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Abstract

Aims The hereditary spastic paraplegias (HSPs) are a heterogeneous group of inherited neurodegenerative disorders.
Although, several genotype—phenotype studies have carried out on HSPs, the association between genotypes and clinical
phenotypes remain incomplete since most studies are small in size or restricted to a few genes. Accordingly, this study pro-
vides the systematic meta-analysis of genotype—phenotype associations in HSP.

Methods and results We retrieved literature on genotype—phenotype associations in patients with HSP and mutated SPAST,
REEPI,ATLI, SPGI11,SPGI15, SPG7,SPG35, SPG54, SPGS. In total, 147 studies with 13,570 HSP patients were included
in our meta-analysis. The frequency of mutations in SPAST (25%) was higher than REEPI (3%), as well as ATLI (5%) in
AD-HSP patients. As for AR-HSP patients, the rates of mutations in SPG11 (18%), SPG15 (7%) and SPG7 (13%) were
higher than SPG5 (5%), as well as SPG35 (8%) and SPG54 (7%). The mean age of AD-HSP onset for ATLI mutation-positive
patients was earlier than patients with SPAST, REEPI mutations. Also, the tendency toward younger age at AR-HSP onset
for SPG35 was higher than other mutated genes. It is noteworthy that the mean age at HSP onset ranged from infancy to
adulthood. As for the gender distribution, the male proportion in SPG7-HSP (90%) and REEP1-HSP (78%) was markedly
high. The frequency of symptoms was varied among patients with different mutated genes. The rates of LL weakness, super-
ficial sensory abnormalities, neuropathy, and deep sensory impairment were noticeably high in REEP1 mutations carriers.
Also, in AR-HSP patients with SPG1 mutations, the presentation of symptoms including pes cavus, Neuropathy, and UL
spasticity was higher.

Conclusion Our comprehensive genotype—phenotype assessment of available data displays that the mean age at disease
onset and particular sub-phenotypes are associated with specific mutated genes which might be beneficial for a diagnostic
procedure and differentiation of the specific mutated genes phenotype among diverse forms of HSP.
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Introduction

The hereditary spastic paraplegias (HSPs) include a diverse
clinically and genetically heterogeneous group of inher-
ited neurodegenerative disorders [1]. Affected individuals
predominantly present bilateral progressive spasticity and
weakness of the lower limbs. Mainly, HSP-related symptoms
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are associated with degeneration of the longest corticospinal
nerves [2]. In the clinical perspective, HSPs have been clas-
sified into uncomplicated (or pure) and complicated (or com-
plex) forms. The pure forms refer to a condition that most of
the affected individuals display similar clinical characteris-
tics including progressive lower extremity spastic weakness,
urinary bladder symptoms and mild diminution of distal
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vibratory sensation. The complex form is characterized by
additional features such as ataxia, seizures, intellectual dis-
ability, parkinsonism, cognitive impairment, extrapyramidal
disturbance, and peripheral neuropathy, among others [1, 3].

In the field of neurogenetics, HSPs are conceivably the
disorders with the most striking genetic heterogeneity, with
all patterns of Mendelian inheritance reported. The auto-
somal dominant HSP (AD-HSP) is the predominant form
of the disorder, responsible for up to 80% of all cases with
pure HSP in developed societies. This is while autosomal
recessive HSPs (AR-HSPs) are prevalent in populations with
a high rate of inbreeding and frequently is associated with
complex forms. However, there are reports of HSP cases
with X-linked or mitochondrial transmission, but they are
rare [1, 2, 4].

Thus far, more than 80 genes for HSPs have been identi-
fied and yet the genetic landscape of HSP is far from com-
plete [5]. Mutations in SPAST (formerly known as SPG4) are
the most common genetic findings in patients present with
AD-HSP. In the autosomal recessive HSPs, thinning of the
corpus callosum is the frequent abnormality of the disorder
that is mostly due to pathogenic mutations in SPG11 [6, 7].
There is a relatively large list of other genes implicated in
dominant and recessive HSP. Interestingly, genes like SPAST
and SPG11 have seen with the transmission in both domi-
nant and recessive models [8—10].

In general, HSP has a subtle onset and, therefore, the
exact age of onset (AO) for symptoms is not always accu-
rate. There is a significant difference between AOs among
the distinct genetic subtypes of HSP. It is noteworthy that
the disease can occur at any age, but it is more common in
childhood or early adulthood [11].

There are different concomitant neurologic and non-
neurologic symptoms such as intellectual disability, dysar-
thria, and ataxia in patients with AR-HSPs. A considerable
number of reports support the existence of an association
between the mutated genes and clinical features. It is most
common in patients with mutated ATLI to present distal
atrophy or neuropathy. As for patients with mutated SPG7,
the manifestation of ataxia is more prevalent. Despite the
fact that several studies described the relationship between
the phenotypes of HSP patients and their mutations by geno-
type—phenotype correlation analysis, the findings of a single
study are mainly descriptive and also cannot be generalized
due to the small cohort size [12—-15]. Also, most records
have used the sequences of a small number of genes to iden-
tify disease-causing mutations in index patients and their
relatives, leading to a heterogeneous perspective of clinical
genetic results in terms of the affected genes, the studied
patient cohorts, and outcome variables.

Accordingly, in this study, we performed a more compre-
hensive systematic review on the mutation frequency, AO
and the genotype—phenotype correlation in distinct HSP
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genetic subtypes via meta-analyzing the currently available
literature on the genotype—phenotype association to sustain
better-personalized treatment of HSP patients.

Methods
Search strategy and selection criteria

We performed a search on PubMed, Embase, Google
Scholar, Scopus and Science Direct databases, for papers
published in English up to March 2019, using a combination
of key terms “Hereditary Spastic Paraplegia”, “HSP”, “AD-
HSP”, “AR-HSP”,“SPAST”,“REEP1”, “ATL1”, “KIF5A”,
“SPG4”, “SPG31”, “SPG3A”, “SPG10”, “SPG11”,
“SPG15”, “ZFYVE26”, “SPG7”, “SPG35”, “FA2H”,
“SPG54”, “DDHD2”, “SPG5A”, “CYP7B1”, “mutation”,
“genetic”, “variant” and “genotype”. The lexicons of related
risk factors were also searched for having a comprehensive
study. Studies that evaluated genotype—phenotype correla-
tion in HSP patients were selected. Furthermore, the abstract
and title of the individual papers were perused thoroughly,
and then studies of interest were selected for assessment of
the full article. Case report studies, meta-analysis, reviews,
abstract or conference papers, studies on cell line and animal
models were excluded.

