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Abstract
Objective

Spastic paraplegia type 6 (SPG6) is a rare subtype caused by Non-imprinted in Prader-Willi/Angelman
syndrome region protein 1 (NIPAT) mutations. We reported four unrelated SPG6 families, reviewed
related cases worldwide, and summarized the genotype-phenotype correlations.

Methods

We examined four probands, aged between 15 and 43 years, all presenting with progressive spasticity in
the lower limbs and walking difficulty. Physical examinations consistently revealed hypertonia,
hyperreflexia, and Babinski signs in lower limbs. We identified NIPAT mutations through whole exome
sequencing, validated these findings using Sanger sequencing or MLPA, and subsequently conducted
family co-segregation analysis along with a reevaluation of the phenotypes.

Results

Four SPG6 cases from different families were enrolled. One of these patients showed additional features
of demyelination neuropathy. Two heterozygous mutations ¢.316G > A (p.Gly106Arg) in NIPAT and
15q11.2 BP1-BP2 microdeletion (harboring full-length NIPAT) were disclosed respectively.

Conclusion

Two various NIPAT mutations were found in four unrelated SPG6 families, leading to distinct phenotypes.
While most cases presented as pure forms, one of them exhibited complicated features including
demyelination neuropathy. This variability supports the notion of inter- and intra-family heterogeneity in
SPG6 and indicates that the clinical boundaries of NIPA7-related conditions are still broadening.

1. Introduction

Hereditary spastic paraplegia (HSP) is a group of neurological degenerative diseases with high
phenotypic and genotypic heterogeneity [1-3], mainly characterized by progressive spasticity of lower
limbs [4-6]. Spastic paraplegia type 6 (SPG6) is a rare subtype caused by Non-imprinted in Prader-Willi/
Angelman syndrome region protein 1 (NIPAT) gene mutations (NM_144599) [7, 8], accounting for less
than 1% of autosomal dominant HSP (AD-HSP) cases in Europe [9], and 0.37% of Chinese HSP patients
[10]. SPG6 usually starts in adolescence, mainly characterized by pure forms, with complicated forms
accounting for 23%, including demyelination neuropathy, generalized epilepsy, cognitive decline, ataxia,
amyotrophic lateral sclerosis, and schizophrenia [11, 12].
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In this study, we aimed to collect clinical data from four patients with SPG6, with thorough physical and
auxiliary examinations, and genetic tests, to summarize the genotype-phenotype correlations.

2. Material and Methods

2.1 Participants

We enrolled four probands diagnosed with HSP based on classic criteria of progressive lower limb
spasticity and gait impairment [13], then examined them and their family members to collect clinical
data.

2.2 Ethical approval

We obtained written informed consent from all patients. Formal ethical approval was given by the
committee at Shanghai Sixth People's Hospital Affiliated to Shanghai Jiao Tong University School of
Medicine.

2.3 Mutation analysis

A standard phenol- chloroform method was applied for genomic DNA extraction from peripheral blood
lymphocytes. We selected 300 healthy controls with matched geographic ancestry for comparative
purposes. We then performed exome capture on the patients, for which we used Agilent SureSelect v6
reagents. Sequencing was carried out on the Illlumina HiSeq X Ten platform. We aligned the resulting
reads to the human reference genome (hg19, GRCh37), and after that we performed recalibration and
variant calling. For initial filtering, we used population allele frequencies that came 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/)]. We removed variants with a population prevalence above 0.1%. The remaining variants were
then assessed and grouped. We applied the criteria set by the American College of Medical Genetics and
Genomics (ACMG) for this process [14].

2.4 Data availability statement

The corresponding author holds the original dataset from this study. It can be shared with other
researchers upon reasonable request.

3. Results

3.1 Clinical findings
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The patient (T5057, §-2 in Fig. 1A) was a male in his twenties with progressive walking difficulty, since
the age of 24 years old. Upon physical examination, he presented with hypertonia, mildly reduced
strength (5-/5), hyperreflexia, bilateral ankle clonus and Babinski signs in lower limbs.

The proband (T8904, -6 in Fig. 1B) was a male in his thirties, with positive family history including eight
affected family members. At the age of 10, he first experienced walking instability, and by age of 20,
worsening of his gait was observed. Physical examination revealed hyporeflexia in four limbs,
hypertonia, reduced strength (4/5), superficial hyperesthesia and reduced pinprick sensation in the lower
limbs, as well as bilateral Babinski signs. Electromyography showed evidence of

peripheral demyelination neuropathy, with slowed sensory conduction velocity (35.7 m/s in right sural
nerve, and 31.8 m/s in left sural nerve).

