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Abstract

Hereditary spastic paraplegias (HSP) are a clinically and genetically heterogeneous group of
rare neurodegenerative disorders characterized by progressive lower limb spasticity and
weakness. The prevalence of HSP has been estimated at 3-10/100,000 in Europe and of
4.1/100 000 in Portugal. Genetically, HSPs are complex with all modes of inheritance
described and with at least 79 SPG-associated loci and more than 70 identified genes.
Although a high number of genes have been identified, still 62.9% of the Portuguese families
with HSP remained without a molecular diagnosis after the genetic screening of the most
frequently mutated genes.
Our aim was so to provide a molecular diagnosis to a cohort of 100 Portuguese HSP families
without molecular diagnosis, not only by searching for variants in genes already associated
with HSP but, additionally, by searching for new causative genes. We used next generation
sequencing (panel and exome sequencing) combined with linkage analysis. Functional
characterization was also performed for two of the novel genes identified (AIMP1 and AKAP6).
In this study, we were able to deliver a molecular diagnosis to 24 families, increasing to 52,2%
the diagnosis rate in our HSP cohort and associating for the first time AIMP1 variants with
HSP, thus expanding the phenotypic spectrum for variants in this gene. Additional candidate
genes were identified in 7 families, two of which are strong candidates (AKAP6 and SUCO),
that will be further studied in order to ascertain their pathogenic role. Several variants of
unknown significance were also identified that could potentially increase the number of
diagnosis after a more in-depth study, which also includes a prospective new mode of
inheritance for KIF5A variants to be proven. This study further confirmed the high genetic
heterogeneity present in HSPs, most specifically in the Portuguese cohort, proving that a
considerable number of genes and variants are apparently orphan, affecting single families.
This is the most extended genetic screening in a large set of HSP families in Portugal. In
addition to the molecular diagnosis identified, it describes AIMP1 as a new HSP-causative
gene and identifies several new potential disease-causing genes, improving the knowledge on
the genetics of the HSP. The identification of new genes implicated in HSPs is fundamental to
understand the cellular biology and pathogenesis of this group of disorders that remains largely
elusive. So, in addition to the direct impact on the patients and families, this study can have a
major impact in the HSP field since, it can help to decipher the molecular pathways leading to
neurodegeneration in HSP and other neurodegenerative disorders.
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Resumo

As

paraparésias

espásticas

hereditárias

(HSPs)

são

um

grupo

de

doenças

neurodegenerativas raras, clínica e geneticamente heterogéneo, caracterizadas por
espasticidade e fraqueza progressiva dos membros inferiores. A prevalência das HSPs foi
estimada em 3-10 / 100.000 na Europa e 4,1 / 100.000 em Portugal. Geneticamente, as HSPs
são complexas, com todos os modos de hereditariedade descritos e com, pelo menos, 79 loci
associados e mais de 70 genes identificados. Embora já tenha sido identificado um grande
número de genes, 62,9% das famílias portuguesas com HSP ainda permaneciam sem um
diagnóstico molecular após o rastreio genético dos genes mais frequentemente mutados.
O nosso objetivo foi estabelecer o diagnóstico molecular em 100 famílias portuguesas com
HSP que permaneciam sem diagnóstico molecular, não só pela pesquisa de variantes em
genes já associados às HSPs, mas também, pela pesquisa de novos genes responsáveis pela
doença. Utilizamos sequenciação de nova geração (sequenciação de painéis e exomas)
combinada com a análise de ligação. A caracterização funcional foi também realizada para
dois dos novos genes identificados (AIMP1 e AKAP6).
Com este estudo fomos capazes de estabelecer o diagnóstico molecular em 24 famílias,
aumentando assim para 52,2% a taxa de diagnóstico na coorte Portuguesa de famílias com
HSP e associamos pela primeira vez, variantes no gene AIMP1 com HSP, expandindo assim
o espectro fenotípico para variantes neste gene. Foram ainda identificados genes candidatos
em 7 famílias, sendo dois deles fortes candidatos (AKAP6 e SUCO) que continuarão a ser
estudados com o objetivo de determinar o seu papel patogénico. Diversas variantes de
significado desconhecido foram também identificadas que, após um estudo mais aprofundado,
podem potencialmente resultar num aumento do número de diagnósticos alcançados e que
também inclui um potencial novo modo de transmissão, a ser comprovado, para variantes
presentes no gene KIF5A. Este estudo confirmou ainda a grande heterogeneidade genética
presente nas HSPs, mais especificamente na coorte portuguesa, provando que um número
considerável de genes e variantes são aparentemente órfãos, afetando famílias singulares.
Este estudo é o rastreio genético mais alargado num grande conjunto de famílias com HSP
em Portugal. Para além dos diagnósticos moleculares alcançados, descreve o gene AIMP1
como um novo gene responsável por HSP e identifica vários novos genes como potenciais
causadores da doença, melhorando o conhecimento sobre a genética das HSPs. A
identificação de novos genes implicados nas HSPs é fundamental para a compreensão da
biologia celular e patogénese desse grupo de doenças que permanece em grande parte
desconhecida. Assim, além do impacto direto nos doentes e nas suas famílias, este estudo
pode ter também um grande impacto no universo das HSPs, uma vez que pode ajudar a

x

decifrar as vias moleculares que levam à neurodegeneração nesta doença assim como
noutras doenças neurodegenerativas.
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1. Introduction

1

1.1.

Hereditary spastic paraplegias

1.1.1. Definition and prevalence

Hereditary spastic paraplegias (HSP), also known as hereditary spastic paraparesis, familial
spastic paraplegia or Strϋmpell-Lorrain disease, is a group of rare neurodegenerative
disorders that cause progressive weakness and spasticity of the lower limbs. The first
description of the disease is considered to be of Strϋmpell in 1880 (Strümpell, 1880) although
there is a report of a similar disorder by Seeligmuller in 1876 (Seeligmuller A., 1876). These
first cases described by Strϋmpell and later by Lorrain (Lorrain, 1898) presented as only pure
cases with a probable autosomal dominant inheritance. Later, complicated cases of spastic
paraplegia appeared in the literature and a more vast definition of HSP was defined (Harding,
1981, 1983; Holmes and Shaywitz, 1977). HSP started to be clinically subdivided in pure or
complex forms according to the absence or presence of additional neurological or
extraneurological symptoms like ataxia, neuropathy, among others.
HSP are now clinically and genetically very heterogeneous with more than 70 genes identified,
covering all modes of inheritance. The neuropathological hallmark of the disease is the
degeneration of the long descending fibers of the corticospinal tract and posterior columns
(Souza et al., 2016).
HSP is the second most frequent group of motor neuron disorders (Dion et al., 2009) with an
estimated global prevalence of 4.26/100 000 ranging from 0.9-9.6/100 000 depending on the
geographic area (Ruano et al., 2014) and is of 4.1/100 000 in Portugal (Coutinho et al., 2013).

1.1.2. Clinical aspects
The symptoms that characterize a pure or “uncomplicated” form of HSP are bilateral lower limb
spasticity (maximal at the hamstring, quadriceps, adductor, and gastrocnemius-soleus
muscles) more prominent when walking than at rest, and weakness (greatest in the iliopsoas,
hamstring, and tibialis anterior muscles). Additionally, increased lower limb muscle tone,
hyperreflexia, extensor plantar responses and lower-limb sensory disturbances (like
attenuated vibratory sensation in the ankles and toes) are frequently found. The onset is subtle,
and the disease is usually slowly progressive with patients complaining of leg stiffness,
abnormal wear of the outside of the shoes, frequent falls, cramps, abnormal gait or gait
instability. The progressive walking difficulty usually leads to the need of canes, walkers or
wheelchairs. It is also frequent to find patients complaining of urinary urgency that could be an
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early symptom of the disease and the presence of pes cavus is also a common finding (Fink,
2013; Parodi et al., 2017; Salinas et al., 2008; Souza et al., 2016).
In the complex or “complicated” forms there are additional neurological or systemic features
such as cognitive impairment (intellectual disability or dementia), ataxia, neuropathy, epilepsy,
optic atrophy, muscular atrophies, distal wasting, bradykinesia, parkinsonism and dystonia.
With the use of ancillary tests such as brain and spinal cord magnetic resonance imaging
(MRI), some neuroimaging abnormalities could be found in several patients such as a thinning
of the corpus callosum (TCC) (commonly present in patients from some recessive HSP forms,
mostly caused by SPG11 and SPG15 disease-causing variants), leukodystrophy, spinal cord
atrophy, brain iron accumulation, hypomyelination, hydrocephalus and cerebellar atrophy
(Souza et al., 2016). Extra-neurological manifestations could also occur and cause vision loss
(retinitis pigmentosa, cataracts, optic neuropathy, optic atrophy and macular degeneration),
skin changes, dysmorphic features and orthopedic abnormalities, although more uncommon.
Age at onset of HSP is quite variable, ranging from the first years of life to a late onset. Even
when the genetic cause is known, there is a broad range of age at onset found, even among
those with the same genetic background, and a high intrafamilial variability is frequently
observed. Asymptomatic carriers are often found, suggesting the influence of still unidentified
modifying factors. Still, autosomal recessive forms are most commonly associated with an
early onset, which could not be used for genotype prediction as several dominant forms like
SPG3A have an expected childhood onset and some recessive forms like SPG7 or SPG44
have an expected adulthood onset. Also, an earlier disease onset was associated with a less
severe presentation (Schüle et al., 2016).
Progression in HSP is also very irregular with patients living with a relatively non-progressive
disability for many years and others experimenting a rapid worsening. It is also common to find
an inconstant progression, where patients have a fast worsening during adolescence and after
several years a slower progression rate. Many patients seem to reach an apparent disease
stabilization, which could be the result of multiple factors like a possible functional
compensation from neuroplasticity (Fink, 2013). This wide spectrum of age at onset,
progression and associated symptoms allied to a large number of genetic causes, in which
several genes have only a few families identified, impairs the establishment of phenotype–
genotype predictions. Additionally, as mutations in several genes have been identified as being
responsible for both pure and complex phenotypes further complicates pointing out a possible
genetic cause.
Presently, there is no specific treatment to prevent or slow the neuronal degeneration. The
only strategy consists in symptomatic treatment like antispasticity drugs, botulinum toxin and
orthoses. Physiotherapy and rehabilitation are also important to improve the patients quality of
life (Fink, 2013; Parodi et al., 2017; Souza et al., 2016).
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1.1.3. Genetic aspects
HSP are genetically very heterogeneous with additional new genes constantly being
associated with the disease. Until now, there are 79 HSP loci with 65 identified genes.
Additionally, at least 39 more genes were associated with symptoms mimicking part of the
spastic paraplegia clinical spectrum either associated to HSP only (SPG Un, n=12) or already
associated with several other diseases (MM_SPG, n=27). All of them are summarized in table
1. These genes can be inherited by a variety of ways that include all classical modes of
transmission: autosomal dominant (AD), autosomal recessive (AR), X-linked, maternally
inherited and possibly also by imprinting-like inheritance (KANK1 gene) (Lerer et al., 2005).
Some of the genes have already been described as having more than one inheritance mode
such as KIF1A, for which it was found that some missense variants in the motor domain of the
protein result in a dominant inheritance mode (Lee et al., 2015a) or REEP2 and ALDH18A1
genes (Coutelier et al., 2015; Esteves et al., 2014) that are associated to AD and AR
inheritance modes regardless of the protein domain affected, among others.
The most common cause in the dominant forms are variants in the SPAST (SPG4) gene,
responsible for 17 to 26% of all the HSP cases and causing a pure form of HSP. Following it,
causative variants in the ATL1 (SPG3A), REEP1 (SPG31) and KIF5A (SPG10) genes are also
common, being (together with SPG4) responsible for almost 57% of the families with a
dominant form of HSP (Hensiek et al., 2015; Parodi et al., 2017). The frequency of AD inherited
forms of KIF1A mutations are not yet precisely known but unpublished series form the SPATAX
international network indicate that this form may be the second most common AD HSP. For
the recessive forms, the most commonly mutated gene is SPG11, being responsible for around
21% of the cases and causing a complex form of the disease (Stevanin et al., 2008). The
remaining most frequent causes that account for 25% of the AR-HSP families are the genes
CYP7B1 (SPG5), SPG7 and ZFYVE26 (SPG15) (Tesson et al., 2015) to which can be added
mutations in SACS in spastic ataxias in several countries.
In HSP, similarly to the hereditary ataxias, a classification by their genetic loci was started,
designated by SPG (from the spastic paraplegia initials) followed by a number (according to
the chronological order of the discovery). The discovery of all the first HSP genes was possible
through linkage analysis. This strategy allowed the identification of the genomic region where
the causative genes are located, by genotyping genetic markers and studying their segregation
on the affected families’ pedigrees. Nowadays, with next-generation sequencing (NGS), more
genes and candidate genes are constantly being identified, which led us to this extraordinary
number of HSP disease-causing genes already known. These new approaches: panel
sequencing, whole-exome and whole-genome sequencing allow the study of the less
frequently mutated genes (only found in few, or even single families), and also the study of all
4

the already identified HSP-causing and associated genes (independently of the inheritance
mode and clinical type of HSP) which could greatly improve the capacity to deliver a molecular
diagnosis to the patients and their families. Still, nowadays, too many HSP families remain
without genetic diagnosis. This could be due to several factors: (1) patients were only screened
for the most frequently HSP causing genes by Sanger sequencing, (2) causative variants are
present in a still not identified HSP-causing gene, (3) the causative variant is a genomic
rearrangement (large deletion or duplication) lost by the limitations of the NGS techniques, (4)
lack of proof of pathogenicity of the variants found, mostly regarding missense variants, being
reported only as variants of uncertain significance (VUS) until further genetic or functional
study, (5) genetic cause not exonic or even digenic/oligogenic inheritance, increasing the
difficulty in the identification and in proving their pathogenicity.
Sporadic cases are by far the most frequent in clinical practice but they represent a real
challenge. They were usually not studied due to the lack of family history and so, proof of a
genetic origin, which helps to discard other differential diagnosis. However, the presence of de
novo variants, compound heterozygosity, variable expressivity, early death of the transmitting
parent and reduced or age-dependent penetrance are common findings that could be masking
a familial disease (Souza et al., 2016; Tesson et al., 2015) and should be considered (mostly
for panel sequencing strategies). Indeed, SPAST and SPG11 variants are frequent in sporadic
cases (Depienne et al., 2006; Stevanin et al., 2008), which is also true for KIF1A with numerous
de novo cases reported (Cheon et al., 2017; Citterio et al., 2015).
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Table 1: List of HSP associated genes
Type