Data gathering and statistical analysis

Two independent reviewers assessed and selected the studies
according to the predetermined inclusion criteria, and the
consensus was achieved by a third reviewer. The following
data were extracted from the selected studies: author name,
year, sample size, patients age, gender, mutated genes, and
clinical findings like upper limb (UL) spasticity, lower limb
(LL) spasticity, LL weakness, pes cavus, bladder abnormali-
ties, UL hyperreflexia, LL hyperreflexia, extensor plantar,
intellectual disability (ID), dysarthria or speech disorder),
peripheral neuropathy, epilepsy, ataxia, thin corpus callo-
sum (TCC), white matter abnormalities (WMA), cataracts
or visual problems, and superficial sensory abnormalities.
The meta-analysis was conducted as stated by the Pre-
ferred Reporting Items for Systematic reviews and Meta-
Analysis (PRISMA) [16]. The “meta” package (version
4.9-5) in R (version-3.5.3, The R Foundation for Statistics
Computing, March 11, 2019) was employed to fit meta-
analysis models for the proportions and means. We used QO
test to test for subgroup differences. Heterogeneity between
trials was quantified using the Cochrane’s Q statistic and the
P test and considered significant at > 50% or P value <0.1.
In the case of significant heterogeneity, the random-effects
model was used for the meta-analysis. Otherwise, a fixed-
effect model was fitted. Chi-squared test and Fisher’s exact



Journal of Neurology (2021) 268:2065-2082

2067

test were used to evaluate the association of clinical features
with genotypes. Moreover, the Benjamini—Hochberg proce-
dure (BH) was run to control the false discovery rate. A P
value < 0.05 was considered statistically significant.

Results
Characteristics of included studies

Studies that met our inclusion criteria are listed in Table 1.
More details about the included studies for AD-HSP and
AR-HSP are summarized in Supplementary Table 1 and
Table 2, respectively.

Mutation frequency of HSPs

To estimate pooled frequency of mutations in HSP patients,
we performed proportion meta-analysis (metaprop). We
included SPAST, REEP1 and ATLI gene for AD-HSP and
SPGI1,SPGIS5, SPG7, SPG35, SPG54, SPG5 for AR-HSP.
Table 2 provides details on gene mutation frequencies in
HSP patients.

Mutation frequencies in AD-HSP patients

We found a total of 57 studies screened 5084 HSP patients,
for mutation frequency of SPAST. A pooled frequency of
25.00% (95% CI 21.00-30.00) for SPAST mutations in
HSP cases was found (Fig. 1). However, we found a non-
significant difference regarding SPAST mutation frequen-
cies among different populations (Q=3.47, P=1.00); the
frequency of mutations in the Asian population (32.62%)
was higher than that of Caucasians (23.07%) and Americans
(24.83%) (Table 3).

For REEPI, a total of 12 studies that investigated 1972
HSP patients revealed a mutation frequency of 3.00% (95%
CI 2.00-5.00) (Fig. 2). A frequency of 5.00% (95% CI
3.00-9.00) related to ATLI mutations was identified con-
sidering 26 studies, including 3107 HSP patients (Fig. 3).
Moreover, the mutation frequency of ATLI in the Caucasian
population (8%) was higher than that of Asians and Ameri-
cans (4% each) (Table 3).

Mutation frequencies in AR-HSP patients

For SPG11, a total of 27 studies with 2126 HSP cases
were assessed, resulting in a frequency of 18.00% (95%
CI 9.00-33.00%) (Fig. 4). Population sub-group analysis
revealed that the mutation frequency of SPGI1/ in the Asian
population was higher (87.98%) than that of Caucasians
(10.55%), and Americans (24.23%) (Table 3). As for SPG15,
a frequency of 7.00% (95% CI 3.00-15.00%) in five studies

including 296 HSP cases was reported (Fig. 5a). Our analy-
sis revealed a frequency of 13.00% (95% CI 5.00-30.00%)
related to SPG7 mutations, in seven studies including 303
HSP cases (Fig. 5b). In sub-group analysis, we found a
higher frequency of mutated SPG7 in Americans in com-
parison to Caucasians (18.97% vs. 13.29%) (Table 3). A
total of four studies investigated 198 HSP patients for muta-
tions in SPG35 and a pooled frequency of 8.00% (95% CI
1.00-35.00%) was observed (Fig. 5c¢). There were five stud-
ies tested 289 HSP patients for mutations in SPG54 and we
found a frequency of 7.00% (95% CI 0.00-50.00%) (Fig. 5d).
A total of five studies screened 195 HSP patients for muta-
tions in SPGS5 with an overall frequency of 5.00% (95% CI
3.00-9.00%) (Fig. Se).

Mean AO in HSP patients

The meta-analysis result of mean AO of both AD-HSP and
AR-HSP is presented in Table 4.

Our result suggested that patients with ATL/ mutations
have the earliest mean AO as 4.53 (95% CI 3.09-5.98) in
comparison to other AD-HSP genes. As for SPAST and
REEP], the mean of AO was 24.79 (95% CI 21.00-28.58)
and 17.00 (95% CI 11.18-22.82), respectively (Fig. 6)
(Table 4). The assessment of mean AO of AD-HSP genes
in different ethnicity indicated a significantly earlier onset
of disease for ATLI-HSP in the Asian population as well
as Caucasians (P=0.018). It is also a significant tendency
toward younger age at HSP onset for SPAST with a mean
age of 21.88 (95% CI 17.71-26.06) in the Caucasians
(P=0.023) (Table 5).

With regard to the AO of AR-HSP, SPG7-HSP tends to
manifest in older years than HSP cases due to mutations in
SPGI11,SPG15,SPG35 and SPGS5 group (Table 4) (Fig. 6).
The mean age at the onset of SPG7-HSP patients was 37.17
(95% CI 33.31-41.02), for the SPGI1-HSPs was 13.10
(95% CI 11.30-14.90), for the SPG15-HSP group was 14.67
(95% CI 11.44-17.91) and in the SPG35-HSP was 13.89
(95% CI 0.00-28.92) years, as well. It was 20.07 (95% CI
10.38-29.76) in SPGS5 mutation-positive patients group
(Fig. 6). The mean age at HSP onset in the SPG11 group is
similar among patients with different ethnicities (Table 5).

