Analysis of the identified variants. A) Pedigrees of the Brazilian and Japanese families analysed in this study: all family members were available for sampling,
containing those deceased. B) Electropherograms showing the presence of variants ¢.1245 + 5G > A (family BRA53; patient II:2) and ¢.1493 + 2_1493 + 5del in
heterozygous state (family JAP95; patient II:3). C, D) Results of minigene assays for the two variants showing in both cases an abnormal splicing in cells transfected

with the constructs bearing the variants in comparison to wild-type constructs.
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mammals (Supplementary Fig. S2). The ¢.1493 + 21493 + 5del
variant was not found in the GnomAD database (V4.1.0) while the
c.1493 + 21493 + 5del was found at a frequency of 0.000000687 in
1,454,890 control chromosomes in the same database.

3.2. The SPAST splice site variants resulted in different fragments length
as studied by minigene assay

Analysis of the cDNA obtained by RNA extracted by HEK293T cells
transfected with the different constructs gave a peculiar pattern in the
mutants in comparison to wild-type constructs. The PCR amplification
by vector specific primers (SD6 and SA2) (Supplementary Table S1)
clearly showed a band pattern consistent with exon skipping in both the
analysed cases.

For the c.1245 + 5G > A, the wild-type amplicon displayed a size of
335 base pairs (including 71 bp of exon 9), in contrast, the mutant
amplicon exhibited a size of 263 bp, significantly smaller than the ex-
pected size, but consistent with the amplification of the artificial exons
of the pSPL3 plasmid. This size difference is indicative of a skipping of
exon 9 due to an aberrant splicing event. For the ¢.1493 + 2_.1493 + 5del
variant, the wild-type band observed was a 343 (including the 80 bp
exon 12), while the mutant vector gave a band of 263 Bp, again
consistent with the skipping on exon 12 and amplification only of the
synthetic pSPL3 exons (Fig. 1). The direct sequencing of the fragments
unequivocally confirmed the exon skipping events (Supplementary
Table S1).

Furthermore, these experiments were repeated in a different cell line,
SH-SY5Y, of neuronal origin, confirming the same results (Supple-
mentary Fig. S1).

3.3. The skipping of the analysed exons alters the open reading frame of
SPAST or remove a critical portion of the protein

In both cases, the intronic variants ultimately resulted in skipping of
the adjacent 5’ exons (exons 9 and 12). Skipping of exon 9, caused by the
¢.1245 + 5G > A variant, led to an in-frame deletion removing a portion
of the AAA + ATPase domain (IPR003593 InterPro), a region critical for
protein function (Supplementary Fig. $3). In contrast, skipping of exon
12, also mapping in the same functional domain, due to the c.1493 +
2.1493 + 5del variant resulted in a frameshift, with the generation of a
premature stop codon after 13 amino acids (p.Gly471Alafs*13) (Sup-
plementary Fig. $3). Considering our data, following ACMG guidelines,
the variant ¢.1245 + 5G > A is classified as “Likely Pathogenic”, while
the variant ¢.1493 + 2_1493 + 5del can be classified as “Pathogenic”.

3.4. Clinical description

An extensive clinical description of the family members is reported in
Tables 2 and 3 (family 1 and 2, respectively). In brief, patients presented
with spastic paraplegia complicated by other clinical features, remark-
ably including anorexia nervosa. The diagnosis of anorexia nervosa was
established according to the criteria defined in the Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition, Text Revision (DSM-5-
TR) (American Psychiatric Association, 2022). This peculiar feature was
identified in the affected members of both families. While it is recog-
nized that other symptoms can be associated with spastic paraparesis in
SPG4 (Rattay et al., 2020), the cooccurrence of anorexia nervosa and
SPG#4 in these families appeared to be novel. Patients from both families
also presented with skeletal abnormalities and bilateral pes cavus. No
affected individuals exhibited signs of neuropathy, and nerve conduc-
tion studies yielded normal results.

The families exhibited an age at onset ranging from the third to the
fifth decade, with a mean + standard deviation (SD) of 46.3 + 6.5 years
in BRA53 and 45.0 £ 6.1 years in JAP95. Furthermore, analysis of age at
onset across generations suggested a trend consistent with genetic
anticipation. In family BRA53, the mean + SD ages at onset were 55
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Table 2
Clinical findings of the patients of family BRA53.
I:1 1I:2 II:5 II:1 III:3 II1:4
Sex M F M M F F
Age at onset, years® 55 46 49 35 39 37
Age at examination 73 61 64 51 53 49
Disease Duration 18 15 15 16 14 12
Disability stage® 4 3 4 3 2 2
SPRS¢ 42 32 40 29 22 25
LLH? + + + + + +
LLS® R S o S S + +
LLWf e N +
Babinski sign B U B U U U
Sphincter disturbances + - + - - -
Pes cavus B B B B B B
Anorexia nervosa + + + + + +
Orthostatic hypotension + + + + + +
Bradycardia + + + + + +
Halitosis + + + + + +
Russell's Sign + + + + + +
Insomnia + + + + + +
Lanugo + + + + + +
Scoliosis + + + + + +
Memory impairment + + + + + +
Behavioral/Psychiatric D AD D AD ED AD

symptoms

M = male; F = female; U = unilateral; B = bilateral; D = Depression; AD =
Anxiety disorders; ED = Emotional dysregulation; + and - indicate the presence
or absence of a feature, respectively;