Chr

Gene

Phenotype

Inheritance mode

Reference

SPG1

Xq28

L1CAM

Complex

X-linked

(Jouet et al., 1994)

SPG2

Xq22.2

PLP1

Pure or Complex

X-linked

(Saugier-Veber et al., 1994)

SPG3A

14q22.1

ATL1

Pure or Complex

Autosomal dominant or
recessive

(Khan et al., 2014; Zhao et al.,
2001)

SPG4

2p22.3

SPAST

Pure or Complex

Autosomal dominant

(Hazan et al., 1999)

SPG5A

8q21.3

CYP7B1

Pure or Complex

Autosomal recessive

(Tsaousidou et al., 2008)

SPG6

15q11.1

NIPA1

Pure or Complex

Autosomal dominant

(Rainier et al., 2003)
(Casari et al., 1998; SánchezFerrero et al., 2013)

SPG7

16q24.3

SPG7

Pure or Complex

Autosomal recessive or
dominant

SPG8

8q24.13

WASHC5

Pure

Autosomal dominant

(Valdmanis et al., 2007)

SPG9

10q24.1

ALDH18A1

Pure or Complex

Autosomal dominant or
recessive

(Coutelier et al., 2015)

SPG10

12q13

KIF5A

Pure or Complex

Autosomal dominant

(Reid et al., 2002)

SPG11

15q21.1

SPG11

Pure or Complex

Autosomal recessive

(Stevanin et al., 2007a)

SPG12

19q13

RTN2

Pure

Autosomal dominant

(Montenegro et al., 2012)

SPG13

2q33.1

HSPD1

Pure or Complex

Autosomal dominant

(Hansen et al., 2002)

SPG14

3q27-q28

Pure or Complex

Autosomal recessive

(Vazza et al., 2000)

SPG15

14q24.1

Complex

Autosomal recessive

(Hanein et al., 2008)

SPG16

Xq11.2

Pure or Complex

X-linked

(Steinmuller et al., 1997)

SPG17

11q13

ZFYVE26

BSCL2
ERLIN2

Complex

Autosomal dominant

(Windpassinger et al., 2004)

Complex

Autosomal recessive or
dominant

(Alazami et al., 2011; Rydning
et al., 2018)

Pure

Autosomal dominant

(Valente et al., 2002)

SPG18

8p11.2

SPG19

9q33-q34

SPG20

13q12.3

SPG20

Complex

Autosomal recessive

(Patel et al., 2002)

SPG21

15q22.31

SPG21

Pure or Complex

Autosomal recessive

(Simpson et al., 2003)

SPG22

Xq13.2

SLC16A2

Pure or Complex

X-linked

(Schwartz et al., 2005)

SPG23

1q32.1

DSTYK

Complex

Autosomal recessive

(Lee et al., 2017b)

SPG24

13q14

Complex

Autosomal recessive

(Hodgkinson et al., 2002)

SPG25

6q23-q24.1

Complex

Autosomal recessive

(Zortea et al., 2002)

SPG26

12q13.3

Complex

Autosomal recessive

(Boukhris et al., 2013)

SPG27

10q22.1-q24.1

Complex

Autosomal recessive

(Meijer et al., 2004)

SPG28

14q22.1

Pure or Complex

Autosomal recessive

(Tesson et al., 2012)

SPG29

1p31.1-p21.1

B4GALNT1

DDHD1

Complex

Autosomal dominant

(Orlacchio et al., 2005)
(Erlich et al., 2011; Lee et al.,
2015a)

SPG30

2q37.3

KIF1A

Pure or Complex

Autosomal recessive or
dominant

SPG31

2p11.2

REEP1

Pure or Complex

Autosomal dominant

(Züchner et al., 2006)

SPG32

14q12-q21

Complex

Autosomal recessive

(Stevanin et al., 2007b)

SPG33

10q24.2

Complex

Autosomal dominant

(Mannan et al., 2006)

SPG34

Xq24-q25

Pure

X-linked

(Macedo-Souza et al., 2008)

SPG35

16q23.1

Pure or Complex

Autosomal recessive

(Edvardson et al., 2008)

SPG36

12q23-24

Complex

Autosomal dominant

(Schule et al., 2009)

SPG37

8p21.1-q13.3

Pure

Autosomal dominant

(Hanein et al., 2007)

ZFYVE27

FA2H
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Type

Chr

SPG38

4p16-p15

SPG39

19p13.2

SPG40

Gene

Phenotype

Inheritance mode

Reference

Complex

Autosomal dominant

(Orlacchio et al., 2008)

Complex

Autosomal recessive

(Rainier et al., 2008)

3q24-q26

Pure or Complex

Autosomal dominant

(Subramony et al., 2009)

SPG41

11p14.1-p11.2

Pure

Autosomal dominant

(Zhao et al., 2008)

SPG42

3q25.31

SLC33A1

Pure

Autosomal dominant

(Lin et al., 2008)

SPG43

19q12

c19orf12

Complex

Autosomal recessive

(Landouré et al., 2012)

SPG44

1q42.13

GJC2

Complex

Autosomal recessive

(Orthmann-Murphy et al.,
2009)

SPG45
and 65

10q24.33

NT5C2

Pure or Complex

Autosomal recessive

(Novarino et al., 2014)

SPG46

9p13.3

GBA2

Complex

Autosomal recessive

(Martin et al., 2013)

SPG47

1p13.2

AP4B1

Complex

Autosomal recessive

(Abou Jamra et al., 2011)

SPG48

7p22.1

AP5Z1

Pure or Complex

Autosomal recessive

(Slabicki et al., 2010)

SPG49

14q32.31

TECPR2

Complex

Autosomal recessive

(Oz-Levi et al., 2012)

SPG50

7q22.1

AP4M1

Complex

Autosomal recessive

(Abou Jamra et al., 2011)

SPG51

15q21.2

AP4E1

Complex

Autosomal recessive

(Abou Jamra et al., 2011)

SPG52

14q12

AP4S1

Complex

Autosomal recessive

(Abou Jamra et al., 2011)

SPG53

8p22

VPS37A

Complex

Autosomal recessive

(Zivony-Elboum et al., 2012)

PNPLA6

SPG54

8p11.23

DDHD2

Complex

Autosomal recessive

(Schuurs-Hoeijmakers et al.,
2012)

SPG55

12q24.31

C12orf65

Complex

Autosomal recessive

(Shimazaki et al., 2012)

SPG56

4q25

CYP2U1

Pure or Complex

Autosomal recessive

(Tesson et al., 2012)

SPG57

3q12.2

TFG

Complex

Autosomal recessive

(Beetz et al., 2013a)

SPG58

17p13.2

KIF1C

Pure or Complex

Autosomal recessive

(Novarino et al., 2014)

SPG59

15q21.2

USP8

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG60

3p22.2

WDR48

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG61

16p12.3

ARL6IP1

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG62

10q24.31

ERLIN1

Pure

Autosomal recessive

(Novarino et al., 2014)

SPG63

1p13.3

AMPD2

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG64

10q24.1

ENTPD1

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG66

5q32

ARSI

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG67

2q33.1

PGAP1

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG68

11q13.1

FLRT1

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG69

1q41

RAB3GAP2

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG70

12q13.3

MARS

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG71

5p13.3

ZFR

Complex

Autosomal recessive

(Novarino et al., 2014)
(Esteves et al., 2014)

SPG72

5q31.2

REEP2

Pure

Autosomal recessive or
dominant

SPG73

19q13.33

CPT1C

Pure

Autosomal dominant

(Rinaldi et al., 2015)

SPG74

1q42.13

IBA57

Complex

Autosomal recessive

(Lossos et al., 2015)

SPG75

19q13.12

MAG

Complex

Autosomal recessive

(Novarino et al., 2014)

SPG76

11q13.1

CAPN1

Complex

Autosomal recessive

(Gan-Or et al., 2016)
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Type

Chr

Gene

Phenotype

Inheritance mode

Reference

SPG77

6p25.1

FARS2

Pure

Autosomal recessive

(Yang et al., 2015)

SPG78

1p36.13

ATP13A2

Complex

Autosomal recessive

(Estrada-Cuzcano et al., 2017)

SPG79

4p13

UCHL1

Complex

Autosomal recessive

(Rydning et al., 2017)

SPOAN

11q13.2

KLC2

Complex

Autosomal recessive

(Melo et al., 2015)
(Novarino et al., 2014; Oates
et al., 2013)

SPG Un

9q22.31

BICD2

Pure or Complex

Autosomal recessive or
dominant

SPG Un

19p13.2

DNM2

Pure

Autosomal dominant

(Sambuughin et al., 2015)

SPG Un

9p13.2

EXOSC3

Complex

Autosomal recessive

(Halevy et al., 2014)

SPG Un

1p13.3

KCNA2

Complex

Autosomal dominant

(Manole et al., 2017)

SPG Un

2p25.1

KIDINS220

Complex

Autosomal dominant

(Josifova et al., 2016)

SPG Un

6p21.1

KLC4

Complex

Autosomal recessive

(Bayrakli et al., 2015)

SPG Un

1q42.3

LYST

Complex

Autosomal recessive

(Shimazaki et al., 2014)

SPG Un

mitochondria

MT-ATP6

Complex

Maternally inherited SPG

(Verny et al., 2011)

SPG Un

1p36.22

MTHFR

Complex

Autosomal recessive

(Bathgate et al., 2012)

SPG Un

22q13.1

PLA2G6

Complex

Autosomal recessive

(Ozes et al., 2017)

SPG Un

19p13.3

TUBB4A

Complex

Autosomal dominant

(Kancheva et al., 2015)

SPG Un

9p13.3

VCP

Complex

Autosomal dominant

(Bot et al., 2012)

MM_SPG

Xq28

ABCD1

Pure

X-linked

(Zhan et al., 2013)

MM_SPG

1q21.3

ADAR

Pure

Autosomal Dominant

(Crow et al., 2014)
(Pierson et al., 2011)

MM_SPG

18p11.21

AFG3L2

Complex

Autosomal recessive or
dominant

MM_SPG

2q33.1

ALS2

Pure

Autosomal recessive

(Wakil et al., 2014)

MM_SPG

6q23.2

ARG1

Complex

Autosomal recessive

(Baranello et al., 2014)

MM_SPG

5p15.2

CCT5

Complex

Autosomal recessive

(Bouhouche et al., 2006)

MM_SPG

22q11.1

CECR1

Complex

Autosomal recessive

(Poswar et al., 2016)

MM_SPG

8p23.3

CLN8

Complex

Autosomal recessive

(Novarino et al., 2014)

MM_SPG

19p13.2

DNMT1

Complex

Autosomal dominant

(Kara et al., 2016)

MM_SPG

3q27.1

EIF2B5

Complex

Autosomal recessive

(Novarino et al., 2014)

MM_SPG

6q14.1

ELOVL4

Complex

Autosomal recessive

(Aldahmesh et al., 2011)

MM_SPG

5p15.1

FAM134B

Complex

Autosomal recessive

(Ilgaz Aydinlar et al., 2014)

MM_SPG

2q31.1

GAD1

Complex

Autosomal recessive

(Lynex et al., 2004)

Autosomal dominant or
recessive
Autosomal dominant or
recessive

MM_SPG

14q22.2

GCH1

Complex

(Fan et al., 2014)

MM_SPG

6q22.31

GJA1

Complex

MM_SPG

3p22.3

GLB1

Complex

Autosomal recessive

(Kumar et al., 2016)

MM_SPG

4q22.1-q22.2

GRID2

Complex

Autosomal dominant

(Maier et al., 2014)

MM_SPG

2q24.2

IFIH1

Pure

Autosomal dominant

(Crow et al., 2014)

MM_SPG

9p24.3

KANK1

Complex

Imprinting-like inheritance

(Lerer et al., 2005)

MM_SPG

mitochondria

MT-CO3

Complex

Maternally inherited SPG

(Tiranti et al., 2000)

MM_SPG

mitochondria

MT-TE

Complex

Maternally inherited SPG

(Lax et al., 2013)

MM_SPG

mitochondria

MT-TI

Pure or Complex

Maternally inherited SPG

(Corona et al., 2002)
(Arif et al., 2013)

(Furuta et al., 2012)

MM_SPG

19q13.32

OPA3

Complex

Autosomal recessive or
dominant

MM_SPG

13q14.3

RNASEH2B

Pure

Autosomal recessive

(Crow et al., 2014)

MM_SPG

13q12.12

SACS

Complex

Autosomal recessive

(Gregianin et al., 2013)
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Chr

Gene

Phenotype

Inheritance mode

Reference

MM_SPG

20q11.23

SAMHD1

Complex

Autosomal recessive

(Dale et al., 2010)

MM_SPG

11p15.4

TPP1

Complex

Autosomal recessive

(Kara et al., 2016)

1.2.

Clinical diagnosis and heterogeneity

1.2.1 Clinical diagnosis and HSPs differential diagnostics

The HSP diagnosis is established when, in addition to the characteristic clinical symptoms and
a neurological examination showing a corticospinal tract involvement, there is a family history
of the disease (although sporadic cases are common) or a molecular diagnosis (when the
genetic cause is identified). In the absence of family history, it is essential to exclude other
potential causes, such as some metabolic or other neurodegenerative disorders since
spasticity is a common consequence of multiple disorders. In the complex forms it could be
even more difficult to achieve a HSP diagnosis as sometimes the additional neurological
symptoms that characterize these forms may appear before the spastic paraplegia itself
(Souza

et

al.,

2016).