Gender distribution in HSP patients

Frequently, males were more reported to have HSP due
to mutations in SPG5, SPG11, SPG7, ATLI, REEPI, and
SPAST, while there was an equal gender distribution among
patients with mutated SPG35. We found that male to female
ratio for SPAST-HSP patients was 1.27 (171 male out of 305
patients). This ratio for SPG7-HSP patients was 9.00 (18
male out of 20 patients). Also, 67% of SPG5-HSP, 54% of
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Table 1 The included studies for each gene

Gene Feature Studies References
SPAST  Mutation frequency 57 [8-10, 16-69]
Mutation frequency in sub-populations 55 [8-10, 1624, 2663, 65-69]
Mean age of onset 40 [9, 18, 20, 23, 25, 27, 28, 30-37, 39-52, 54-59, 62-65, 69]
Mean age of onset in sub-populations 38 [9, 18, 20, 23, 27, 28, 30-37, 39-52, 54-59, 62, 63, 65, 69]
UL spasticity 14 [18, 23, 27,28, 31, 34, 35, 44, 51, 54, 55, 57, 62, 63]
LL weakness 18 [18, 25, 27,28, 31, 34, 35, 37, 44, 50, 51, 54, 56-58, 62-64]
UL hyperreflexia 25 [18, 20, 23-25, 27, 28, 31, 32, 34, 35, 3941, 44, 50, 51, 54-57, 59, 62-64]
LL hyperreflexia 26 [10, 18, 20, 23, 25, 28, 30, 31, 34, 35, 38-41, 44, 47, 50, 51, 54-56, 58, 59, 62-64],
Extensor plantar 28 [10, 18, 20, 23, 25, 27, 28, 30-32, 34, 35, 38, 39, 41, 44, 47, 50, 51, 54-59, 62-64]
Deep sensory impairment 25 [9, 10, 18, 23-25, 27, 28, 30-32, 34, 35, 41, 44, 47, 50, 51, 54-57, 59, 63, 64]
D 25 [9, 10, 20, 23, 25, 27, 28, 30-35, 41, 44, 47, 48, 52-57, 59, 64]
Dysarthria 25 [9, 10, 20, 23, 25, 27, 28, 30-35, 39, 44-47, 49-51, 54-57, 59]
Superficial sensory abnormalities 22 [9, 10, 23, 25, 27, 28, 30-32, 34, 35, 37, 44, 47, 50, 51, 54-57, 59, 62]
Spine curvature disorders 21 [9, 10, 23, 25, 27, 28, 30-32, 34, 35, 44, 47, 50, 51, 54-57, 59, 64]
Neuropathy 17 [9, 10, 23,27, 28, 31-35, 44, 49, 51, 53-55, 57]
REEP] Mutation frequency 12 [10, 19, 34, 37, 43, 49, 58, 70-74]
Mean age of onset 6 [19, 34, 49,71, 73, 74]
UL spasticity 4 [10, 71-73]
LL weakness 6 [10, 19, 58, 71-73]
UL hyperreflexia 5 [10, 70-73]
LL hyperreflexia 6 [10, 19, 58, 71-73]
Extensor plantar 7 [10, 19, 58, 70-73]
Deep sensory impairment 5 [10, 19, 70-72]
D 4 [10, 70,71, 73]
Dysarthria 4 [10, 49, 70, 71]
Superficial sensory abnormalities 4 [10, 70, 71, 73]
Spine curvature disorders 4 [10, 70, 71, 73]
Neuropathy 6 [10, 19, 58, 71-73]
ATLI Mutation frequency 26 [8,9, 20, 22, 34, 37, 38, 43, 44, 47, 49, 54, 65, 67, 68, 70-72, 74-81]

Mutation frequency in sub-populations 25 [8,9, 20, 22, 34, 37, 38, 43, 47, 49, 54, 65, 67, 68, 70-72, 74-81]
[8,20, 22,37, 38,43, 44, 49, 54, 65,71, 72, 74,75, 77, 80]

—
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Mean age of onset

[9, 20, 44, 47, 54,70, 71, 81]
[9, 54,70, 71, 81]
[9, 49, 54,70, 71, 74, 81]

Superficial sensory abnormalities
Spine curvature disorders

Mean age of onset in sub-populations 16 [8, 20, 22, 37, 38, 43, 44, 49, 54, 65, 71, 72, 74,75, 77, 80]
UL spasticity 5 [44,54,71,72, 81]
LL weakness 6 [20, 44, 54,71, 72, 81]
UL hyperreflexia 6 [44, 54, 70-72, 81]
LL hyperreflexia 5 [44, 54,71, 72, 81]
Extensor plantar 6 [44, 54, 70-72, 81]
Deep sensory impairment 8 [9, 22, 47, 54, 70-72, 81]
D 5 [9, 54,70, 71, 81]
Dysarthria 6 [9, 49, 54,70, 71, 81]

8

5

7

Neuropathy

@ Springer
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Table 1 (continued)

Gene Feature Studies References
SPGI1 Mutation frequency 27 [8-10, 25, 31, 32, 34, 43, 70, 75, 82-98]
Mutation frequency in sub-populations 26 [8-10, 25, 31, 32, 34, 43, 70, 75, 82—-89, 91-98]
Mean age of onset 22 [9, 10, 32, 34, 43, 70, 75, 82, 83, 85-92, 94-98]
Mean age of onset in sub-populations 21 [9, 10, 32, 34, 43, 70, 75, 82, 83, 85-89, 91, 92, 94-98]
UL spasticity 4 [10, 25, 85, 92]
LL weakness 6 [10, 84, 87, 92, 95, 97]
UL hyperreflexia 21 [25, 31, 32, 34, 43, 70, 75, 82-88, 90-94, 96, 97]
ID 16 [10, 70, 75, 82-85, 88, 90-92, 94-98]
Dysarthria 15 [25, 70, 75, 82, 84, 86-88, 90-92, 94-97]
Neuropathy 13 [25, 70, 82, 83, 8688, 91, 94-98]
Pes cavus 6 [25, 82,90, 92, 94, 95]
Ataxia 13 [70, 75, 82, 84-88, 90, 92, 95, 96, 98]
TCC 19 [25, 70, 82-98]
Epilepsy 7 [25, 70, 85, 93-95, 98]
WMA 19 [25, 70, 75, 82-97]
Cataract (or visual impairment) 7 [82, 86, 87, 90, 93, 94, 96]
SPG15 Mutation frequency 5 [10, 32,91, 93, 99]
Mean age of onset 2 [32,99]
LL weakness 2 [10, 99]
UL hyperreflexia 4 [32,91, 93, 99]
ID 3 [10, 91, 99]
TCC 4 [32,91, 93, 99]
Epilepsy 2 [93, 99]
WMA 4 [32,91, 93, 99]
Cataract 2 [93, 99]
[or visual impairment]
Neuropathy 2 [91,99]
Ataxia 1 [99]
SPG7  Mutation frequency 7 [9, 10, 31, 70, 82, 91, 100]
Mutation frequency in sub-populations 7 [9, 10, 31, 70, 82, 91, 100]
Mean age of onset 6 [9, 10, 31, 82,91, 100],
UL hyperreflexia 5 [31, 70, 82,91, 100]
1D 4 [10, 70, 82,91]
TCC 4 [10, 70, 82, 91]
Dysarthria 5 [10, 70, 82, 91, 100]
WMA 5 [31, 70, 82,91, 100]
Neuropathy 3 [70, 82,91]
Ataxia 4 [10, 70, 82, 100]
Cataract (or visual impairment) 2 [82, 100]
SPG35 Mutation frequency 4 [32, 75,101, 102]
Mean age of onset 3 [32, 101, 102]
1D 3 [75, 101, 102]
Ataxia 3 [75, 101, 102]
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Table 1 (continued)