#Age at onset was calculated approximately as the time when difficulty walking
first appeared in the affected individuals;

PDisability stages: 1, no mobility problems or slight stiffness of the legs; 2,
moderate gait stiffness; 3, problems running, but able to walk alone; 4, problems
walking; 5, wheelchair-bound;

°SPRS = Spastic Paraplegia Rating Scale;

9LLH, lower limbs hyperreflexia;

°LLS, lower limbs spasticity;

fLLW, lower limbs weakness.

years in the first generation, 47.5 + 1.5 years in the second generation,
and 37 + 1.6 years in the third generation. In family JAP95, the corre-
sponding values were 54 years, 50.5 + 1.5 years, and 39.3 + 3.1 years,
respectively.

4. Discussion

We reported the characterization of two splice site donor variants in
the SPG4/SPAST gene at the, c.1245 + 5G and ¢.1493 + 2_1493 + 5del
in two families, one Brazilian and one Japanese.

The evidence collected strongly suggested that the variants are
associated with the disease. In fact, a) the ¢.1493 + 2.1493 + 5del
variant is not found in GnomAD (V4.1.0) while the ¢.1493 + 2.1493 +
5del was found at a frequency of 0.000000687 in 1,454,890 control
chromosomes in the same database, confirming a low frequency of these
variants; b) segregate in the families in the affected members only; c) the
variant bases have a high PhiloP conservation; d) bioinformatic tools
predict a pathogenetic effect; e) minigene assay performed in two
different cell lines, show alteration of the splicing.

While patient’s cells fibroblasts are a reliable material to investigate
even neurological conditions (Evangelisti et al., 2024), in our case, in-
dividual’s biological material was not available. Thus, we investigated
and confirmed the effect of this variant in HEK293T cells by minigene
assay and expanded the molecular analysis by transfecting our con-
structs in a neuronal cell line, SH-SY5Y, confirming the same results.

In our work, we described the clinical presentation of the affected
members of the two families. Interestingly, in both families anorexia
nervosa was present in all patients with spastic paraplegia. This obser-
vation is particularly interesting since no reports described this associ-
ation with SPG4 before. While it is possible that this association is not
strictly correlated with SPAST pathophysiology, nevertheless, it is
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Table 3
Clinical findings of the patients of family JAP95.

I:2 1I:3 IL:5 II:3 IIL:5 1II:6

Sex F M F F F M
Age at onset, years® 51 52 49 41 42 35
Age at examination 76 63 63 57 58 47
Disease Duration 25 11 14 16 16 12
Disability stage® 4 2 3 3 3 2
SPRS¢ 40 21 37 35 32 18
LLH + o+ 1 + +
LLS® o+ o+ o+
LLW' H+ + S
Babinski sign B U U 1) U 18]
Sphincter disturbances + — — — — _
Pes cavus B B B B B B
Anorexia nervosa + + + + + n
Orthostatic hypotension + + + + 4 +
Bradycardia + + + 4 + +
Halitosis + + + + + n
Russell's Sign + + + + + n
Insomnia + + + + + +
Lanugo + + + + + +
Scoliosis + + + + + +
Memory impairment + + + + + +
Behavioral/Psychiatric D ED AD AD ED AD

symptoms

M = male; F = female; U = unilateral; B = bilateral; D = Depression; AD =
Anxiety disorders; ED = Emotional dysregulation; + and - indicate the presence
or absence of a feature, respectively;

#Age at onset was calculated approximately as the time when difficulty walking
first appeared in the affected individuals;

PDisability stages: 1, no mobility problems or slight stiffness of the legs; 2,
moderate gait stiffness; 3, problems running, but able to walk alone; 4, problems
walking; 5, wheelchair-bound;

°SPRS = Spastic Paraplegia Rating Scale;

9LLH, lower limbs hyperreflexia;

°LLS, lower limbs spasticity;

fLLW, lower limbs weakness.

plausible that the paraplegia symptoms have been worsened by a
debilitated state in anorexic patients. Indeed, anorexia nervosa is asso-
ciated with profound impairments in both muscular and nervous system
function because of malnutrition and insufficient protein and caloric
intake. Compared with other organs and tissues, the nervous system is
particularly vulnerable to damage, making it plausible that this condi-
tion, superimposed on the presence of a causative SPAST mutation for
HSP, could only further exacerbate the clinical presentation. Moreover,
the families involved had middle to high socioeconomic status, making
it unlikely that environmental or psychosocial factors alone could ac-
count for the anorexia nervosa phenotype independently of SPAST
mutations.