So,

additional

tests

like

a

cerebral

and

spinal

MRI,

electroneuromyography, nerve conduction studies, lumbar puncture with cerebrospinal fluid
analysis, long chain fatty acids, white cell enzymes, plasma amino acids, serum lipoprotein
analysis, vitamin B12 or vitamin E, copper and ceruloplasmin, serum serology for syphilis,
Treponema pallidum, human T-cell leukemia virus 1 (HTLV-I) and human immunodeficiency
virus (HIV), and a neuro-ophthalmological assessment are usually of help to rule out other
causes. The number of differential diagnosis is wide and include, besides other
neurodegenerative diseases, also some metabolic, structural, inflammatory, infectious and
brain metal accumulation disorders (Table 2) (Parodi et al., 2017; Souza et al., 2016; Tesson
et al., 2015).
Table 2: List of some of the main differential diagnosis of HSP.
Differential diagnosis of hereditary spastic paraplegias
Structural

Infectious

anomalies

diseases

- Arnold-Chari
malformation
- Cerebral
palsy
- CNS tumor
- Spinal cord
injury
-Cervical
Spondylotic
myelopathy

- Tropical
spastic
paraparesis
(HTLV-1)
-HIV
-Neurosyphilis
-Neuroborrelio
sis

Brain metal
Inflammatory

Metabolic

accumulation
disorder

- Multiple
Sclerosis
- Vasculitic
Myelopathy
- Stiff person
syndrome
- Sarcoidosis

- Leukodystrophies like:
Adrenoleucodystrophy,
Pelizaeus-Merzbacher
disease, Krabbe disease
- Vitamin deficiency
(B12, E)
- Copper deficiency
- Aminoacid disorders like
Arginase deficiency
- Mitochondrial disorders
- Dystonia
- Gaucher disease

Neurodegener
ation with brain
iron
accumulation
(NBIA)
- Wilson
Disease

Other
neurodegenerative
- Spastic ataxias
- Spinocerebellar
ataxias
- Amyotrophic Lateral
Sclerosis (ALS)
- Progressive Muscular
Atrophy
- Progressive Bulbar
Palsy
- Primary Lateral
Sclerosis (PLS)
- Inherited dementias
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1.2.2 Clinical, genetic and molecular heterogeneity

The large heterogeneity found in HSP impairs both the clinical diagnosis and the genetic
identification. Many of the genes already associated to hereditary spastic paraplegia are also
associated to several other disorders that seem to clinically overlap. Some examples are
SPG11 associated with amyotrophic lateral sclerosis (ALS) and Charcot-Marie-Tooth (CMT)
disease; KIF1A (SPG30) associated with hereditary sensory neuropathy (HSN) and mental
retardation; GJC2 (SPG44) associated with hypomyelinating leukodystrophy (HLD); KIF1C
(SPG58) with spastic ataxia and ATP13A2 (SPG78) and UCHL1 (SPG79) were previously
linked to Parkinson disease (PD). All of these genes in addition with SPG7, ZFYVE26 (SPG15),
FA2H (SPG35), PNPLA6 (SPG39), GBA2 (SPG46) and CAPN1 (SPG76) were also reported
as causing ataxia (Synofzik and Schüle, 2017). ARSACS is a good example of this clinical
overlap between HSP and hereditary ataxia, where variants in the SACS gene are responsible
for spastic ataxia, but there are reports of patients where leg spasticity or ataxia were absent
(Bouhlal et al., 2011; Gregianin et al., 2013). Neurodegeneration with brain iron accumulation
(NBIA) is another disease that shares genes with HSP: C9orf72 and FA2H. HSP and the
leukodystrophies share at least eleven associated genes (PLP1, HSPD1, GJC2, ABCD1,
ADAR, EIF2B5, GJA1, IFIH1, RNASEH2B, SAMHD1 and TUBB4A). Sometimes, it is the
nature of the variant and/or its localization that can impact the phenotype, as illustrated by the
inheritance pattern associated with disease-causing variants in KIF1A. While loss of function
variants are associated with AR neuropathy, missense heterozygous variants in conserved
residues of the protein ATPase domain, are responsible for a severe early onset complex AD
HSP. HSPD1 is an example where heterozygous variants were associated with HSP, but
homozygous missense variants lead to hypomyelinating leukodystrophy type 4 (Magen et al.,
2008). Another example is TFG where a heterozygous variant in the P/Q rich domain was
implicated in an autosomal-dominant hereditary motor and sensory neuropathy (Ishiura et al.,
2012) and a homozygous variant in the coil-coil domain was linked to HSP (Beetz et al.,
2013a), which probably indicates the presence of different pathological mechanisms.
HSP-associated genes are so heterogeneous that are constantly being found to be involved
in causing a variety of symptoms specific to other disorders, resulting in a huge phenotypic
complexity (Figure 1). This can complicate the diagnosis and it will depend on the physician
(and the disease evolution at the time of examination) to decide which symptom is most
prominent (Tesson et al., 2015). In fact, as the number of reports is growing, the number of
genes associated only with pure HSP is decreasing and findings of pure and complex
phenotypes have been described for most HSP genes (Klebe et al., 2015; Tesson et al., 2015).
Clinical signs of intellectual disability and ataxia are common findings. The identification of
peripheral neuropathy is frequent and shows the overlap with Charcot-Marie-Tooth (CMT)
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(Klebe et al., 2015). It has already been shown that diseases like spinocerebellar ataxias
(SCAs) and CMT seem to share with HSP not only genes and phenotypes but also have
overlapping molecular mechanisms (Synofzik and Schüle, 2017; Timmerman et al., 2013).
Currently, the picture presents more like a phenotypic spectrum than rigid different clinical
entities. Thus, when genetically studying (mainly the complex) HSP families, we should be
aware that our answer could be in a gene associated with one of these related disorders: ALS,
CMT, SCAs, PLS, leukodystrophies and NBIA.

Figure 1: Overview of the phenotypic complexity associated to HSP genes

1.3.

Mechanisms of pathogenesis in the HSPs

The molecular pathways leading to the disease, as the clinics and genetics of HSPs, also
appear to be heterogeneous. The common hallmark of the disease is the axonal degeneration
maximal in the longest tracts. Postmortem analysis of patient tissues consistently identified
axonal degeneration with maximum severity at the distal ends of the corticospinal tracts and
fasciculus gracilis fibers (long descending and ascending pathways of the spinal cord) and of
the spinocerebellar tracts. These tracts constitute the longest motor and sensory axons of the
central nervous system (CNS). The degeneration seems to be mostly limited to the cell axon,
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starting in the distal ends of the axons and progressing toward the cell body, in what led to the
classification of HSP as a primary CNS “dying back” axonopathy (Crosby and Proukakis, 2002;
DeLuca et al., 2004; Schwarz and Liu, 1956). The pathophysiological mechanism(s) identified
should so elucidate why the longest neurons in the spinal cord are affected in this disease.
The identification of more than 60 HSP causing genes has been essential for the identification
of several pathophysiological mechanisms that could underlines the disease and that
sometimes are interrelated. Although many of these genes encode proteins that remain without
an identified function and with much to uncover regarding their physiological role, still, it was
possible to identify the main common pathways affected by variants in these genes. It has
been shown that several of these proteins interact being part of a large interconnected network,
which explains why variants in some genes are capable of affecting different pathways such
as SPAST (Figure 2).
One of the first mechanisms to be related to HSP was the disruption of the axonal transport,
which was supported by the identification of several genes associated with the disease that
encode kinesin chains (KIF5A and later, KIF1A, KIF1C and KLC2), an essential part of the
anterograde microtubule-dependent axonal transport (Crosby and Proukakis, 2002; Reid et
al., 2002). Other identified mechanisms are the disruption of membrane trafficking,
mitochondrial function, ER morphogenesis, lipid metabolism, myelination, autophagy, DNA
repair and nucleotide metabolism.
These mechanisms can explain why the disease affects primarily these long axons because,
as a result of their length (that can reach up to 1 meter), and unique and highly polarized
architecture, they are really dependent and sensitive to distress of numerous cellular
processes as axonal transport, membrane trafficking, cytoskeletal dynamics, endoplasmic
reticulum morphogenesis and endocytic recycling. They require that these complex
machineries work properly to be able to efficiently drive the transport of signals, molecules,
and organelles, so they are also dependent of a capable mitochondrial function (Blackstone et
al., 2011; Crosby and Proukakis, 2002; Salinas et al., 2008). Several of these pathways were
also associated with other neurodegenerative disorders like SCAs and ALS, showing once
more the interconnection between these disorders.

1.3.1 Axonal transport and microtubule dynamics

As HSP mainly affects the longest neurons in the spinal cord, which are extremely dependent
on a correct transport and delivery of cell components, it was early hypothesized that defects
in the axonal transport could be the main pathophysiological mechanism leading to the
disease.
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Axonal transport depends mainly on polarized microtubules. The anterograde motility (moving
towards the axonal terminals) is powered by kinesin motor proteins and is responsible for the
transport of organelles like mitochondria, lysosomes, and endosomes as well as vesicles, RNA
and newly synthesized proteins and lipids. Also, synaptic components necessary for the presynaptic activity, short microtubules and neurofilaments required for the maintenance of the
microtubule tracks are transported this way. The retrograde motility (moving toward the cell
body) is driven by dynein motor protein and is essential to maintain the neuron homeostasis
because it clears the distal ends of the axons of aging proteins and organelles directing them
for degradation. It has also a role in delivering neurotrophic and injury-generated signals back
to the cell bodies (Baas et al., 2006; Maday et al., 2014).
Up to now, at least 8 HSP-associated proteins were linked to axonal transport and microtubule
dynamics (Figure 2 and Supplementary Table 1). SPAST (SPG4) was one of the first identified
HSP causing genes and is the most common cause of the disease. It encodes spastin, a
protein shown to be involved in microtubule dynamics as it appears to be a microtubulesevering protein. Spastin has three main structural domains required for the microtubule
breakage: a microtubule interacting and endosomal trafficking (MIT) domain, a second
microtubule binding domain (MBD) responsible for the binding of spastin to the microtubules
and at the C-terminus, a catalytic AAA ATPase domain that contains the enzymatic activity
necessary for microtubule severing (Blackstone et al., 2011; Errico et al., 2002; Salinas et al.,
2007). Most of the SPAST disease-causing variants found are localized in this AAA domain
and seem to act by a haploinsufficiency effect (Shoukier et al., 2009). SPG20 seem to share
with SPG4 this conserved MIT domain, suggesting also an effect of this protein in microtubule
binding and in intracellular transport (Ciccarelli et al., 2003). TUBB4A was also linked to
microtubule dynamics as it encodes β-tubulin, one of the major subunits of the microtubules.
Deleterious variants in this gene lead to microtubule accumulation in a rat model (Duncan et
al., 2017a).
Later, the identification of causative variants in KIF5A that codes for a kinesin heavy chain,
was a major evidence for the role of an abnormal axonal transport as a key pathophysiological
mechanism in HSPs. Kinesin heavy chain is an integral part of the motor protein involved in
anterograde axonal transport. Variants in KIF5A are mostly localized in the extremely
conserved motor domain. Functional studies showed that these variants in KIF5A lead to a
reduced microtubule affinity and/or gliding velocity, which leads to a deficiency in the axonal
transport of kinesin-dependent cargoes and ultimately to axonal degeneration (Ebbing et al.,
2008; Salinas et al., 2008). Disease-causing variants in another HSP causing genes coding
for kinesins chains were later discovered (KIF1A, KIF1C and KLC2) increasing the evidence
for the role of axonal transport defects for the disease. BICD2, a gene responsible for spinal
muscular atrophy, which was associated with HSP, is also linked to problems in the axonal
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transport as it is involved in dynein-mediated transport. BICD2 seems to be responsible for
linking the dynein motor complex to several cargoes including Golgi vesicles, lipid droplets,
nuclei, and specific mRNAs (Neveling et al., 2013; Teuling et al., 2008).

1.3.2 Endoplasmic reticulum morphogenesis

The endoplasmic reticulum (ER) is a multifunctional organelle involved in several essential
tasks for the cell, being the most abundant membrane compartment. It is responsible for the
synthesis, modification, quality control and trafficking of secreted and integral membrane
proteins. It has a role in the Ca2+ regulation being the major Ca2+ storage compartment of the
cell. It is critical for the lipid and sterol biosynthesis and distribution, carbohydrate metabolism,
peroxisome biogenesis and for the formation of enzymes involved in drug detoxification
(Blackstone, 2012; Lynes and Simmen, 2011; Schwarz and Blower, 2016). Additionally, ER
interacts with several other membranes, including mitochondria, the Golgi apparatus, the
plasma membrane and with lipid droplets (LDs) (Raiborg et al., 2015). The ER, due to its
multitude of roles, it is also very heterogeneous in its form, with the distinct morphologies
seeming to correlate with its functional specializations. It is a continuous membrane system
that includes the nuclear envelope, sheet-like cisternae, and a network of interconnected
tubules extending into the cell periphery. Formation and maintenance of ER morphology
depend on the proper segregation of diverse types of shaping proteins to generate the highlycurved ER tubules and the fusion of tubules to produce the three-way junctions required to
obtain a network. Additionally, it is the interaction among cytoskeletal elements, plasma
membrane, and organelles as well as numerous signaling pathways that cooperate to
dynamically position and shape the ER (Goyal and Blackstone, 2013; Schwarz and Blower,
2016).
The importance of a proper ER morphology in highly-polarized cells such as neurons was
recognized with the discovery of several HSP-causing genes involved in shaping the ER
network which included ATL1, SPAST, RTN2 and both REEP1 and REEP2 genes. Causative
variants in ATL1 (SPG3A) are the second most frequent cause of AD HSP. This gene encodes
the protein atlastin-1, a member of the superfamily of dynamin-related GTPases that localize
predominantly to the tubular ER and mediate the fusion of ER tubules (Hu et al., 2009; Orso
et al., 2009). RTN2 (SPG12) encodes reticulon 2, which also localizes to the ER tubules and
that acts together with DP1/Yop1 as curvature-stabilizing proteins (Voeltz et al., 2006). REEP1
(SPG31) and REEP2 (SPG72) are part of the REEP/DP1/Yop1p family of ER-shaping
proteins, which as RTN2 protein has two hydrophobic domains that, when inserted into the
phospholipid bilayer, are thought to form hairpin loops generating a curvature in the ER
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membrane. Spastin interacts with atlastin-1, REEP1 and reticulon 2 proteins and they all seem
to contribute to the shaping of the tubular ER network (Beetz et al., 2013b; Esteves et al.,
2014; Shibata et al., 2010; Voeltz et al., 2006). Additionally, REEP1, spastin and atlastin-1
interact within the tubular ER, seeming to be responsible for mediating the interaction of the
tubular ER with microtubules (Park et al., 2010). The microtubule-based motility in the ER is
important for the proper organization and distribution of the ER tubules and the impairment of
this link between the tubular ER and the microtubule cytoskeleton seem to be one of the HSP
pathogenic mechanisms (Blackstone, 2012). Other genes which proteins are associated with
ER morphogenesis are TFG (SPG57), ARL6IP1 (SPG61) and RAB3GAP2 (SPG69). TFG
protein is important for the organization of transitional ER and ER exit sites into larger
structures and variants in this gene lead to a disruption of the peripheral ER tubules
organization and collapse of the ER network (Beetz et al., 2013a; Elsayed et al., 2017;
McCaughey et al., 2016). ARL-6-interacting protein 1 has a reticulon-like short hairpin
transmembrane domains and seems to, as reticulon 2, be able to shape high-curvature ER
tubules and to bind atlastin-1 (Yamamoto et al., 2014). RAB3GAP2 encodes a protein of the
Rab regulatory complex, which localizes to the ER and is responsible for activating RAB18
that mediates its recruitment to the ER. Their absence results in altered ER structure and it
seems that RAB18 effectors may regulate ER tubule tethering and fusion or maybe work as
inhibitors of ER sheet extension (Gerondopoulos et al., 2014). BSCL2 (SPG17), ERLIN1
(SPG62) and ERLIN2 (SPG18) encode proteins that also localize to the ER and relate to both
ER and lipid metabolism pathways due to the key function of the ER in the synthesis,
metabolism and distribution of lipids and sterols (Blackstone, 2012). BSCL2 encodes an ER
protein thought to act at the interface of the ER with LDs regulating their size. Missense
causative variants seem to result in misfolding of the protein leading to aggregate formation,
increased level of ER stress-mediated molecules and induced apoptosis in cultured cells (Ito
and Suzuki, 2007; Salo et al., 2016). ERLIN2 (SPG18) and ERLIN1 (SPG62) encode proteins
that localize preferentially to cholesterol-rich domains including lipid rafts and are involved in
the regulation of the cellular cholesterol homeostasis. Additionally, ERLIN proteins are
associated to ER-associated degradation (ERAD) that regulates protein degradation by the
ubiquitin-proteasome machinery (Browman et al., 2006; Huber et al., 2013).