Gene Feature Studies References

SPG54 Mutation frequency 5 [75, 103-106]
UL hyperreflexia 4 [75, 103, 104, 106]
UL Spasticity 2 [103, 106]
1D 5 [75, 103-106]
TCC 2 [103-106]
Dysarthria 3 [75, 103, 106]
WMA 4 [75, 103, 104, 106]
Cataract (or visual impairment) 3 [103, 104, 106]
Pes cavous 2 [103, 106]

SPG5 Mutation frequency 4 [10, 70, 82, 93]
Mean age of onset 2 [10, 70]

Table2 Overall mutation frequencies of reported genes in HSP
patients

Gene Meta-analysis Test for heterogeneity
%Frequency [95% CI] &k 0 0, P (%)
AD-HSP
SPAST  25.00 [21.00-30.00] 57 34992  <0.00 87.00
REEP] 3.00 [2.00-5.00] 12 24.66 0.01 55.00
ALTI 5.00 [3.00-9.00] 26 191.63 <0.00 89.00
AR-HSP
SPGI11  18.00[9.00-33.00] 27 32647  <0.00 94.00
SPGI15 17.00 [3.00-15.00] 5 17.49 0.00 72.00
SPG7  13.00 [5.00-30.00] 7 30.37  <0.00 84.00
SPG35 8.00 [1.00-35.00] 4 13.89 0.00 78.00
SPG54  7.00 [0.00-50.00] 5 3354  <0.00 89.00
SPG5  5.00[2.00-12.00] 4 8.46 0.03 50.00

SPG11-HSP, 65% of ATLI-HSP, and 78% of REEPI-HSP
patients were male (Fig. 7).

The male/female ratio was significantly higher in SPG7-
HSP patients compared to those with mutation in SPG5
(P=0.0001), SPG11 (P<0.0001), and SPG35 (P <0.0001).
As for AD-HSP patients, numerically the males were sig-
nificantly higher in REEP] mutation carriers in comparison
with SPAST-HSP patients (P =0.0015).

Genotype-phenotype correlation in HSP patients

However, the lower limbs weakness and spasticity are con-
sidered to be the predominant clinical characteristics; there
are significant differences showing special characteristics
with regard to the underlying gene. Figure 8a, b represents
the relative frequency of finding the clinical features in AR-
HSP and AD-HSP, respectively.

@ Springer

Findings in neurological examination

We were able to only include SPG/1 and SPGI5 to investi-
gate the association of AR-HSP-related genes with LL weak-
ness. The results evidenced that all the patients (n=8) with
SPG15 mutations presented LL weakness which was sig-
nificantly higher than those with SPG1I-HSP (P <0.0001)
(Fig. 8a). In the case of AD-HSP, we found 25 out of 29
patients (86%) with REEPI-related HSP were discerned
with LL weakness. This frequency is significantly higher
than that observed in HSP cases due to ATL]/ mutations
(50%, 8 out of 16 patients) and SPAST mutations (47%, 113
out of 241 patients) (Fig. 8b).

The frequency of UL spasticity was 69% (11 out of 16
patients) in SPG11-HSP patients, while 3/5 of patients with
mutations in SPG54 and 3/7 of SPG15-HSP cases were
reported to have UL spasticity. In the case of AD-HSP
patients, UL spasticity was reported in 13% of SPAST-HSP
(23 out of 178 patients) and 11% of REEP1-HSP patients (2
out of 19 patients). The UL spasticity was not observed in
patients with ATLI mutations.

In general, UL hyperreflexia is a more common finding
in AR-HSP than AD-HSP. All included HSP patients with
mutated SPG15, SPG7, and SPG54 to manifest UL hyper-
reflexia; however, 90% of SPG11-HSP showed such lesions
(Fig. 8a) (Supplementary Table 3). In AD-HSP, almost 37%
of SPAST-HSP (102 out of 274 patients) and 33% of REEP1-
HSP (6 out of 18 patients) also showed UL hyperreflexia,
which was higher than in patients with ATL] mutations (1
out of 15 patients).

For hyperreflexia in the lower limbs, we found data for
AD-HSP-related genes. Data evidenced that all the ATLI-
HSP patients have diagnosed with LL hyperreflexia (14 out
of 14 patients). Moreover, LL hyperreflexia is a frequent
finding in SPAST-HSP patients, with a rate of 96% (220 out
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Loureiro JL,2008 12 80 —++ 0.15 [0.08;0.25]
Mark Braschinsky,2010 12 37 -f——'-— 0.32 [0.18;0.50]
MC Franca Jr,2013 12 34 L I 0.35 [0.20; 0.54]
McCorquodale DS ,2011 30 120 -E—'-— 0.25 [0.18;0.34]
Michele Falco,2004 3 9 : 0.33 [0.07;0.70]
Min-Yu Lan,2011 4 4 E —_— 1.00 [0.40; 1.00]
Min-Yu Lan,2014 14 20 ! B 0.70 [0.46;0.88]
Moneef Shoukier,2009 57 200 e 0.28 [0.22;0.35]
N. Zhao,2015 2 4 f 0.50 [0.07;0.93]
Nicolas Chrestian,2017 72 526 =+ 0.14 [0.11;0.17)
Pascale Ribai,2008 3 3 i 1.00 [0.29;1.00]
Peter Balicza,2016 12 58 —aE— 0.21 [0.11;0.33]
Q.-Z. Fei, 2011 7 22 SV — 0.32 [0.14; 0.55]
Qian-Qian Wei ,2014 13 31 P— 0.42 [0.25;0.61]
R. Battini, 2011 3 14 — 0.21 [0.05;0.51]
Rehana Basri, 2006 4 16 —— 0.25 [0.07;0.52)
S Tde Bot, 2015 27 89 —Hl— 0.30 [0.21;0.41]
S. Sauter,2002 27 161 = 0.17 [0.11;0.23]
Sara Morais, 2017 2 98— E 0.02 [0.00;0.07]
SY Park,2005 8 18 —_—a— 0.44 [0.22;0.69]
Tae-Hyoung Kim,2013 1 27 T 0.41 [0.22;0.61]
Toshitaka Kawarai, 2017 2 2 : 1.00 [0.16; 1.00]
Victoria Alvarez,2010 54 370 = 0.15 [0.11;0.19]
Viorica chelban,2017 29 104 f—'-— 0.28 [0.20;0.38]
Xingjiao Lu,2014 5 36 ——— 0.14 [0.05;0.29]
Yingying Luo,2014 27 120 . 0.22 [0.15;0.31]
Fixed effect model 5084 @ 0.20 [0.19; 0.21]
Random effects model < 0.25 [0.21; 0.30]
Heterogeneity: 1° = 87%, 1° = 0.5207, p = NA I T T
02 04 06 08
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Table 3 Mutation frequency