The patient (T7113, II-2 in Fig. 1C) was a female in her forties , with progressive walking difficulty for
more than 20 years. Gradually, she developed weakness and stiffness in both lower limbs since the age
of 23. Symptoms worsened after 40, since when she had to rely on a cane, then a walker. Upon physical
examination, she had hypertonia (2/4 on the modified Ashworth scale graded 0-4) and reduced strength
(3/5), hyperreflexia and bilateral Babinski signs in lower limbs.

The patient (T8346, -1 in Fig. 1D) was an adolescent female , with bilateral Achilles tendon contracture
and foot deformities with the age of onset at 1 year old. Physical examination revealed hypertonia,
hyperreflexia, and Babinski signs in lower limbs.

As for all four cases, brain and spinal cord MRI showed no obvious findings. The detailed clinical
features of the four patients are all summarized in Table 1.

3.2 Genetic findings

A heterozygous variant ¢.316G>A (p.Gly106Arg) was identified in the proband (I -2) and his mother (I-2),
which was negative in the unaffected father (I-1) and elder brother (lI-1) in Family 1 (Fig. 1A). The same
variant was also disclosed in Family 2 (Fig. 1B), including the proband (llI-6) and his father (8-3). A
heterozygous 15q11.2 BP1-BP2 microdeletion variant was identified in Family 3 (8-1, Fig. 1C) and Family
4 (8-1 and I-1, Fig. 1D). We applied the ACMG guidelines to support this classification [14], and both
variants in the NIPAT gene were classified as "pathogenic" (Table 1).

4. Discussion

In this study, we enrolled four SPG6 families. The probands presented with pure or complicated forms
characterized by demyelination neuropathy, due to ¢.316G>A (p.Gly106Arg), and 15q11.2 BP1-BP2
microdeletion. Two patients in our study carried the NIPAT ¢.316G>A (p.Gly106Arg) variant. SPG6 is
relatively rare worldwide. Since 2000, a total of 33 families have been reported [7, 15], including 4 from
our study. ¢.316G>A (p.Gly106Arg) was the most prevalent (n=19 families, 57.58%), among which 10 had
complicated form (52.63%) (Fig. 2B). Three out of four families with ¢.316G>C (p.Gly106Arg) also had
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complicated type (Fig. 2B). c.134C>G (p.Thr45Arg) was identified in 3 families, among which one had
complicated form (Fig. 2B). The ¢.316G>A mutation is predicted to destabilize the third transmembrane
domain of NIPA1 (Fig. 2B), impairing its function. The ¢.316G>A results in reduced NIPA1 protein
expression, and among the 60 patients, 17 developed epilepsy (28.3%) while only one had demyelination
neuropathy (1.7%) [7, 12, 16-27]. Across all reported NIPA7-related SPG6 families worldwide, only 3
families have been documented to have concurrent demyelinating neuropathy [20, 28, 29]. In our study,
two patients with ¢.316G>A without seizurellone presented with demyelination neuropathy, with the
bilateral sural nerves (right: 35.7 m/s, left: 31.8 m/s).

15911.2 BP1-BP2 microdeletion were identified in two patients from our study. The 15q11.2 BP1-BP2
microdeletion (encompassing TUBGCP5, CYFIP1, NIPA1, and NIPA2) (Fig. 2A) is a recognized syndrome
with a prevalence of 0.57%—1.27% in patients referred for microarray analysis, representing a 2- to 4- fold
increase relative to controls. Literature reviews classify its clinical manifestations into five categories:
developmental (73%) and speech (67%) delay; dysmorphic ears and palatal anomalies (both 46%);
learning difficulties, memory problems, and verbal 1Q <75 (50%-60%); unspecified behavioral problems
(55%); and abnormal brain imaging (43%). Less common features include seizures/epilepsy (26%),
autism spectrum disorder (27%), ADHD (35%), schizophrenia/paranoid psychosis (20%), and motor delay
(42%) [30]. However, hereditary spastic paraplegia is not part of this microdeletion’s classically
recognized phenotypic spectrum; to date, only five families worldwide (including our two families) have
been reported with spastic paraplegia. The five probands and other carrier family members showed none
of the cognitive or behavioral abnormalities commonly described in previous studies [31, 32]. Although
NIPAT haploinsufficiency has not been established as a cause of the SPG phenotype, within the 15q11.2
BP1-BP2 region, NIPAT is the strongest candidate gene for SPG6/HSP; both prior reported cases and
our patients support that deletion of this region may be associated with the HSP

phenotype [32]. According to previous studies, the incomplete penetrance is common for micro deletions
and duplications of 15q11.2 BP1-BP2. The calculated penetrance above the background risk was 2.18%
for deletions and 1.16% for duplications of 15q11.2 BP1-BP2 [33]. Due to its low penetrance, results
should be interpreted with caution when providing reproductive genetic counseling for this gene. The low
penetrance may be attributed to several mechanisms: cryptic balanced insertional translocations [34]X
parent-of-origin epigenetic regulation [35], breakpoint heterogeneity and oligogenic interactions [36].