1.3.3 Membrane trafficking

Cells depend on a highly regulated and dynamic membrane trafficking system for a proper
intracellular distribution of proteins, lipids and complex carbohydrates. This transport relies on
membrane bound vesicles and can occur within different organelles inside the cell, or through
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the plasma membrane to and from the extracellular environment (Herrmann and Spang, 2015).
Traffic of cargoes occurs in two different directions, to the plasma membrane, endosomes, and
lysosomes or out of the cell (exocytosis), which is the direction of the secretory pathway or, in
the opposite direction (endocytosis). In the secretory pathway, newly synthesized proteins,
lipids and carbohydrates are transported from the ER via the Golgi to their final destination. In
the opposite direction and as an important part of endocytosis is the degradative pathway via
autophagy to clear the cell of damaged and unwanted proteins. Exocytosis and endocytosis
use vesicles that enclose the cargoes and transport them from one membrane to another.
Briefly, the steps that occur are: 1) cargo selection and vesicle budding from a donor
compartment, which is mediated by protein coats, 2) vesicle transport along the microtubule
cytoskeleton, 3) vesicle targeting and fusion with an acceptor compartment, which is
dependent of a machinery that includes the Rab family of small GTPases and the SNARE
proteins. There are at least 3 types of well characterized coat proteins: i) clathrin-coated
vesicles that mediate endocytosis toward the endosomes and the Golgi; ii) coat protein I
(COPI) that surround vesicles to mediate transport within the Golgi and towards the ER; iii)
COPII-coated vesicles that mediate transport in the opposite direction, the secretory pathway
from the ER towards the Golgi. For the last step, to allow the cargo to be delivered to the exact
location, members of the Rab small GTPase family are needed to provide specificity, mediating
the intracellular destination of the vesicles. For the dock of the vesicles to the correct location
and fusion with membranes, SNARE proteins are required (Bonifacino and Glick, 2004;
Herrmann and Spang, 2015; Salinas et al., 2008).
Endosomes are a big part of this traffic as they are organelles that function as a central sorting
site for the secretory and degradative pathways, and with which the endocytic vesicles fuse to
release their content. The endosomal system is also important for retargeting membrane
components as it is able to internalize and degrade mislocalized proteins or recycle them from
one domain to another. There are three main pathways that interact with endosomes: (1)
vesicles constantly moving between the Golgi and endosomes in both directions, (2) between
the plasma membrane and early endosomes (through recycling endosomes) in both directions
and (3) late endosomes fusing with lysosomes. Endosomes mature into late endosomes and
when fused with a lysosome, the internalized vesicles are delivered to the lysosome lumen for
degradation. Proteins are marked for this pathway by ubiquitin, which is used by the
“endosomal sorting complexes required for transport” (ESCRT) to sort the targeted protein for
ubiquitin-dependent degradation (Crosby and Proukakis, 2002; Lasiecka and Winckler, 2011;
Noreau et al., 2014).
Numerous HSP proteins are implicated in membrane trafficking, from regulators of the vesicle
and endosomal trafficking, to proteins involved in the morphogenesis of the several organelles
involved. ATL1 (SPG3A) encodes a dynamin-related GTPase, which is present both in ER and
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Golgi compartments. Disease-causing variants in this gene lead not only to altered vesicle
trafficking between ER and Golgi but also to altered Golgi morphogenesis (Namekawa et al.,
2007). AP4B1 (SPG47), AP4M1 (SPG50), AP4E1 (SPG51), and AP4S1 (SPG52) encode
proteins that constitute the adaptor protein 4 (AP-4) complex, which mediates vesicle formation
and sorting of cargo for vesicle inclusion in the secretory and endocytic pathways (Abou Jamra
et al., 2011; Hirst et al., 2013a). AP5Z1 (SPG48) encodes one of the subunits of the adaptor
protein 5 (AP-5) complex, which was also found to be involved in endosomal sorting and
interacts with spatacsin (SPG11) and zinc finger FYVE domain-containing protein 26 (SPG15)
that seem to be present in ER, protein-trafficking vesicles and microtubules and are involved
in the recycling of lysosomes (Chang et al., 2014; Hirst et al., 2011; Murmu et al., 2011;
Renvoisé et al., 2014). Spastin (SPG4) in addition to be involved in microtubule dynamics and
ER morphogenesis, its MIT domain (microtubule interacting and endosomal trafficking domain)
binds to the ESCRT system responsible for recognizing ubiquitin-modified proteins. Spartin
(SPG20) also contains an MIT domain and selectively interacts with a component of the
ESCRT-III complex (Blackstone, 2012). Magnesium transporter NIPA1 (SPG6) is a neuronspecific transmembrane protein expressed in early endosomes, cell surface and in the Golgi.
It co-localizes with atlastin-1, and were characterized as binding partners, with knock-down of
NIPA1 expression resulting in a marked reduction of atlastin-1 in neuronal processes
(Botzolakis et al., 2012). A rat model with a NIPA1 causative variant showed accumulation of
tubular-vesicular organelles with endosomal features starting at axonal and dendritic terminals,
followed by multifocal vacuolar degeneration in the CNS and peripheral nerves (Watanabe et
al., 2013). Additionally, NIPA1, ATL1, SPAST and SPG20 are involved in the regulation of
bone morphogenetic proteins (BMP) signaling, crucial for axonal growth and synaptic function
among other developmental processes (Blackstone et al., 2011; Lo Giudice et al., 2014).
WASHC5, formerly known as KIAA0196 (SPG8) encodes a subunit of the large protein
complex WASH, which connects endosomes to the cytoskeleton, through an interaction with
vacuolar protein sorting-associated protein 35 (VPS35) (Harbour et al., 2010). Strumpellin
(SPG8) also interact with valosin-containing protein (VCP), an AAA ATPase also recently
related with HSP (Clemen et al., 2010). Vacuolar protein sorting-associated protein 37A
(SPG53) encodes a component and a upstream regulator of ESCRT-I, another member of the
endosomal sorting complex required for the ESCRT system (Bache et al., 2004). Maspardin
(SPG21) co-localizes with vesicles of the intracellular endosomal/trans-golgi system
(Zeitlmann et al., 2001). Phospholipase DDHD1 (SPG28) and phospholipase DDHD2 (SPG54)
are two enzymes making the link between membrane sorting and lipid metabolism: DDHD2
localizes to the cis-Golgi and also to the ER-Golgi intermediate compartment suggesting that
it facilitates membrane and vesicle fusion by the modification of membranes through
phospholipid hydrolysis (Inoue et al., 2012; Schuurs-Hoeijmakers et al., 2012; Yadav and
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Rajasekharan, 2016). TFG (SPG57) is required for COPII recruitment and protein secretion
from the ER (Witte et al., 2012). Ubiquitin carboxyl-terminal hydrolase 8 (SPG59) has diverse
roles in membrane trafficking, from endosomal regulation to retrograde transport (Smith et al.,
2016). WD repeat-containing protein 48 (SPG60) is a regulator of deubiquitinating complexes
and it seems to be involved with vesicular transport or membrane fusion events necessary for
transport to lysosomes in case of infection by Herpesvirus saimiri tyrosine kinase-interacting
protein (Park et al., 2002). Cation-transporting ATPase 13A2 recently identified as SPG78 is
a lysosomal P5-type transport ATPase and variants in this gene seem to lead to a combination
of lysosomal and mitochondrial dysfunction (Estrada-Cuzcano et al., 2017). DNM2 encodes
dynamin 2, a highly conserved large GTPase involved in the release of vesicles during
endocytosis and intracellular membrane trafficking (Bitoun et al., 2009). Lysosomal-trafficking
regulator (LYST) seems to play a role in homotypic fusion of different prelysosomal organelles
and autophagosomes with variants in this gene leading to the accumulation of these organelles
(Rahman et al. 2012). Protein bicaudal D homolog 2 (BICD2) encodes a cargo adaptor protein
which interacts with Rab6 primarily involved in retrograde transport between the Golgi and ER
(Heffernan and Simpson, 2014; Matsuto et al., 2015).

1.3.4 Mitochondrial function

Mitochondria is a very important organelle that in addition to its role in producing ATP, is
involved in the response mechanisms to oxidative stress, apoptosis and are a source of toxic
free radicals. Mitochondria are present at a high number in neurons, which explain their
particular vulnerability to mitochondrial defects with mitochondrial impairment being found in
several neurodegenerative diseases like ALS, Alzheimer´s and Parkinson´s diseases (Filosto
et al., 2011).
In HSP, at least 10 genes were already associated with mitochondria dysfunction. SPG7
encodes a protein that together with AFG3L2 (another HSP-associated gene) forms the mAAA metalloprotease complex of the inner mitochondrial membrane. This protease functions
in protein quality control and is necessary for the regulation of ribosomal assembly (Atorino et
al., 2003; Nolden et al., 2005). Fibroblasts from SPG7 patients showed reduced activity of
complex I in the mitochondrial respiratory chain and increased sensitivity to oxidative stress
with increased mitochondrial DNA damage (Wedding et al., 2014). In a mouse model for SPG7,
mitochondrial morphological abnormalities were observed in the synaptic terminals and distal
regions of axons correlating with the onset of motor impairment and prior to axonal swelling
and degeneration. The axonal swelling occurred due to a huge accumulation of organelles and
neurofilaments, suggesting impairment of anterograde axonal transport, which may indicate
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that the axonal transport impairment could be secondary to mitochondrial dysfunction
(Ferreirinha et al., 2004; Rugarli and Langer, 2006). HSPD1 (SPG13) encodes a mitochondrial
protein known as heat shock protein 60, thought to assist in the folding of a subset of proteins
in mitochondria. Causative variants in this gene also lead to impaired mitochondrial quality
control by a reduced expression of the mitochondrial quality control proteases Lon (ATPdependent protease La) and ClpP (ATP-dependent Clp protease proteolytic subunit) (Bross et
al., 2008; Hansen et al., 2008). Spartin (SPG20) seems to co-localize with mitochondria with
disease-causing variants leading to a loss of this association. Due to the suspected role of this
protein in microtubule binding, it was suggested a possible function for this protein in the
microtubule-mediated transport of mitochondria (Lu et al., 2006). Receptor expressionenhancing protein 1 (SPG31) also seems to co-localize with mitochondria and a reduction in
mitochondrial respiration and complex IV activity were found both in patients muscles and
fibroblasts (Goizet et al., 2011; Züchner et al., 2006). C12orf65 (SPG55) codes for a
mitochondrial matrix protein which, when mutated, impairs the mitochondrial protein synthesis
and the respiratory complex enzyme activity (Shimazaki et al., 2012). IBA57 (SPG74) encodes
a mitochondrial protein required for [4Fe-4S] protein maturation (Lossos et al., 2015; Sheftel
et al., 2012). ATP13A2 (SPG78) encodes a lysosomal P-type ATPase, which regulates
mitochondrial bioenergetics through macroautophagy. Disease causing variants in this gene
led to decreased ATP synthesis rates, increased mitochondrial DNA levels, a higher frequency
of mitochondrial DNA lesions, increased oxygen consumption rates, and increased
fragmentation of the mitochondrial network (Grünewald et al., 2012; Gusdon et al., 2012). MTATP6 encodes a subunit of ATP synthase (Complex V), the final enzyme of the oxidative
phosphorylation (OXPHOS) system. It is encoded by the mitochondrial DNA (mtDNA), being
thus maternally inherited (Verny et al., 2011). DDHD1 (SPG28) and CYP2U1 (SPG56) encode
two enzymes involved in lipid metabolism, which seem to have a deleterious impact on
mitochondrial bioenergetic function with patients fibroblasts showing alteration of mitochondrial
architecture and bioenergetics with increased oxidative stress (Tesson et al., 2012).