. Gene Pop Meta-analysis Test for heterogeneity Test for sub-
of repor.ted genes in sub- group differences
populations
%Frequency [95% CI] k 7 P (%) 0 P
SPAST Caucasian 23.07 [18.73-28.06] 36 0.50 87.50 3.47 1.00
Asian 32.62 [23.93-42.70] 14 0.42 76.80
American 24.83 [15.59-37.15] 5 0.28 81.90
ATLI Caucasian 8.00 [4.00-14.00] 17 1.83 89.00 5.51 1.00
Asian 4.00 [1.00-10.00] 6 1.09 67.00
American 4.00 [3.00-6.00] 2 0 0.00
SPG11 Caucasian 10.55 [4.97-21.01] 18 2.66 92.40 5.37 1.00
Asian 87.98 [5.89-99.88] 5 15.20 96.80
American 24.23 [13.46-39.66] 3 0.09 26.10
SPG7 Caucasian 13.29 [2.74-45.50] 5 3.05 89.60 0.21 0.990
American 18.97 [10.83-31.09] 2 0.00 0.00
Fig.2 Forest plot of REEP1 Study Events Total Proportion 95%=ClI
mutation frequencies in HSP )
patients. A total of 3% of HSP Christian Beetz,2008 22 535 & 0.04 [0.03; 0.06]
patients carry REEP] muta- Cyril Goizet,2011 12 176 +—&— 0.07 [0.04; 0.12]
tions. CI confidence interval AA Polymeris,2016 1 15 —= 0.07 [0.00; 0.32]
David S Lynch,2016 1 40 ——— 0.02 [0.00; 0.13]
Andrea Martinuzzi,2016 1 364 + 0.00 [0.00; 0.02]
R. Battini,2011 1 14 — 0.07 [0.00; 0.34]
Hiroyuki Ishiura,2014 2 129 = 0.02 [0.00; 0.05]
S. T. de Bot,2013 3 27 = 0.11 [0.02; 0.29]
E Elert-Dobkowska,2015 7 216 —==— 0.03 [0.01; 0.07]
JL Loureiro,2013 1 239 ~— : 0.00 [0.00; 0.02]
Sara Morais, 2017 1 98 — 0.01 [0.00; 0.06]
McCorquodale DS ,2011 6 120 —=— 0.05 [0.02; 0.11]
Fixed effect model 1972 <'> 0.04 [0.03; 0.05]
Random effects model < 0.03 [0.02; 0.05]

Heterogeneity: /2 =55%, ©*=0.3165,p=001 [ T T T T 1

of 228 patients) and also in REEP-HSP patients was 86%
(24 out of 28 mutation-positive patients (Fig. 8b).

For a number of neurological findings like superficial sen-
sory abnormalities, deep sensory impairments and extensor
plantar we found eligible data only for AD-HSPs. A greater
percentage of patients with REEP mutations showed disor-
ders such as superficial sensory abnormalities (50%), deep
sensory impairments (41%) in comparison to SPAST- and
ALTI-related cases. All the AD-HSP patients with mutated
ATLI were identified with extensor plantar. Moreover,
the diagnosis of extensor plantar was significantly higher
in REEPI-HSP patients than those with mutated SPAST
(P<0.0001) (Fig. 8b) (Supplementary Table 4).

Intellectual disability

As can be seen from Fig. 8a, intellectual disability was
more often observed in SPG54-HSP than in the other

@ Springer
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AR-HSPs. The relative frequency of intellectual disability
frequency in HSP patients in order of highest to lowest was
as follows: SPG54 (89%), SPG11 (86%), SPGI15 (78%),
SPG35 (71%) and SPG7 (8%) (Fig. 8a).

As for AD-HSP, SPAST-HSP patients were most often
diagnosed with intellectual disability. However, there was
no report of intellectual disability in patients with ATLI
mutations (Fig. 8b).

Ataxia

Data evidenced that 39% of SPG11-HSP patients mani-
fested with ataxia (37 out of 96 patients). Also, ataxia was
reported in 71% of SPG35-HSP (5 out of 7 patients), in
62% of SPG7-HSP patients (5 out of 8 patients), and 25%
of SPG15-HSP (2 out of 8 patients) (Fig. 8a).
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Fig.3 Forest plot of ATLI Study Events Total Proportion 95%-Cl

mutation frequencies in HSP

patients. Five percent of HSP Liena EO Elsayed, 2016 1 23 &— 0.04 [0.00;0.22]

patients carry ATLI mutations. Nicolas Chrestian, 2017 24 526 0.05 [0.03;0.07]

CI confidence interval McCorquodale DS ,2011 4 120 = 0.03 [0.01;0.08]
N. Zhao,2015 2 4 0.50 [0.07;0.93]
Yingying Luo,2014 3 120 = 0.02 [0.01;0.07]
Xingjiao Lu,2014 2 36 & — 0.06 [0.01;0.19]
Peter Balicza, 2016 1 58k 0.02 [0.00; 0.09]
Hiroyuki Ishiura,2014 2 129+ 0.02 [0.00; 0.05])
Hyunwoong Park,2015 3 185+ 0.02 [0.00;0.05]
Smith BN,2009 6 100 =+ 0.06 [0.02;0.13]
S.M. Sauter,2004 5 13 § —&—— 0.38 [0.14; 0.68]
A U Meszarosova,2017 5 1M1 = 0.05 [0.01;0.10]
Kirsten Svenstrup,2009 4 39 4+ 0.10 [0.03;0.24]
Annette Abe, 2004 11 15 & —8— 0.73 [0.45;0.92]
M. Namekawa,2006 21 106 & —— 0.20 [0.13;0.29]
A Durr,2004 12 31 i — = 0.39 [0.22;0.58]
AA Polymeris, 2016 3 15 i‘—-'— 0.20 [0.04;0.48]
David S Lynch,2016 1 40 =/ 0.02 [0.00;0.13]
Andrea Martinuzzi, 2016 3 36400 0.01 [0.00;0.02]
Lorena Travaglini,2018 2 47 &— 0.04 [0.01;0.15]
S.T.de Bot, 2013 3 27 — 0.11 [0.02; 0.29]
Anna Sulek,2011 1 93& 0.01 [0.00;0.06]
E Elert-Dobkowska, 2015 10 216 = 0.05 [0.02;0.08]
JL Loureiro,2013 5 239 i 0.02 [0.01;0.05]
Loureiro JL,2008 1 80+ 0.01 [0.00;0.07)
Victoria Alvarez,2010 10 370 . 0.03 [0.01;0.05]
Fixed effect model 3107 & 0.05 [0.04; 0.05]
Random effects model < 0.05 [0.03; 0.09]

Heterogeneity: 5= 89%, o= 1.8670, p = NA

Cataract

In the case of cataract, data showed that~67% (4/6) with
SPG54 mutations and 39% (19/60) of patients with SPG11
mutations were diagnosed with cataract. Also, cataract was
reported in two out of nine (~22%) SPG11-HSP patients.
There was an evident association between SPG7 mutations
and cataract, as five out of six SPG7-HSP patients were
identified with cataract (Fig. 8a).