Current treatment methods for SPG6 are relatively limited. However, previous studies suggested that
extra supplementary Mg?* in patients with 15q11.2 BP1-BP2 microdeletion might improve aberrant
behavior [37]. Individual studies suggested that brain-computer interfaces may be beneficial for
alleviating patients' motor dysfunction [38, 39]. In the future, gene-specific therapy for SPG6 deserves
more in-depth studies.

5. Conclusion

In summary, we described four families with SPG6, two with ¢.316G>A and two with 15q11.2 BP1-BP2
microdeletion. In particular, one patient with ¢.316G>A additionally had demyelination neuropathy, while
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the other three had pure forms. These findings indicate that the clinical spectrum of NIPAT-related
disorders is still broadening.
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Patient Case 1 Case 2 (T8904) Case 3 (T7113) Case 4 (T8346)
(T5057)
Gender M M F F
AAO (years) 26 10 21 1
Duration (years) 3 20 22 14
Family History + + - -
Initial Symptoms Difficulty in Difficulty in Difficulty in Difficulty in
walking walking walking walking
Other Symptoms - - - Foot deformities
LL Hypertonia + + + +
Hyperreflexia + - + +
Babinski signs + + + +
Ankle clonus + - - +
SPRS 8 12 30 12
Additional features - Demyelination - -
neuropathyl
reduced pinprick
sensation
NIPAT mutation c.316G>A c.316G>A 159q11.2 15q11.2
(p. (p. Gly106Arg) BP1-BP2 BP1-BP2
Gly106Arg) microdeletion microdeletion
ACMG P P P P

AAQO, age at onset; +, positive; -, none; LL, lower limbs; SPRS, Spastic Paraplegia Rating Scale; NIPAT,
nonimprinted in Prader-Willi/Angelman loci 1 (NM_144599),ACMG, American College of Medical
Genetics and Genomics (Richards et al.,, 2015); M, male; F, female; P, pathogenic.

Figures
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Figure 1

in SPG6.

Analysis of Pedigrees and NIPA1 Mutation Conservation Across Species

The patient's family pedigree and the Sequence chromatogram of the NIPATgene(NM_144599) (red

arrows indicate mutation sites). In the pedigree, squares represent males, circles represent females.

black-filled symbols indicate affected individuals, white symbols indicate unaffected individuals, and the
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point in the white symbol indicates a heterozygous carrier. N, not tested. All other individuals shown
underwent genetic testing.

A: Pedigree of Family 1. sequence chromatogram of NIPAT gene displays one hemizygous mutation
c.316G>A (p.Gly106Arg) in the proband (I1:2)lwhich was identified in his mother (I:2) but negative in his
father (1:2) and brother (I1:1). The mutations located in the highly conserved region of proteins are shown
in the bottom half. Red square frame: mutant amino acid.

B: Pedigree of Family 2. sequence chromatogram of NIPAT gene displays one hemizygous mutation
c.316G>A (p.Gly106Arg) in the proband (l11:6)lwhich was identified in his Father (1I:3) but negative in his
mother (Il:4)and brother (l11:5).

C: Pedigree of Family 3. MLPA results indicate missing genes (TUBGCP5, CYFIP1, NIPA1, NIPA2) involved
in hemizygous 15q11.2 BP1-BP2 microdeletion in the proband (I:2).

D: Pedigree of Family 4. MLPA results indicate missing genes (TUBGCP5, CYFIP1, NIPA1, NIPA2) involved
in hemizygous 15q11.2 BP1-BP2 microdeletion in the proband (lI:1) and his father (I:1), but negative in
his mother (1:2).
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Figure 2

Diagram of Chromosome 15, genes in the BP1-BP2 region and NIPA1 protein structure.

A: Gene distribution of 15q11.2 BP1-BP2 region and gene structure of NIPAT (NM_144599). BP,
breakpoint; EX, exon.
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B: Schematic of NIPA1 Structure and Summary of SPG6 Genotype-Phenotype Correlations. Yellow balls
represent amino acids in topological domains, and blue balls represent amino acids in transmembrane
domains. Amino acid mutations causing different genotypes markedwith black (reported before) or red
circles (reported in this study). Genotype-phenotype correlations of SPG6 were highlighted with different
colors: grey= pure form; blue= epilepsy; green= cognitive impairment, polyneuropathy; magenta=
epilepsy, tremor, polyneuropathy, cognitive impairment, ataxia, facial dystonia, amyotrophic lateral
sclerosis (ALS). EC, extracellular; IC, intracellular; NH2, amino terminal; COOH, carboxyl terminal.
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