1.3.5 Lipid metabolism

Lipid metabolism was recently identified as a mechanism highly affected in HSP. Lipids play
many different roles from storing energy, to electrical insulation in myelin, modulation of cellular
calcium signaling and other signal transduction cascades. Additionally, are important structural
components of the cell membranes. The composition of the membranes in lipids and sterols
controls membrane fluidity, as well as compartmentalization into specialized microdomains
and is important for crucial processes like exocytosis and ion channel functions. Considering
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the high number of intracellular organelle membranes present in neurons and the importance
of these membrane properties, it is not surprising that defects in lipid metabolism have been
linked to several neurodegenerative disorders, including HSPs. Sterols (such as cholesterol),
glycerophospholipids and sphingolipids are the main components of the lipid portion in the
brain with its distribution varying between axons (white matter), nerve cell bodies (gray matter)
and myelin. Free cholesterol is a crucial structural component of the plasma membrane of a
cell and, in humans, the average level of cholesterol in the CNS is higher than in other tissues.
Regulation of the cholesterol homeostasis is very important because there is little or no transfer
of cholesterol across the blood-brain barrier, so most cholesterol is produced locally in the
brain, and there is a precise balance between the biosynthesis, storage, and catabolism of
cholesterol metabolites (Klebe et al., 2015; Lim et al., 2012; Tsaousidou et al., 2008).
The first gene to be associated with lipid metabolism was CYP7B1 (SPG5), which codes for a
7α-hydroxylase involved in cholesterol metabolism. More precisely, it works in two pathways:
the ‘‘alternate/ acidic pathway’’ and in the conversion of the cholesterol derivate
dehydroepiandrosterone (DHEA) into 7-OH-DHEA. Additionally, there is growing evidence to
suggest that this DHEA-related neurosteroids act as neuroprotective factors and can reduce
ischemia-induced neurodegeneration, which could relate CYP7B1 disease-causing variants
with a loss of this neuroprotective role (Tsaousidou et al., 2008). In addition, the enzymatic
blockage of the pathway by the mutated CYP7B1 enzyme led to the accumulation of 25- and
27-hydroxycholesterol in cerebrospinal fluid and serum, which were demonstrated to be toxic
to neurons in cultures (Schöls et al., 2017).
Spartin (SPG20) as seipin (SPG17) (mentioned in 1.3.2) also is involved in lipid droplets (LDs)
turnover (Eastman et al., 2009). B4GALNT1 (SPG26) encodes an enzyme involved in the
biosynthesis of complex gangliosides that could lead to alteration of the distribution of
phospholipids and cholesterol in membranes (Ohmi et al., 2011). DDHD1 (SPG28) and
DDHD2 (SPG54) code for enzymes of the phospholipase A1 family which hydrolyze
phospholipids producing 2-acyl-lysophospholipids and fatty acids (Gonzalez et al., 2013).
FA2H (SPG35) encodes the enzyme fatty acid 2-hydroxylase, highly expressed in brain, which
catalyzes the 2-hydroxylation of myelin galactolipids, galactosylceramide, and sulfatide
(Edvardson et al., 2008). PNPLA6 (SPG39), known also as NTE (neuropathy target esterase)
encodes a phospholipase, which play a critical part in lipid membrane homeostasis and
influences membrane fluidity (Sogorb et al., 2016). SLC33A1 (SPG42) encodes an acetyl-CoA
transporter, which carry acetyl-CoA into the Golgi apparatus. Acetyl-CoA is essential for
maintaining the balance between carbohydrate and fat metabolism and an inadequate supply
of acetyl-CoA, can result in misprocessing of gangliosides and glycoproteins (Blackstone,
2012; Lin et al., 2008). Non-lysosomal glucosylceramidase (SPG46) is an enzyme of the
sphingolipid metabolism acting on glucosylceramides (Martin et al., 2013). CYP2U1 (SPG56)
20

codes for a P450 hydroxylase which catalyze the hydroxylation of arachidonic acid and related
long-chain fatty acids (Tesson et al., 2012). Novarino identified two new HSP genes linked to
lipid metabolism: ARSI (SPG66) which codes a sulfatase that hydrolyzes sulfate esters and
sulfamates, and PGAP1 (SPG67) that encodes an enzyme involved in the biosynthesis of
glycosylphosphatidylinositols, which are glycolipid anchors responsible for anchoring several
proteins to the cell surface (Murakami et al., 2014; Novarino et al., 2014). CPT1C (SPG73)
encodes a member of the carnitine/choline acetyltransferase family and it was found that
causative variants in this gene impairs the formation of LDs (Rinaldi et al., 2015).

1.3.6 Myelination and development

Myelin is a lipid-rich organelle that surrounds axons, which is constituted of compact
membrane layers made and organized by the surrounding oligodendroglia cells. It works as
an electrical insulator for axonal membranes and constitutes the white matter tracts in the
nervous system. Myelin is composed by a high proportion of lipids (70%–85%) and only 15%–
30% of proteins, which presumably contributes to its high electrical resistance, as most cell
membranes only contains 30–50% lipids (Alderson et al., 2006; Edvardson et al., 2008). It is
so, expected that many of the genes related to the lipid metabolism pathway are also related
to myelination as is the case of B4GALNT1, FA2H and PGAP1. PLP1 (SPG2) encodes the
proteolipid protein, which together with its smaller isoform DM20 are the most abundant myelin
proteins in the CNS. The two proteins are involved in myelin sheath stabilization, axon–myelin
interactions, and also in oligodendrocyte maturation (Inoue, 2005). SLC16A2 (SPG22)
encodes the monocarboxylate transporter 8 (MCT8), a transporter of the thyroid hormone,
which is essential for the CNS development and specifically for oligodendrocytes (La Piana et
al., 2015; Younes-Rapozo et al., 2006). GJC2 (SPG44) codes the gap junction protein
connexin 47, which form channels that appear to be crucial for the proper maintenance of
myelin (Orthmann-Murphy et al., 2009). MAG (SPG75) encodes a “myelin-associated”
glycoprotein that functions in glia-axon interactions, involved both in the maintenance of
myelinated axons and in the differentiation, maintenance and survival of oligodendrocytes
(Quarles, 2007). L1CAM (SPG1), one of the first HSP genes identified is not associated with
myelin formation/maintenance but with the development and maintenance of the nervous
system. It encodes the L1 cell adhesion molecule, a transmembrane glycoprotein of the
immunoglobulin super-family expressed mainly in neurons and Schwann cells, that seems to
play an important role in the development of the nervous system by promoting neuron-neuron
adhesion and axon outgrowth and is involved in guidance of neurons in the developing CNS
(Hortsch, 2000; Jouet et al., 1994; Kenwrick et al., 2000). Patatin-like phospholipase domain21

containing protein 6 (SPG39), in addition to the role in lipid metabolism, also has a role in
axonal and synaptic integrity being necessary for a normal nervous system development
(Chang and Wu, 2010; Glynn, 2013).

1.3.7 Nucleotide metabolism and DNA repair

Recently, Novarino implicated, for the first time, defects in nucleotide metabolism as a pathway
to HSP with the identification of variants in ENTPD1, NT5C2 and AMPD2 in HSP patients
(Novarino et al., 2014). Maintenance of nucleotide equilibrium is critical for all cells, but is
especially important in the nervous system, where there is a great necessity for ATP.
Nucleotide imbalance can lead to mitochondrial dysfunction as mitochondria are particularly
prone to oxidative stress-associated DNA damage. DNA damage triggers an increase in
deoxynucleotide triphosphate (dNTP) levels, necessary for DNA repair mechanisms that
require unscheduled DNA synthesis (Fasullo and Endres, 2015).
The three newly identified genes AMPD2 (SPG63), ENTPD1 (SPG64) and NT5C2 (SPG45/65)
are involved in purine nucleotide metabolism. AMPD2 encodes the adenosine monophosphate
deaminase 2, an enzyme involved in the maintenance of cellular guanine nucleotide pools
(Akizu et al., 2013). ENTPD1 encodes an ectonucleoside triphosphate diphosphohydrolase-1
responsible for the ATP hydrolysis in order to generate extracellular adenosine (NardiSchreiber et al., 2017). NT5C2 encodes a cytosolic 5’ nucleotidase, which catalyzes the
hydrolysis of adenosine monophosphate and inosine monophosphate releasing adenosine,
and is essential for the equilibrium maintenance of the purine’s pools in the brain and spinal
cord (Elsaid et al., 2017).
WD repeat-containing protein 48 (SPG60) beyond being involved in vesicular transport it was
also associated with DNA repair mechanisms, interacts with ubiquitin carboxyl-terminal
hydrolase 1, a protein with deubiquitylating activity, activating the catalytic activity of the USP1
complex. This addition and removal of ubiquitin or ubiquitin-like proteins from factors is a key
mechanism for the modulation of the DNA damage response pathways (Jacq et al., 2013).

1.3.8 Autophagy

Autophagy is a complex process responsible for the transport and degradation of cytoplasmic
components in the lysosome, which include compromised proteins and organelles. It is a major
intracellular mechanism necessary to maintain cellular homeostasis in all cells, however

22

neurons are amongst the most sensitives to autophagy dysfunction (Kochergin and Zakharova,
2016; Oz-Levi et al., 2013).
TECPR2 (SPG49) brought a new pathway to the HSPs, linking autophagy with the disease. It
encodes a member of the tectonin β-propeller repeat-containing family, containing both
TECPR and tryptophan-aspartic acid repeat (WD repeat) domains. This gene has been
implicated in autophagy due to its similarity with tectonin beta-propeller repeat-containing
protein 1 (TECPR1) and Hermansky Pudlak syndrome 5 protein (HPS5) (both linked with the
autophagic pathway), and as reduced expression levels of this gene seem to lead to impaired
autophagy (Oz-Levi et al., 2012). SPG11 and ZFYVE26 (SPG15) encoded proteins are also
linked to autophagy due to their role in autophagic lysosome reformation (Chang et al., 2014).
Acetyl-coenzyme A transporter 1 (SPG42) seems to be involved in the regulation of autophagy
induction (Pehar et al., 2012) and finally, cation-transporting ATPase 13A2 (SPG78) is also
involved in the regulation of the autophagy-lysosome pathway by affecting synaptotagmin-11
(PD-associated gene) levels (Bento et al., 2016).

Figure 2: Illustrative representation of the pathophysiological mechanisms and related genes involved in
HSP
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1.4.

Animal models

1.4.1 HSP animal models

Hereditary spastic paraplegias with its large diversity of clinical, genetic and molecular
pathways led to the creation of innumerous animal models for the study of the disease, since
1997 until now (Branchu et al., 2017; Dahme et al., 1997). Animal models of HSP include,
ordered by frequency: mouse, zebrafish, Drosophila, C. elegans, and rat. There are also
natural models of the disease in mouse, dog and cattle. The creation of animal models for
these many HSP genetic types is expected to allow the thorough exploration of the involved
disease mechanisms for each gene and the potential trial of candidate treatments in a more
reliable way as the profound complexity of the neural networks cannot be easily reproduced
“in vitro”. Also, with the constant identification of new genes and variants by NGS, the
possibility of creating transient models allows a molecular confirmation of the findings
pathogenicity (Fink, 2013; LeDoux, 2005; Patten et al., 2014).
HSP animal models should be able to produce some disease features, such as age-dependent
motor impairment and axon degeneration and also allow the evaluation of genetic mechanisms
like haploinsufficiency, dominant-negative or toxic gain-of-function. Although no animal model
can reproduce all of the subtleties of a human disease as there are evidences suggesting
some species-specific effects (Thomsen et al., 2010), still these genetic models do reflect
important cellular, molecular and physiological features pertinent to disease biology and
pharmacological screening (Fink, 2013; Rainier and Fink, 2005). The choice of the appropriate
animal model should take into consideration the aim of the experiment and the species
characteristics. All have different life spans, developmental periods until maturity and specific
advantages. Even within species, strain selection can bring different compensations and may
be critical for the success of an experiment. Caenorhabditis elegans is a great organism for
studies such as large-scale RNA interference (RNAi) experiments as they fed on bacteria that
could be expressing any target-gene dsRNA, are inexpensive, have a short development
period, are translucent, can be maintained in 96-well plates for high-throughput analyses and
genetic manipulations and also can be frozen for long-term storage. Drosophila melanogaster
is also inexpensive and with a short developmental period and as it has been used for a long
time in genetics, there are several powerful genetic tools and numerous online resources
available for modeling human disorders in Drosophila. Danio rerio (Zebrafish) is an
inexpensive vertebrate very useful for developmental genetics as it has the vertebrate
physiological systems (e.g., neural, cardiovascular, gastrointestinal), and the embryos are
translucent. Mice (Mus musculus) are probably the most commonly used mammalian model
due to their genetic similarity to humans, ease of maintenance and handling, and their high
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reproduction rate. It is mainly useful in the context of neurodegenerative and movement
disorders research where age-associated changes and motor function could be more easily
studied. Rat models (Rattus norvegicus) are useful for physiological studies as they are large
enough for the study of most diseases relevant to humans (LeDoux, 2005).