White matter abnormalities (WMA)

We found all the included cases for HSP-SPG54 (7/7),
78% of SPG15-HSP cases (7/9), 73% of SPGI11-HSP
patients (85/116) and 20% of SPG7-HSP patients (3/15)
manifested WMA (Fig. 8a).

Thin corpus callosum (TCC)
In the case of SPG11-HSP, 101 out of 114 patients (89%)

reported having TCC. All HSP cases due to mutations
in SPG15 (8 out of 8) and SPG54 (8 out of 8) reported

showing TCC. None of the SPG7-HSP patients identified
with TTC (Fig. 8a).

Pes cavus

Pes cavus was observed in 33% (15/46) of HSP cases due
to mutations in SPG11, in 20% (1/5) of patients with muta-
tions in SPG54, and 12% (1/8) of cases with mutations in
SPG15. It seems that patients with mutated SPG1 1 were at
significantly higher risk of developing pes cavus (Fig. 8a).

Dysarthria

Dysarthria was reported in both AD and AR-HSPs. For
AD-HSP patients, only a number of those with mutated
SPAST were diagnosed with dysarthria. Data evidenced
that 4% of SPAST-HSP (11 out of 270 patients) has dys-
arthria (Fig. 8b).

In AR-HSPs, 62% (61/99) of SPG11-HSP patients, 83%
(5/6) of SPG54-HSPs and 56% of SPG7-HSP cases (9/16)
were found to have dysarthria (Fig. 8a).
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Fig.4 Forest plot of SPG11 Study

mutation frequencies in HSP

patients. A total of 18% of HSP Amir Boukhris,2008
patients carry SPG1 mutations. Andrea Martinuzzi,2016
CI confidence interval Boukhris A,2009

C Crimella,2008

C. Paisan-Ruiz,2008
C. Paisan-Ruiz,2008
Daniela Burguez, 2017
Daniele Orsucci,2014
David S Lynch,2015
Erichsen AK,;2008
G.Yoon, 2013

Giovanni Stevanin,2008
Hiroyuki Ishiura,2014
Juan Du,2017

L. Samaranch,2008
Lorena Travaglini,2018
Marcondes C Franca Jr, 2014
M-J Lee, 2015

MS Pereira,2012
Paola S. Denora, 2016
Peter Balicza,2016
Sara Morais, 2017
Shu-sheng Liao,2008
ST de Bot,2013
Sung-Min Kim,2009
Viviana Pensato,2014
Nicolas Chrestian, 2017

Fixed effect model
Random effects model

Heterogeneity: 17 = 94%, * = 3.6911,

Neuropathy

From 90, 46 patients with SPG11-HSP showed neuropa-
thy. This is less frequent in SPG15-HSP (38%, 3 out of 8
patients), and in patients with mutations in SPG7 (15%, 2
out of 13 patients) (Fig. 8a). Neuropathy was more often
observed in the SPG11 group than in two other groups.

In addition, in AD-HSP groups neuropathy was more
often observed in REEP-HSP patients (17%, 4 out of 24
patients) than those with mutated ATL! (11%, 2 out of 18)
and SPAST (2%, 6 out of 260 patients) (Fig. 8b).

The total number of mutation-positive patients with
HSP who were diagnosed with other reported abnormali-
ties was also derived from the studies; however, there was
no significant association between mutated genes and the
sub-phenotypes. A summary of the results of the associa-
tion of sub-phenotypes with mutated genes is presented in
Supplementary Tables 3-6.

Discussion
HSP denotes a degenerative, genetically heterogeneous

group of neurological disorders that primarily affect the
upper motor neurons [1]. Thus far, multiple investigations

@ Springer

Events Total Proportion 95%-ClI
5 33 +—E— 0.15 [0.05;0.32]
10 364 E i 0.03 [0.01;0.05)]
7 38 —— 0.18 [0.08;0.34]
7 45 & — 0.16 [0.06;0.29]
4 8 E 0.50 [0.16;0.84]
6 45 - 0.13 [0.05;0.27]
5 19 E——'— 0.26 [0.09;0.51]
1 458 0.02 [0.00;0.12]
5 40 -+ 0.12 [0.04;0.27]
2 212 E 0.01 [0.00;0.03]
6 39 = 0.15 [0.06;0.31]
20 76 i — 0.26 [0.17;0.38]
5 129 = 0.04 [0.01;0.09]
12 36 | —a— 0.33 [0.19;0.51]
3 3 E 1.00 [0.29; 1.00]
7 47 55— 0.15 [0.06;0.28]
5 M E —— 0.45 [0.17;0.77]
2 2 1.00 [0.16; 1.00]
14 54 | +—— 0.26 [0.15;0.40]
2 2 E 1.00 [0.16; 1.00]
2 58 =+ 0.03 [0.00;0.12)
4 098 --E— 0.04 [0.01;0.10]
8 8 ! —= 1.00 [0.63;1.00]
9 125 =& 0.07 [0.03;0.13]
2 2 E 1.00 [0.16; 1.00]
16 61 | ——+— 0.26 [0.16;0.39]
2 526 E 0.00 [0.00;0.01]
2126 ¢ 0.08 [0.07; 0.09]

0.18 [0.09; 0.33]

have demonstrated the frequency of distinct mutations in
individual cases, families, and cohorts of various sizes, and
analyzed phenotype—genotype associations [108—110]. The
growing application of next-generation sequencing is not
only leading to the improvement of diagnosis processes
but also leading to the unremitting identification of new
causal genes for HSP [2]. To establish robust associations
between genotypes and clinically relevant phenotypes and
also increase the statistical power, having conclusive data on
larger cohorts is indispensable. Accordingly, to strengthen
diagnosis, we pooled altogether 147 studies encompassing
as many as 13,570 HSP patients according to the stringent
quality criteria. The potentiality of evidence for specific gen-
otype—phenotype species and the existence of a predictable
relevance between the essential clinical outcomes with dis-
tinct genotypes were ascertained by the current meta-analy-
sis. Hitherto, a total of 12 genes for AD-HSP and 41 genes
for AR-HSP have been discerned [6]. We encompassed the
following genes (SPAST, REEPI, ATLI1, SPG11, SPGI5,
SPG7,SPG35, SPG54, and SPGY) in the study for which an
adequate number of individuals for evaluation was feasible.