Furthermore, a recent line of research proposed a link between
spastin and lipid droplet dynamics and between spastin and metabolism.
It was shown that spastin deletion affects metabolic properties and
organelle characteristics in different model organisms, confirmed in
human cells. These studies showed that spastin regulates lipid droplet
formation and dispersion through the reorganization of the endoplasmic
reticulum along microtubules (Arribat et al., 2020). This is a pathway
where spastin and other HSP-related proteins synchronize the shaping of
the endoplasmic reticulum and microtubules stability to determine the
dispersion of lipid droplets in the cell, converging in comparable clinical
features in case of alteration. In this view, spastin might modulate
appetite or energy balance, linking anorexia nervosa to this form of HSP
(Arribat et al., 2020).

In the literature, these variants were described (Wang et al., 2021;
Ferese et al., 2023), but, at the best of our knowledge, a detailed clinical
description of the patients bearing these variants has not been reported,
leaving the riddle of the association of anorexia nervosa and spastic
paraparesis unsolved.

The mean age at onset in each family was consistent with the typical
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clinical presentation of SPG4 (Solowska and Baas, 2015). Although ge-
netic anticipation has been reported in several SPG4 families (Orlacchio
et al., 2002; Orlacchio et al., 2004; Kawarai et al., 2017; Kamada et al.,
2018), its occurrence remains a matter of debate (Munhoz, 2022). In the
present SPG4 pedigrees (BRA53 and JAP95), we observed a general
trend toward earlier onset across successive generations. Should this
pattern be confirmed in additional families with similar clinical profiles,
several mechanisms could be considered. One hypothesis is that genetic
or environmental modifiers might influence disease onset in certain
individuals. However, the most likely explanation is that the apparent
decrease in onset age reflects a diagnostic artifact arising from greater
clinical awareness and improved detection in younger generations.

Intra and inter-familial phenotypic variations are well known fea-
tures associated with SPG4/SPAST pathogenic variants (Santorelli et al.,
2000; Orlacchio et al., 2005). Our observation contributes to add to the
variable clinical presentation of SPG4 patients.

The variants cause an in-frame skip of exon 9 affecting the AAA
domain, and an out-of-frame skipping of exon 12, with the formation of
a premature stop codon affecting the AAA ATPase domain. Indeed,
different pathogenetic variants causing alteration at the level of SPAST
exon 9 have been reported (Magariello et al., 2010); at the same time,
bigger deletions involving exon 10 to 12 have been already described
(Beetz et al., 2006; Depienne et al., 2007), supporting a mechanistic
causal effect of the alteration of the AAA domain.

Furthermore, mutant SPAST transcripts escaping from nonsense-
mediated decay pathway might be translated into shorter proteins,
affecting the functional domains, MTBD and AAA (Fig. 1). Even though
we did not conduct SPG4/SPAST protein analysis due to technical and
material limitations, it is well known that truncated SPG4 proteins may
be biologically ineffective, even though they are produced (Beetz et al.,
2006; Depienne et al., 2007).

It has been suggested that the decreased microtubule-severing ac-
tivity by pathogenetic variants in SPAST would cause different events
including the production of longer and less dynamic microtubules,
resulting in a disorganized microtubule structure (McNally and Roll-
Mecak, 2018), and an increased number of dynamic plus-ends of mi-
crotubules, event that would alter endosomal tubulation and fission
events (Solowska and Baas, 2015).

The consistent presence of atypical clinical features across patients
with HSP, including anorexia nervosa, orthostatic hypotension, brady-
cardia, halitosis, Russell’s sign, insomnia, lanugo, scoliosis, memory
impairment, and affective symptoms such as depression, anxiety disor-
ders, and emotional dysregulation, suggests a possible contribution of
additional genetic factors associated with anorexia nervosa. However,
some of these features, particularly halitosis and insomnia, may repre-
sent secondary manifestations of anorexia nervosa and its metabolic and
nutritional consequences rather than independent clinical features.
Further investigation will be necessary to explore the potential contri-
bution of modifying variants across the genome, for instance by inte-
grating Whole Genome Sequencing data.

5. Conclusions

In summary, we provided evidence of additional allelic heteroge-
neity in SPG4 and observed phenotypic variations in the two families
studied. We also provide evidence for splicing alterations, and we
describe further genotype-phenotype correlation evidence. Addition-
ally, functional analysis of mutant spastin, and proteomic analysis are
necessary to enhance our understanding of SPG4 pathogenesis.
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