1.4.2 Zebrafish model

Zebrafish has been increasingly becoming a valued and respected model being now used as
a model for a wide variety of human diseases. This species, as a vertebrate, has a similar
overall nervous system organization to humans and as also possess human homologue genes
with conserved functions and with 50-80% amino acid identity, is a powerful model for the
study of pathological mechanisms of disease-related genes and in the screening for potential
therapeutics. Zebrafish is a cheapest and fastest alternative to the costly and labor-intensive
requirements necessary for the creation of mouse models of neurodegenerative disorders.
However, we should be aware that HSP zebrafish models can only reflect at best, a general
effect of the gene due to the lack of upper motor neurons in this vertebrate (Kabashi et al.,
2011; Patten et al., 2014).
The zebrafish allows the study of most genes either by simple transient assays or by the
creation of stable disease models using genome-editing techniques, both by loss- or gain-offunction approaches. The easiest method to study loss-of-function mutations in zebrafish is
with the injection of antisense morpholino oligonucleotides, which effectively bind to the target
mRNA blocking translation and therefore knocking down expression. This creates transient
knockdowns that should be controlled for off-target toxicity with the most important control for
disease models being the demonstration of, at least, partial rescue by the homologous human
mRNA. However, the temporary nature of this microinjection knockdown could carry limitations
when attempting to model late-onset diseases. To generate stable loss-of-function models for
neurodegenerative diseases there are some powerful genome-editing techniques like
CRISPR/Cas but that can be expensive, complex or also carry some off-target toxicity. mRNA
injections could be used to test gain-of-function in a transient way and for stable models, the
use of an efficient Tol2 transposon system is a common approach (Kabashi et al., 2011; Patten
et al., 2014).
Zebrafish models of HSP to validate the pathogenic nature of genes are becoming increasingly
common, with more than 14 genes studied to date, all by transient knockdown. The phenotypes
found are usually abnormal motility and motor neuron development defects. Knockdown of
SPAST, the most frequent cause of HSP, caused deficiencies in the spinal motor axon
outgrowth, impaired locomotion and perturbation of axonal microtubule dynamics (Wood et al.,
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2006). Knockdown of two recessive HSP genes (SPG11 and SPG15) caused mobility
impairment and anomalous branching of spinal cord motor neurons at the neuromuscular
junction being suggested, for the first time and in vivo, a genetic interaction between these
genes (Martin et al., 2012). More recently, Novarino et al used morpholino knockdown in
zebrafish for confirmation of the pathogenicity of four identified genes (ARL6IP1, MARS,
PGAP1 and USP8) (Novarino et al., 2014). Up to now no drug test or screens for HSP using
zebrafish has been published (Babin et al., 2014; Patten et al., 2014). Drug discovery is many
times hampered by the lack of inexpensive models to investigate and to identify candidate
drugs, which is even truer in rare diseases like HSP where the low prevalence and large
heterogeneity does not motivate commercial companies. However, it is urgent the need to
develop effective treatments for HSP as there are still no treatments targeting the underlying
pathophysiology.
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2. Major goals

1

2.1 Main aims

This work aimed to genetically characterize a Portuguese cohort of HSP families collected
through a national population-based survey that meant to identify the majority of the
Portuguese families with hereditary spastic paraplegia. This study started with a homogeneous
and large cohort of families without molecular diagnosis (100 families of the 159 with available
DNA) already screened for the most frequently mutated HSP genes.
The main goals of this work were:
1) Provide a molecular diagnosis to the Portuguese HSP families,
2) Identify novel genes responsible for hereditary forms of spastic paraplegia,
3) Functionally characterize the identified candidate genes and variants.

2.2 Specific objectives

1. Genetic characterization of the families without molecular diagnosis by panel sequencing
a. Identify causative point variants and large rearrangements in genes already reported
b. Confirm the new molecular diagnosis by segregation analysis

2. Gene identification through linkage analysis and next generation sequencing (NGS)
a. Exome sequencing in some of the largest families to find new HSP-causing genes
b. Linkage analysis to focus the variant search in the candidate regions identified

3. Screen additional families for variants in the new genes identified and establish genotypephenotype correlations
a. Test the remaining HSP families without molecular diagnosis from the Portuguese and the
SPATAX network cohort to explore possible correlations between specific phenotypes and
different types of variants

4. Functionally characterize the newly identified genes and candidate variants
a. Bioinformatics analysis to check possible molecular functions and identify potential structural
homologies
b. Biological characterization to assess the expression pattern, the sub-cellular localization of
the protein and its cellular functions.

2

3.Material and Methods

3

3.1.

Patients

3.1.1 Inclusion criteria

In Portugal, a population-based survey was conducted from 1994 to 2004 that aimed to identify
all the families with hereditary spastic paraplegia and hereditary cerebellar ataxia (Coutinho et
al., 2013; Silva et al., 1997). This study was able to identify 412 patients from 193 families with
HSP using homogeneous inclusion criteria as the same team of neurologists examined all the
patients. For inclusion, patients had to have progressive gait disturbances with corticospinal
signs in the lower limbs and preferentially a family history of spastic paraplegia. In this survey
it was collected a detailed clinical and familial history, it was performed a neurological
examination and, whenever possible, one patient from each family was admitted for complete
clinical, serologic and radiologic workup. Written consent for genetic study was requested and
DNA from the consenting families was stored (159 families). The clinical data were registered,
and all consenting families were genetically tested. The families with an expected autosomal
dominant (AD) inheritance mode were tested for disease-causing variants in ATL1, SPAST,
and REEP1 (Loureiro et al., 2009). In the autosomal recessive (AR) group, patients with
cognitive impairment were screened for causative variants in SPG11, ZFYVE26 and CYP7B1.
These genetic analyses were able to provide a molecular diagnosis to 59 of the 159 families
(37,1%).
For the present study, we worked on the 100 remaining families without molecular diagnosis
and with an available DNA sample.

3.1.2 Clinical phenotypes

Families were classified into pure (only progressive spastic paraplegia in all affected family
members – 56 families) or complex (associated with other neurologic symptoms like
neuropathy, ataxia, cognitive impairment, among others - 44 families). The age at onset was
defined as the age at which patients or their relatives noticed any walking difficulties, change
of gait pattern, cramps or unexplained falls, and were considered as having an early onset
when the first symptoms were noticed before the age of 20 years and after that, classified as
late onset. Age at onset in the whole cohort ranged from less than 1 year to 65 years. Among
these 100 Portuguese families, 44 showed an apparent dominant inheritance, 40 a recessive
inheritance and 16 were isolated cases.
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Dominant

Recessive

Isolated

families

Families

cases

Pure Early onset

17

8

3

28

Pure Late onset

18

5

5

28

Complex Early onset

4

21

6

31

Complex Late onset

5

6

2

13

Total

44

40

16

100

Total

3.1.3 Ethics

Written consent for genetic study was obtained from all tested individuals or their respective
legal guardian for all the blood samples and skin biopsies. The ethical committees of ICBAS
(Portugal) and of the Paris-Necker Hospital (France) approved the genetic analyses.

3.2.

Biological material

3.2.1 DNA extraction and quality check
Genomic DNA was extracted from peripheral blood samples through salting-out and later by
an automated DNA purification method using the QIASymphony DSP DNA Midi kit (Qiagen,
Hilden, Germany).
All DNA samples were quantified and controlled for contamination with proteins or solvents
using a NanoDrop® 2000 or an 8000Uv-Vis spectrophotometer (ThermoFisher Scientific,
Waltham, USA). Furthermore, DNA quality, was checked by agarose gel electrophoresis to
look for the presence of degradation before being used in the NGS experiments and a test
PCR was performed to check for PCR inhibitors. An additional quantification using the Qubit®
fluorometer (ThermoFisher Scientific, Waltham, USA), which specifically measures double
stranded DNA, was performed in the samples before NGS.

3.2.2 Skin biopsies and fibroblast culture

Skin biopsies were requested only when a strong candidate gene was identified by exome
analysis, so that patients’ fibroblasts could be important to proceed with the functional study.
For skin biopsies, local anesthetics were applied to the upper arm and a sterile disposable
2.5mm biopsy punch (Kai medical, Seki, Japan) was used.
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The fibroblast culture, as all the other cell cultures were performed under sterile conditions in
a laminar flow hood. Skin biopsies were cleaned in a Petri dish with culture medium and cut
into small pieces with a scalpel. The small pieces were transferred to two T25 culture flasks
with a small drop of heated medium (DMEM (Dulbecco's Modified Eagle Medium) with
Glutamax (ThermoFisher Scientific, Waltham, USA), 15% of fetal bovine serum (FBS)
(Invitrogen, Carlsbad, USA) and 1% antibiotic-antimycotic (ThermoFisher Scientific, Waltham,
USA)) on top of each piece. The flasks were incubated in a humidified CO2 incubator at 37ºC.
Two days later some drops of medium were added to the pieces. After five days 2mL of culture
medium were added and after that, the medium was changed every 3 days. The flasks were
frequently observed under the microscope and when the fibroblasts were dense and confluent,
we did the first trypsinization and transfered the fibroblasts to T75 culture flasks (1º passage).

3.3.

Targeted next generation sequencing for screening of known HSP genes

3.3.1 Panel design

A custom next generation sequencing panel that covered 34 HSP-related genes was designed
with the NimbleGen SeqCap EZ Choice Library (Roche, Basel, Switzerland) according to the
request and approval of the ICM team. This first panel covered 31 known HSP genes
responsible for dominant and recessive forms and three genes (ALS2, SACS and SETX)
implicated in overlapping phenotypes. The 34 genes corresponded to 531 regions with a total
length of 109 768 base pairs.
Later, a second panel was designed by the same method, in order to cover more HSP genes,
including some newly identified. This second panel covered 70 genes that added to the
previously, 30 new HSP genes, as well as three genes (FBXO7, GJA1 and SAMHD1) causing
overlapping phenotypes and three candidate genes that encode partners of known HSP
proteins (AP5B1, AP5M1 and AP5S1). This panel covered a total of 210 363 bases
corresponding to 1001 regions. These two panels targeted exonic regions and at least 20
intronic bases at the exon-intron boundaries.

3.3.2 Experimental procedure

The procedure elected consisted of three major steps: library preparation, double capture and
massive parallel sequencing. For the library preparation, we used the Illumina TruSeq DNA LT
Sample Preparation kit v2-Set A (Illumina, San Diego, USA) according to the manufacturer´s
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protocol for the first panel and the Kapa Library Preparation Kit for Illumina platforms (Roche,
Basel, Switzerland) with its corresponding protocol for the second panel. First, the samples
had to be quantified with the Qubit® fluorometer and diluted to a final volume of 55µL at
20ng/µl. The DNA was then fragmented in a Covaris S220 ultrasonicator (Covaris, Woburn,
USA) to fragments between 180-220bp. After fragmentation, we performed end repair to
convert the overhangs into blunt ends, adelynation of the 3’ ends and adapter ligation to
prepare the libraries for multiplexing and hybridization in a flow cell. As a last step before
capture there was a pre-capture PCR to enrich the DNA fragments with adapters at both ends
and, after cleaning, samples were quantified with the nanodrop and the Caliper® bioanalyzer
(PerkinElmer, Waltham, USA) was used to check the library. For the several cleaning steps
we used the Agencourt AMPure XP beads (Beckman Coulter, Brea, USA).
In the second part, for the double capture, we used the Roche NimbleGen SeqCap EZ Reagent
Kit (Roche, Basel, Switzerland) and the customized SeqCap EZ Library using the SeqCap EZ
Library SR User’s Guide protocol. We started by multiplexing the samples (12 samples per
experiment) by mixing in equal amounts (by mass) each sample to get a combined mass of at
least 1,25 µg in a single pool. Then, we did the hybridization of the samples to a half aliquot of
SeqCap EZ Library (custom probes), washed and recovered the captured DNA and performed
a ligation-mediated PCR. These steps were repeated from the hybridization, now with the other
half of aliquot (double capture). At the end of the last cleaning step, samples were quantified
with nanodrop and Qubit and the mean size of fragments of the pools was checked on the
Caliper bioanalyzer. For the second panel, 2 pools of 12 samples were mixed before
sequencing (equal amount by mass).
For the massive parallel sequencing, we used the Illumina MiSeq Benchtop Sequencer
(Illumina, San Diego, USA). First, we had to denature and dilute the library and added it to the
reagent cartridge. The cartridge, the flow cell, the wash buffer and the empty waste bottle were
loaded into the MiSeq instrument. A sample sheet was created for each run with the project
information and the correspondence between samples and the indexes used. For the first
panel we perform runs of 2* 150bp reads and for the second panel runs of 2* 250bp reads.

3.3.3 Bioinformatic analysis

The analysis of the fastq files produced in each sequence run was done using the CLC BioGenomics Workbench 6.5.1 software (https://www.qiagenbioinformatics.com/). In this
software, we have created a workflow that performs: (1) the alignment of the reads with the
Homo sapiens (hg19) reference sequence; (2) a probabilistic and quality-based variant
detection; (3) statistics for target regions; and (4) annotations with relevant variant data as
amino acid change, predicted splice effect and SNP (single nucleotide polymorphism)
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frequencies. Additionally, with these data, we created a local database (updated after every
sequencing run) and the variant files were re-annotated with this information.
In order to get the probably pathogenic variants for each patient from the variant files created,
several filters were applied. We selected only the variants: (1) present in the target regions, (2)
causing a change at the protein level, (3) present in the local database with a frequency below
15% and, (4) if known in the databases, its minor allele frequency (MAF) had to be below 1%
for AR inheritance and 0.2% for AD transmission. All filtered variants were further analyzed
using Alamut v.2.4 software (Interactive Biosoftware, La Rochelle, France) for pathogenicity
prediction with SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer, Human Splicing
finder, Polyphen-2, SIFT, MutationTaster, Align GVGD and UMD-Predictor.
Additionally, we looked for the presence of large rearrangements, by the analysis of the
coverage data of all regions with an in-house algorithm based on the comparison of the
coverage between patients.

3.3.4 Confirmation and segregation analysis

3.3.4.1 Sanger sequencing
We confirmed the presence of the variants identified through NGS by Sanger sequencing.
After confirming each variant and when DNA was available we tested also additional family
members to check segregation of the variants with the disease. Primers were designed using
Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The
PCR amplification was done using the DreamTaq DNA Polymerase Kit (ThermoFisher
Scientific, Waltham, USA) or when necessary, AccuPrime GC-Rich DNA polymerase
(Invitrogen, Carlsbad, USA), followed by sequencing at GATC BioTech (Konstanz, Germany).
Sequence analysis was performed using SeqScape 2.6 software (Applied Biosystems, Foster
City, USA).

3.3.4.2 MLPA and quantitative real-time PCR
We confirmed the presence of large rearrangements, suggested by the coverage analysis, by
multiplex ligation-dependent probe amplification (MLPA) when available or quantitative realtime PCR (qPCR). In order to confirm the presence of deletions or duplications in SPG11 we
used the SALSA MLPA kit P306 (MRC Holland, Amsterdam, Netherlands) according to
manufacturer´s instructions. The resulting fragments were analyzed on an ABI 3130XL Genetic
Analyzer using 500-LIZ (Applied Biosystems, Foster City, USA) as a size standard, in the
GeneMarker v1.90 software (SoftGenetics, State College, USA). For the genes for which no
MLPA kit was available, we performed qPCR. Primers were designed using Beacon Designer
(Premier Biosoft, Palo Alto, USA), one in each exon that we needed to verify, and one in each
8

of the contiguous exons (in the same gene, or in the gene closest to the expected mutated
region) as well as one from a control gene present in a different chromosome. A control sample
was also amplified for all the amplicons. The PCR amplification was performed using iQ SYBR
Green Supermix (Bio-Rad, Hercules, USA) in an iQ5 Real-Time PCR Detection System (BioRad, Hercules, USA). Real-time PCR amplification of each sample and control was done in
triplicate. Results were analyzed with IQ5 Optical System Software (Bio-Rad, Hercules, USA)
and the heterozygosity was determined by comparison between the control and sample
fragments.