We are aware that there are some limitations regarding
the current study. In some cases, we could not evaluate
the relationship of the reported gene mutations and spe-
cific risk factors because of the unavailability of relatable
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Fig.5 a Forest plot of SPG15 Study Events Total Proportion  95%-Cl A)5pGys
mutation frequencies in HSP ,
pa[ients. The frequency of G.Yoon, 2013 1 39 -_—rT 0.03 [0.00;0.13)
SPG15 mutations among HSP C. Goizet, 2009 8 60 . 0.13 [0.06;0.25)
. Boukhris A, 2009 4 38 T 0.11 [0.03;0.25)
p?‘;‘z‘;was 7% b fF orest plot Viviana Pensato,2014 9 61 : 0.15 [0.07:0.26]
0 mutation frequencies Sara Morais, 2017 1 98 =—i| 0.01 [0.00; 0.06)
in HSP patients. The frequency :
of SPG7 mutations among HSP Fixed effect model 296 < 0.08 [0.05; 0.11]
patients was 13%. ¢ Forest plot Random eﬁeczts model2 “f—h—"—-‘l . : 0.07 [0.03; 0.15]
of SPG35 mutation frequencies Heterogeneity: /I = 72%, * = 0.7122, p = NA
in HSP patients. The frequency 005 01 015 02 025
of mutations among HSP Study Events Total Proportion  95%-Cl
patients was 8%. d Forest plot o B)SPG7
of SPG54 mutation frequency gadeS Lync;6210715 3 32 T ggi {gg} 8‘1'(7)}
. . ara Morais, i ! 01,0.
in HSP patients. The frequency Daniela Burguez,2017 2 19— 011 [0.01:0.33)
was as 7%. e Forest plot of Shakya Bhattacharjee, 2017 4 4 i = 1.00 [0.40; 1.00]
SPG5 mutation frequencies in Peter Balicza, 2016 5 58 @ 0.09 [0.03;0.19]
HSP patients. A total of five Daniele Orsucci, 2014 5 45 —— 0.11 [0.04;0.24]
percent of HSP patients found G.Yoon,2013 9 3 l* 023 [0.11,0.39)
to carry SPG5 mutations. C7 Fixed effect model 303 < 0.10 [0.07; 0.14]
confidence interval Random effects model s 0.13 [0.05; 0.30]
Heterogeneity: /° = 84%, t° = 1.5902, p = NA f T T T L
02 04 06 08 1
Study Events Total Proportion 95%-ClI C)SPG35
Lorena Travaglini, 2018 1 47 +'—— 0.02 [0.00;0.11]
Anne S. Soehn,2016 4 4 i —_—= 1.00 [0.40; 1.00]
X. Liao,2014 2 86&: 0.02 [0.00; 0.08]
Viviana Pensato,2014 3 61 = 0.05 [0.01;0.14]
Fixed effect model 198 <> 0.05 [0.02; 0.10]
Random effects model = 0.08 [0.01; 0.35]
Heterogeneity: I 78%, 2= 26354, p <0.01 | T T T !
02 04 06 08 1
Study Events Total Proportion 95%-CI D)SPG54
JHM Schuurs-Hoeijmakers,2018 4 4 i _— 1.00 [0.40; 1.00]
Michael Gonzalez,2013 2 79+ 0.03 [0.00;0.09]
Kishore R Kumar,2016 1 e — 0.11 [0.00; 0.48]
Lorena Travaglini, 2018 147 0.02 [0.00;0.11]
Andrea Citterio, 2014 1 150 : 0.01 [0.00;0.04]
Fixed effect model 289 I° 0.03 [0.02; 0.06]
Random effects model < Emm——— 0.07 [0.00; 0.50]
Heterogeneity: I = 89%, t° = 7.7445, p = NA { ! | ! !
02 04 06 08 1
Study Events Total Proportion 95%-Cl E)sPG5
Boukhris A,2009 1 38 —-'—‘.% 0.03 [0.00;0.14]
Daniela Burguez, 2017 1 19 o 0.05 [0.00; 0.26]
Sara Morais,2017 2 98 - 0.02 [0.00;0.07]
David S Lynch,2015 6 40 i 0.15 [0.06;0.30]
Fixed effect model 195 <= 0.05 [0.03; 0.09]
Random effects model _— 0.05 [0.02; 0.12]
s 12 o = = 1 T T 1
Heterogeneity: /1 = 50%, ©° = 0.5527, p = NA

data. Therefore, further studies are necessary to evaluate
the predictive power of genotyping. Moreover, differences
in genotyping methods, ethnical background of patients
and study design could potentially impose bias into the
obtained results. Nevertheless, the advantage of this study
is its large sample size which enables statistical power to
determine genotype—phenotype associations.

0.05 0.1 0.15 0.2 025

The weight of mutations in AD-HSP patients was on
SPAST with a frequency of 25%, which is noticeably higher
than REEP1 (3%) and ATLI (5%). These findings are com-
patible with previous reports using a narrative methodology
to review evidence of mutation frequency in HSPs [2].

However, it is not statically significant; the Asians showed
a higher frequency of mutations in the SPAST gene (32.62%)
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Table 4 Mean age at disease onset in HSP patients

Gene Meta-analysis Test for heterogeneity
Mean AO [95% CI] &k 0 9, P (%)
AD-HSP
SPAST 24.79[21.00-28.58] 40 1584.00 <0.00 97.50
REEPI 17.00[11.18-22.82] 6 12.90 0.0251 61.00
ALTI  4.53[3.09-5.98] 16 22423 < 0.0001 93.30
AR-HSP
SPGI1 13.10[11.30-14.90] 22 113.88 < 0.0001 81.60
SPG15 14.67[11.44-1791] 2 3.54 0.0598 71.80
SPG7  37.17[33.31-41.02] 6 6.84 0.2331 26.90
SPG35 13.89[0.00-28.92] 3 15.20 0.0005 86.80
SPG5  20.07[10.38-29.76] 2 0.74 0.3907 0.0

in comparison to the Caucasians and Americans. Also, we
found a higher frequency for mutations in the ATLI gene in
the Caucasian HSP patients (8%) in comparison to the Asian
and American populations (4%). In descriptive reviews,
it has been reported that mutations in SPAST account for
nearly 40% of AD-HSP cases [6].