3.4.

Whole exome sequencing (WES) for identification of new HSP genes

3.4.1 Family selection
We selected the families with the largest number of informative family members with available
DNA and without any potential diagnosis found in the NGS panels.
The first families selected for exome were two AR families (SR2 and SR9) not included in the
NGS panel study because they had already been tested for several HSP genes without any
diagnosis found and in whom whole exome linkage studies were already performed. We
selected 2 patients of each family for exome analysis, focused in the locus identified in the
whole genome linkage analysis: in family SR2 a new locus for the disease was found in
chromosome 14, namely SPG32, (Stevanin et al., 2007b) and, in family SR9, a new locus was
identified on chromosome 4 with a significant LOD (logarithm of the odds) score of 4.3.
There were 10 additional families selected for exome sequencing that remained without
diagnosis after the NGS panel screening, 5 AD and 5 AR families. In the families with expected
dominant transmission, we selected three family members per pedigree taking into
consideration their genealogical distance so that they shared the smallest number of variants
possible. In the families with presumed recessive inheritance, we selected a parent and an
affected child in the families with consanguinity and we focused in the homozygous variants
identified and, in the families without consanguinity, we selected a parent and two affected
children.

3.4.2 Experimental procedure

For the first four families selected (1 AR and 3 AD), exome sequencing was performed at the
Integragen facility (Evry, France). This company used the Agilent SureSelect All Exon kit V5

9

50Mb (Agilent Technologies, Santa Clara, USA) to capture the exomes and the paired-end
sequencing was done with the HiSeq2000 sequencer (Illumina, San Diego, USA).
The other eight families were sequenced at the ICM genetic platform (IgenSeq). The procedure
was also based in a capture method (similar to the one described in 3.3.2) but the capture
protocols were diverse. The first four families had their exome captured with the Nextera Rapid
Capture Exome kit (Illumina, San Diego, USA), two families with the SeqCap EZ Human
Exome Library v3.0 of NimbleGen (Roche, Basel, Switzerland), one family with the SureSelect
QXT kit (Agilent Technologies, Santa Clara, USA) and the last family with the SureSelect XT
kit (Agilent Technologies, Santa Clara, USA). Massive parallel sequencing was performed in
the NextSeq500 sequencer (Illumina, San Diego, USA) for all families. The procedure was
similar to the one applied on the Miseq sequencer, but with the proper cartridges for runs of 2*
75bp reads.

3.4.3 Bioinformatic analysis

The Integragen exomes were analyzed with the Eris platform, whereas the data from the
exomes sequenced at ICM were treated by the bioinformatics platform of the Institute. Variants
were identified using a custom workflow that used FastQC for the quality control, BWA-0.7.8
for the alignment with the hg19 reference genome, GATK for the coverage analysis and variant
calling and ANNOVAR for annotation.
The exomes were then filtered, family by family, taking into consideration the presumed
inheritance mode. The variants had to cause a change at the protein level and, if known in the
databases, its minor allele frequency (MAF) had to be below 1% for AR inheritance and 0.2%
for AD transmission. All filtered variants were further analyzed using Alamut v.2.4 software
(Interactive Biosoftware, La Rochelle, France) for pathogenicity prediction and the frequency
checked on the exac database (http://exac.broadinstitute.org/).

3.4.4 Confirmation and segregation analysis
As described in 3.3.4 we confirmed the presence and checked the segregation of the filtered
variants by Sanger sequencing. For these samples, PCR amplification was done using the
HotStart Master Mix (Qiagen, Hilden, Germany) or when necessary, GC-Rich PCR System
(Roche, Basel, Switzerland), followed by Exo/SAP Go (Grisp, Porto, Portugal) purification and
sequencing using BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Foster
City, USA) in an ABI-PRISM 3130 XL automatic sequencer (Applied Biosystems, Foster City,
USA).
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3.5.

Genome-wide genotyping and linkage analysis

3.5.1 Family selection
As the exome analysis of the AD families showed that even with three patients tested there
were too many variants shared, we decided that it was important to reduce the chromosomal
area to focus on. Therefore, we selected these five families with presumed dominant
inheritance and exome data for whole genome linkage analysis using SNP microarrays.
Three of the families with expected recessive transmission (SR2, SR9 and SR13) had linkage
data available previously performed by the screening of 300 autosomal microsatellites spaced
15cM apart (Stevanin et al., 2007b).

3.5.2 Experimental procedure
We used the Infinium® HumanCore-24 v1.0 DNA Analysis kit (Illumina, San Diego, USA) for the
genome-wide genotyping. This BeadChip allows us to genotype 306 670 markers of which 240
000 are highly informative genome-wide tag SNPs. We followed the Infinium High Throughput
Screening automated assay protocol from Illumina. After quantification, the DNA samples were
denatured and neutralized to prepare them for an overnight incubation at 37ºC in a
hybridization oven, that leads to a uniform amplification of the genomic DNA. In the next day,
the DNA samples were enzymatically fragmented, precipitated, resuspended in hybridization
buffer and hybridized to the BeadChip overnight. After washing the BeadChip to remove all
non-specifically hybridized DNA, there is a single-base extension and staining on the
BeadChip responsible for incorporating labeled nucleotides in the extended primers using the
captured DNA as template. Lastly, the beadchip was imaged with the compatible iScan system
(Illumina, San Diego, USA) that records the images resulting from the excited fluorophore
inserted in the single-base extension. The system provides the intensity data files (.idat) for
analysis.

3.5.3 Bioinformatic analysis
The GenomeStudio V2011.1 software (Genotyping Module) (Illumina, San Diego, USA) was
used for data analysis. A genotyping quality check was first performed and the genotypes were
determined for all markers. After removing all the uninformative and poor-quality markers, the
Merlin Input Report Plug-in v2.0.1 was used to create the input files for the Merlin application.
The pedigree files were completed, and the linkage analysis was done with the Merlin
application v1.1.2 (Abecasis group, University of Michigan USA) following the model for
autosomal dominant disorders.
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3.6.

Functional studies

3.6.1 DNA constructs and site-directed mutagenesis
To study the new HSP candidate genes, we used the Myc-DDK-tagged-Human AKAP6
(Origene, Rockville, USA) encoding the full length AKAP6 protein. We cloned also the total
cDNA of AIMP1 (NM_001142416.1) into the pEGFP-C1 vector (Clontech, Mountain View,
USA). To construct the AIMP1 minigene we cloned the exons 2 to 4 (with introns) from the
patient sample into the pCMVdi vector kindly provided by Dr. Alexandra Moreira (Glória et al.,
2014). To create the mutant constructs, we performed site-directed mutagenesis using the
QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, USA)
according to the manufacturer’s protocol with the appropriate primer pairs designed with the
QuikChange Primer Design Program (Agilent Technologies, Santa Clara, USA).

3.6.2 Cell culture and transfection (HEK293T and fibroblasts)
The medium used in the maintenance of HEK293T and human fibroblasts was DMEMGlutamax (ThermoFisher Scientific, Waltham, USA) with 10% FBS (Invitrogen, Carlsbad, USA)
and 1% antibiotic-antimycotic (ThermoFisher Scientific, Waltham, USA). Cells were cultured
on 25 or 75 cm2 culture flasks in a humidified 5% CO2 atmosphere at 37ºC. Upon confluency,
cells were trypsinised and passed to new flasks. Cells were frozen with 10% DMSO (SigmaAldrich, St. Louis, USA).
Transfection of fibroblasts was done with FuGENE HD (Roche, Basel, Switzerland) and for the
HEK293T cells we used the jetPrime (Polyplus, Berkeley, USA) transfection reagent (24h after
being plated). Cells were plated in the adequate concentration 24h before transfection. The
transfection mixture and incubation time was performed according to the manufacturer’s
protocol.

3.6.3 Antibodies and subcellular fractionation
The primary antibodies used were: rabbit polyclonal anti-mAKAP (Covance, Princeton, USA),
mouse monoclonal anti-GM130, anti-TOM20 (BD Biosciences, Franklin Lakes, USA) and antiα-tubulin clone B-5-1-2 (Sigma-Aldrich, St. Louis, USA) to mark the Golgi, mitochondria and
microtubules respectively; rabbit polyclonal anti-LAMP1 (Abcam, Cambridge, UK) and anticalreticulin (Enzo Life Sciences, Farmingdale, USA) to mark the lysosome and the ER
respectively; also the monoclonal mouse and rabbit Myc-tag antibodies (Cell Signaling
Technology, Danvers, USA) that recognizes Myc-fusion proteins.
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The secondary antibodies used for western blot were goat anti-mouse IgG-HRP (Santa Cruz
Biotechnology) and goat anti-rabbit IgG HRP-conjugate (Millipore, Billerica, USA) and for
immunostaining we used the goat anti-mouse IgG, Alexa Fluor 488, 568 or 647 conjugate and
the goat anti-rabbit IgG, Alexa Fluor 488 or 568 conjugate (Thermo Fisher Scientific, Waltham,
USA).
For subcellular protein fractionation, we used the Subcellular Protein Fractionation Kit for
Cultured Cells (ThermoFisher Scientific, Waltham, USA) according to the manufacturer’s
protocol.

3.6.4 Western blot
For protein expression analysis, cells were collected and lysed on ice with RIPA buffer (SigmaAldrich, St. Louis, USA) with protease inhibitors (cOmplete™, EDTA-free Protease Inhibitor
Cocktail – Roche, Basel, Switzerland). Samples were then sonicated and vortexed. Protein
concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, USA).
Lysates were re-suspended in Laemmli loading buffer with β-mercaptoethanol (Sigma-Aldrich,
St. Louis, USA) and denatured at 95ºC for 5 minutes. 20µg of each sample was loaded on a
gradient gel and then transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore,
Billerica, USA). After blotting, PVDF-membranes were blocked with 3% nonfat dry milk in PBS
containing 1% Tween-20 (PBS-T) for 1 h with agitation. Membranes were probed with the
selected antibodies and after washing, the proteins were detected with WesternBright Sirius
HRP substrate (Advansta, Menlo Park, USA).

3.6.5 Immunofluorescence
Cells were grown on glass coverslips washed and coated with fibronectin (Sigma-Aldrich, St.
Louis, USA). After 48h, cells were fixed in 4% paraformaldehyde/sucrose in PBS for 20 minutes
at room temperature and permeabilization was done with 0.3% Triton X-100 or, for lysosome
imaging, with microscopy buffer (Harris et al., 2013). Nuclei were stained with Hoechst 33258
(Invitrogen, Carlsbad, USA) and cells were mounted with Prolong Gold (Invitrogen, Carlsbad,
USA) and sealed with nail polish. Images were obtained on a Zeiss Axio Imager Z1 (Zeiss,
Oberkochen, Germany) with a coupled device camera, using 20X or 100X (oil) objectives.
Images were acquired in the AxioVision release 4.8 and analyzed with the open-source
software CellProfiler (Carpenter et al., 2006).
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3.6.6 RNA extraction, RT-PCR and qPCR

RNA was extracted from HEK293T cells at 48h after transfection and in the fibroblasts cells,
when confluent in 100mm culture dishes. Extraction was performed by a double method with
NZYol reagent (Nzytech, Lisboa, Portugal) and the RNeasy Mini Kit (QIAGEN, Hilden,
Germany). After nanodrop quantification, cDNA was synthesized by reverse transcription using
SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, USA) according to
manufacturer’s instructions.
Primers for the qPCR were designed using Beacon Designer (Premier Biosoft, Palo Alto, USA),
selecting primer pairs in different exons to assure that genomic DNA was not amplified. PCR
amplification was performed using PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific, Waltham, USA) in a 7500 Fast Real-Time PCR (Thermo Fisher Scientific, Waltham,
USA). Real-time PCR amplification of each sample and control (we used ACTB levels) was
done in triplicate. Results were analyzed with 7500 Software v2.0.6 (Thermo Fisher Scientific,
Waltham, USA).

3.6.7 Zebrafish studies
Transgenic embryos (Hb9: GFP line) that specifically express GFP (Green Fluorescent
Protein) in spinal motor neurons were used (Flanagan-Steet et al., 2005). For in situ
hybridization, two sense and antisense RNA probes of the AKAP6 transcript were synthesized
using T7 and T3 Polymerases (Promega). An antisense or morpholino (MO) oligonucleotide
directed against the translation initiation site of AKAP6 was designed by GeneTools (5'
TTGGTGATATGACAACGTTCATGGT 3') that was injected at the 2-cell stage with a
microinjector (Eppendorf). For escape experiments in response to touch, a tactile stimulus was
applied to the larvae at 72 hpf. Image acquisition was performed using a LEICA M165C
binocular loupe equipped with an IC80HD camera. Response was recorded with a LEICA
M165C binocular loupe equipped with an IC80HD camera. Immunohistochemistry was
performed in the embryos by fixation in 4% paraformaldehyde (PFA) and permeabilization with
trypsin (0.25%). Embryos were subsequently incubated overnight with a specific primary
antibody and the next day with the corresponding secondary antibody. The antibodies used
were: mouse anti-znp1 (1:100) and anti-zn5 (1:200) (ZIRC) to mark the primary and secondary
motor neurons respectively, mouse anti-F59 (1:100) (Santa Cruz) to mark the slow muscle
fibers and Rabbit anti-GFP (1:1000) (Invitrogen) to mark GFP. The images were acquired using
a fluorescence microscope (Zeiss, Axiovert 200M) equipped with an Apotome and analyzed
with ImageJ software (NIH). Each image corresponds to a planar projection (z-stack) of 10 to
20 images of 2 μm thickness.
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3.7.