As for AR-HSP patients, the contribution of SPGI1
mutations (18%) is higher than that of SPGI15 (11%),

SPG7 (13%), SPG35 (8%), SPG54 (71%), and SPG5 (5%).
Almost the obtained results are in line with previous find-
ings that showed SPG/I as the most common mutated
gene in AR-HSP [99]. Interestingly, we found a high rate
of SPG11 mutation in Asian HSP patients (87.98%). This
further emphasizes differences in the genetic architecture
of different ethnic groups. There are reports tried to provide
explanations for the high rate of SPG/] mutations in popu-
lations. It has been determined that repeated Alu elements
are one of the factors related to the SPGI1 locus instability
which might lead to substantial gene rearrangements of the
genomic region [99].

Our result also suggested that the age of onsets varied
among patients regardless of the mutated genes. It has been
determined that the age of onset can be ranged from O to
73 [111]. The results of this meta-analysis suggested that
HSP-AD patients with ATLI mutations were younger than
10 years at the onset of the disease which are similar to the
findings of the study carried by Namekawa et al. [81]. On
the other hand, AD-HSP patients with mutated SPAST were
older than 20 years old when they presented the disease.
However, it has been reported that the average onset of AD-
HSP in SPAST patients is mostly when they are in their 30s
[6]. Among AR-HSP patients, SPG7 mutated ones presented

Fig.6 Summaries of forest Gene Total(n) Studies(n) SD Mean 95%-Cl
plots of mean age at HSP onset -
in HSP patients with mutations 8 SPAST 599 40 17.28 24.79 [21.00-28.58]
in different genes E’ REEP1 59 6 17.91 —— 17.00 [11.18 - 22.82]
T AT 207 16 9.19 & 4,53  [3.09-5.98]
SPG11 212 22 8.04 13.10 [11.30- 14.90]
& SPG15 20 2 4.96 —— 14.67 [11.44-17.91]
; SPG7 28 6 11.8 —+— 37.17 [33.31-41.02]
SPG35 13 3 512 ——==——— 13.89 [0.00 - 28.92]
SPG5 7 2 16.59 —_— 20.07 [10.38-29.76]
[ I I I ]
0 10 20 30 40
Table 5 Mean age at dis.ease Gene Pop Meta-analysis Test for heterogeneity Test for sub-
onset of reported genes in sub- group differ-
populations ences
%Frequency [95% CI]  k 0 2 P%) 0 P
SPAST Caucasian ~ 21.88 [17.71-26.06] 23 993.89 86.95 97.8 7.51 0.023
Asian 28.85 [25.50-32.20] 11 13.86 796  27.8
American 30.97 [21.86-40.07] 4 14.38 6194  79.1
ATLI Caucasian 3.87[2.43-5.31] 11 140.35 4.55 92.90 7.98 0.018
Asian 2.19[1.12-3.27] 2 0.87 0 0.00
American 13.74 [3.80-23.68] 2 3.00 38.18 66.70
SPGI11 Caucasian 13.09 [10.23-15.95] 14 10526  23.15 87.6 0.03 0.982
American 12.79 [9.57-16.01] 3 3.19 3.06 37.3
Asian 12.76 [10.73-14.80] 4 522 1.75 42.6
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Fig.7 Gender proportion in HSP patients with mutations in differ-
ent genes. Numerically males are significantly higher in AR-HSP
patients with SPG7 mutations (90%) and in AD-HSP patients with

the disease in the fourth decade of their life, which are older
at diagnosis than AR-HSP patients with SPG11, SPG15,
SPG35, and SPG5 mutations. Also, our results displayed
a significant tendency toward younger age at HSP onset for
Caucasian patients with mutated SPAST and Asian patients
with mutated ATLI.

Since HSPs are diseases with diverse range for age at
symptom onset, symptoms progression rate and level of
disability even in patients from families with the same
mutations [6], genotype—phenotype relationships are not
straightforward. Several factors contribute to a high level of
phenotype variability in HSPs.

In contrast to the general conception that HSP affects
males and females to the same degree, our findings repre-
sented the predominance of male patients in some specific
mutations, notably SPG7 in AR-HSP group and REEP] in
AD-HSP group, suggesting the possibility of sex-dependent
penetrance or intensity of the disease [112]. This could be
attributed to unknown modifying factors. In some cases
(SPG4-related HSP), age for symptom onset and penetrance
is dependent on the patient gender [6].

Regarding the outcome and disease course, there is con-
siderable variability between different subtypes of HSPs.
AD-HSP patients with REEP] mutations more often present
LL weakness, superficial sensory abnormalities, neuropathy,
and deep sensory impairment. It has been reported that the
manifestation of rare complicating features in REEPI-HSP
patients is principally related peripheral nerve involvement
[13]. Hence, as it has been determined, most REEPI patients
represent pure spastic paraplegia [113]. Additionally, AD-
HSP patients with SPAST mutations presented more often

[J Female (%)
m Male (%)

ALT1 REEP1 SPAST

REEP] mutations (78%) than females. The gender distribution among
patients with mutated SPG35 was even

with related symptoms including UL spasticity, UL hyperre-
flexia, ID, and dysarthria than patients with ATLI mutations.

HSP-SPAST patients experience progressive degeneration
of axons which lead to the weakness of lower limbs [114].

AR-HSP patients with SPG/1 mutation had symptoms
including pes cavus, neuropathy, and UL spasticity more
often than other patients. Furthermore, the rate of SPG7
patients with cataract is higher than others. Klebe et al.
demonstrated the optic abnormalities observed in all SPG7-
positive patients [115]. Moreover, patients with mutated
SPG54 present WMA more often, which could be due to the
fact that SPG54 mutations were accompanied by accumu-
lation of lipids [107]. Cognitive abnormalities, dysarthria,
and TCC are most often manifested in SPG54 patients. All
in all, it can be inferred from these findings that each spe-
cific mutations may have different phenotypes among HSP
patients.

Here, we generated the extensive dataset available
on genotype—phenotype associations in HSP. Our data
exhibit the frequency of each symptom associated with
the specific gene mutations which might have prognostic
and therapeutic values. In the case of REEP] mutations,
a higher likelihood for unfavorable outcome including
LL weakness, superficial sensory abnormalities, deep
sensory impairment, and neuropathy was observed. In
addition, AR-HSP patients with SPG1] mutations would
expect symptoms such as pes cavus, neuropathy, and UL
spasticity more often. However, we could not evaluate
the relationship of some of the reported gene mutations
and specific risk factors because of the unavailability of
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Fig.8 a Relative frequency of findings of the clinical features in AR-
HSP patients. b Relative frequency of findings of the clinical features
in AD-HSP patients. The color gray indicates not available data

relatable data. Therefore, further studies are necessary
to evaluate the predictive power of genotyping. Moreo-
ver, various genotyping methods or ethnical background
of patients and also the evaluation of studies with differ-
ent study design are limitations of this study. Also, the
unavailability of clinical information of some patients,
the genetic and clinical heterogeneity of the disease, and
the limited number of studies regarding some countries
impede the demonstration of more explicit genotype—phe-
notype relationships.
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