Targeted next generation sequencing for screening of new candidate HSP genes

(Fluidigm assay)
3.7.1 Panel design and family selection
In order to study some of the new candidate genes identified in the laboratory, a multiplex
assay for next generation sequencing was designed that covered 19 genes. It included twelve
candidate genes (including AKAP6) and seven recently published HSP or HSP-related genes:
ALDH18A1, CAPN1, DNM2, FARS2, GCH1, KLC4 and TUBB4A.
The families selected were the ones where no molecular diagnosis was found in the first
strategy (NGS panels) that included 67 Portuguese HSP families and 125 families from the
SPATAX cohort.

3.7.2 Experimental protocol
For the study of this mini-panel we opted for an amplicon-based library preparation followed
by NGS. The preparation of the library was performed using the Fluidigm Access Array™ IFC
2-Primer (Fluidigm, South San Francisco, USA) that allows the simultaneous enrichment of 48
to 480 amplicons (if multiplex) per sample from 48 samples.
Primers were designed using Primer3Plus software and the universal sequences Forward
(AAGACTCGGCAGCATCTCCA) and Reverse (GCGATCGTCACTGTTCTCCA) were added
to be used as adapters. The primers for the 302 fragments were then PCR tested using
DreamTaq DNA Polymerase Kit (Thermo Fisher Scientific, Waltham, USA) or, when necessary
(usually for the first exons), AccuPrime GC-Rich DNA polymerase (Invitrogen, Carlsbad, USA)
and checked on the Caliper bioanalyzer (PerkinElmer, Waltham, USA). After confirmation, the
277 primers pairs (excluding first exons) were pooled in 144 wells for multiplex PCR. To
perform the PCR, first we prepared the Access Array plate and loaded the primers dilutions,
PCR mix and DNA samples (48 of each/run) in the IFC controller AX machine. The PCR was
then performed in the Fluidigm FC1 cycler. To recover the amplicons, we used another IFC
controller AX (Post PCR). All the PCRs of the same samples were then mixed (192 libraries)
and a second PCR was performed. This is essential for adding the sequencing adapters P5
and P7, recognized by the Illumina flowcell, which contains a barcode that will allow the sample
identification. After confirmation on Caliper and purification, a nanodrop quantification was
performed and all the 192 libraries were mixed in one pool (equal amount by mass). After
purification of the pool, verification on the caliper bioanalyzer and QuantiFluor quantification
(Promega, Madison, USA), samples were sequenced in the Illumina MiSeq Benchtop
Sequencer (Illumina, San Diego, USA) with the MiSeq Reagent Kit v3 (600-cycle). Library and
MiSeq preparation as described in 3.3.2.
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There was a second run of sequencing performed on the MiSeq, as described, which included
the first exons. The library preparation was slightly different and the 25 amplicons were PCR
amplified in singleplex using the Bravo Automated Liquid Handling Platform (Agilent
Technologies, Santa Clara, USA). After amplification, all the PCRs from the same samples
were pooled together, and, as described for the other amplicons, indexed with the P5 and P7
sequencing adapters and then, purified, quantified and pooled in a unique library for massive
sequencing.

3.7.3 Bioinformatic analysis
The analysis of the fastq files produced in each sequence run was performed by the
bioinformatics platform at ICM as described in 3.4.3. As before, the variants had to be present
in the target regions, cause a change at the protein level and, if known in the databases, its
MAF had to be below 1% for AR inheritance and 0.2% for AD transmission. All filtered variants
were further analyzed using Alamut v.2.4 software (Interactive Biosoftware, La Rochelle,
France) for pathogenicity prediction.

3.7.4 Confirmation and segregation analysis and AIMP1 study
We confirmed the presence of the variants identified in the mini panel by Sanger sequencing
of the region where the variants were present (as described in 3.4.4).
In addition, due to the evidence found that pointed out AIMP1 as a strong candidate gene, we
performed Sanger sequencing of the seven exons of this gene in the 67 Portuguese HSP
families without molecular diagnosis. Primers were designed for the entire gene with the
Primer3Plus software and the PCR amplification, purification and sequencing was performed
as already described.
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4.

Results
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4.1

Search for molecular diagnosis in already identified genes

The study of a large Portuguese cohort of 193 families with hereditary spastic paraplegia for
the most frequently mutated genes: ATL1, SPAST, and REEP1 (Loureiro et al., 2009) in AD
families and SPG11, ZFYVE26 and CYP7B1 in AR families achieved a percentage of
molecular diagnosis in 37,1% of the families (59 of the 159 families with available DNA). In
order to provide a diagnosis to the remaining families, we started by screening 98 of these
families for variants in genes already associated with HSPs. Two custom panels for targeted
next generation sequencing were used, which screened 34 genes in the first panel and 70
genes with the second panel. This allowed us to provide a molecular diagnosis to 20 additional
families and moreover, we identified variants of unknown significance in another 37 families
that could led to possibly even more diagnosis if additional family members of these families
could be tested or if functional studies are performed, which could help to prove the
pathogenicity of the variants identified.

This work was published at the European Journal of Human Genetics:

Article 1: Morais S, Raymond L, Mairey M, Coutinho P, Brandão E, Ribeiro P, Loureiro JL,
Sequeiros J, Brice A, Alonso I, Stevanin G: “Massive Sequencing of 70 Genes Reveals a
Myriad of Missing Genes or Mechanisms to be uncovered in Hereditary Spastic Paraplegia”.
European

Journal

of

Human

Genetics

2017

Nov;25(11):1217-1228.

doi:

10.1038/ejhg.2017.124
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Supplementary table and figures:
Table S1. Genes searched for in the two HSP panels
Panel 1: 34 genes

Panel 2: 70 genes

ALS2

ALS2

KIAA0196

AP4B1

AMPD2

KIF1A

AP4E1

AP4B1

KIF1C

AP4M1

AP4E1

KIF5A

AP4S1

AP4M1

L1CAM

AP5Z1

AP4S1

MAG

ATL1

AP5B1*

MARS

BSCL2

AP5M1*

MT-ATP6

CYP2U1

AP5S1*

NIPA1

CYP7B1

AP5Z1

NT5C2

DDHD1

ARL6IP1

PGAP1

ERLIN2

ARSI

PLP1

FA2H

ATL1

PNPLA6

GBA2

B4GALNT1

RAB3GAP2

GJC2

BICD2

REEP1

HSPD1

BSCL2

REEP2

KIAA0196

C12orf65

RTN2

KIF1A

C19orf12

SACS

KIF5A

CCT5

SAMHD1

NIPA1

CPT1C

SETX

PLP1

CYP2U1

SLC16A2

PNPLA6

CYP7B1

SLC33A1

REEP1

DDHD1

SPAST

RTN2

DDHD2

SPG11

SACS

ENTPD1

SPG20

SETX

ERLIN1

SPG21

SLC16A2

ERLIN2

SPG7

SLC33A1

FA2H

TECPR2

SPAST

FBXO7

TFG

SPG11

FLRT1

USP8

SPG20

GAD1

VCP

SPG21

GBA2

VPS37A

SPG7

GJA1

WDR48

ZFYVE26

GJC2

ZFR

HSPD1

ZFYVE26

*Candidate genes

31

Figure S1. Segregation of the variants found in the remaining 14 families with established diagnosis. A)
Families with recessive inheritance, B) Families with recessive inheritance, C) Isolated cases

32

33

Figure S2. Segregation analysis and conservation of the variants found in the five families with a nondefinitive diagnosis. A family with recessive transmission showing a variant in a gene associated with dominant
form (S88), two families with possible digenism (SR65 and S86), a family with a possible dominant inheritance with
incomplete penetrance (SR49) and a family with an inconclusive homozygous variant (SR26). Black circles and
squares indicate affected individuals with HSP. Conservation of the region of the altered amino acid (boxed).
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4.2

Search for new HSP causing genes

The first part of our work entitled “search for molecular diagnosis in already identified genes”
allowed us to provide a molecular diagnosis to 20 families of our cohort. In order to be able to
achieve a diagnosis in additional families, the second strategy selected was the search for new
disease causing genes by exome sequencing. We selected twelve of the most informative
families (of the 80 without diagnosis): seven AR and five AD families for whole exome
sequencing (WES). As exome analysis is a strategy that results in the identification of a huge
amount of variants, even after all the bioinformatics analysis that filters and reduces this
number, sometimes there is the need to complement this analysis with additional methods that
help to focus the search. Therefore, for the five families with autosomal dominant inheritance
we also performed genome-wide genotyping and linkage analysis in order to reduce the
chromosomal area to focus in when searching for the causing variants in the exome analysis.
Three of the autosomal recessive families already had linkage data from a previous study of
300 autosomal microsatellites (Stevanin et al., 2007b).
In these twelve families, we found candidate genes in 9 families, of which 5 only had one
candidate gene after bioinformatics analysis. We selected two of them for further functional
studies (AIMP1 and AKAP6). A third candidate gene, ALDH18A1, had recently been found as
a disease-causing gene in other families from the SPATAX cohort, so the Portuguese family
with variants in this gene (family SR45) was included in a common publication (article 2).

This work was described as part of a paper from Marie Coutelier published in the Brain Journal
(article 2 presented in 4.2.1) and one brief report (submitted) describing the new HSP gene,
AIMP1 corresponding to article 3 (presented in 4.2.2). The preliminary data obtained for
AKAP6 is presented in 4.2.3. The remaining results from the exome analysis are presented in
4.2.4, which include a strong candidate gene, SUCO, also selected for functional study.

Article 2: Coutelier M, Goizet C, Durr A, Habarou F, Morais S, Dionne-Laporte A, Tao F, Konop
J, Stoll M, Charles P, Jacoupy M, Matusiak R, Alonso I, Tallaksen C, Mairey M, Kennerson M,
Gaussen M, Schule R, Janin M, Morice-Picard F, Durand C, Depienne C, Calvas P, Coutinho
P, Saudubray JM, Rouleau G, Brice A, Nicholson G, Darios F, Loureiro JL, Zuchner S,
Ottolenghi C, Mochel F, Stevanin G: “Alteration of ornithine metabolism leads to dominant and
recessive hereditary spastic paraplegia”. Brain 2015 Aug;138(Pt 8):2191-205. doi:
10.1093/brain/awv143

35

Article 3: Morais S, Tesson C, Coutinho P, Brandão E, Ribeiro P, Loureiro JL, Sequeiros J,
Brice A, Stevanin G, Alonso I. “AIMP1, a gene implicated in a range of phenotypes from
intellectual disability to Hereditary Spastic Paraplegia”. Submitted
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4.2.1 ALDH18A1 as a causative gene for HSPs
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4.2.2 AIMP1 as a causative gene for HSPs
Title: AIMP1, a gene implicated in a range of phenotypes from intellectual disability to
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Abstract
Purpose: Hereditary spastic paraplegias (HSP) are a group of neurodegenerative disorders
clinically and genetically heterogeneous, with lower limb spasticity and weakness as the core
phenotype. Up to now, more than 70 genes have been associated with the disease, but many
families still remain without molecular diagnosis.
Methods: Linkage analysis and exome sequencing was performed to identify the diseasecausing gene in a large HSP family with recessive inheritance. A minigene construct was
created in order to confirm a predicted splicing effect of the identified variant.
Results: Multipoint linkage analysis showed a maximum LOD score of 4.3 in chromosome 4,
which, after exome sequencing, led to the identification of a disease-causing AIMP1 variant,
c.295G>A, in homozygosity. The minigene strategy showed that the apparent missense
variant, p.(Val99Met), causes the loss of exon 3 donor splice-site, resulting in the translation
of part of this intron 3 and the introduction of a premature stop codon.
Conclusions: The identification of AIMP1 disease-causing variants in a HSP family adds to
the large number of HSP-related genes identified and shows that AIMP1 disruption seems to
be responsible for a range of disorders, from isolated intellectual disability to complex
neurodegenerative diseases.

Key Words: Minigene strategy, splice-site loss, next generation sequencing, clinical
heterogeneity, neurodegenerative disease
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Introduction
Hereditary spastic paraplegias (HSP) are a group of rare neurodegenerative disorders
characterized by spasticity and weakness of the lower limbs, and which may be complicated
by other neurological or extra-neurological symptoms like cerebellar ataxia, cognitive
impairment and neuropathy (Fink, 2013). More than 70 genes have already been associated
with the disease with new ones constantly being added, though numerous families remain
without molecular diagnosis (Tesson et al., 2015).
A population-based survey conducted in Portugal, from 1994 to 2004, allowed the identification
of a large cohort of families with HSP (Coutinho et al., 2013; Silva et al., 1997). A large genetic
screening was performed in these families (Morais et al., 2017), but in almost half of them
(49%) the causing gene remains to be identified. A large family with consanguinity was
selected for linkage analysis and exome sequencing. This led to the identification of a
homozygous variant in AIMP1 (aminoacyl tRNA synthetase complex interacting multifunctional
protein 1) as responsible for the phenotype in this family.
AIMP1/p43 function as a non-catalytic component of the multi-tRNA synthetase complex.
Mouse studies showed that it is expressed in neurons of the central nervous system and
required for the maintenance of axonal integrity, thus being predictable to find its dysfunction
associated with neurodegenerative diseases (Zhu et al., 2009). AIMP1 disease-causing
variants were previously associated with Pelizaeus-Merzbacher-like disease (PMLD)
(Feinstein et al., 2010), an autosomal recessive leukodystrophy that is a differential diagnosis
for HSPs (Tesson et al., 2015). Debate about the first published case and reports of new
families extended its clinical spectrum from neurodegenerative disease to intellectual disability
(Armstrong et al., 2014; Biancheri et al., 2011; Boespflug-Tanguy et al., 2011; Iqbal et al.,
2016). Here, we report the first HSP family with an AIMP1 disease-causing variant, further
expanding the phenotype related to this gene.

Materials and Methods
Patient recruitment and clinical evaluation
The family selected for this study (SR9, Figure 1) was recruited during the population-based
survey in Portugal (Coutinho et al., 2013; Silva et al., 1997), where all families were evaluated
by the same team of neurologists using homogeneous inclusion criteria. Written informed
consent for genetic study was obtained and DNA stored. Being a large family with two
consanguineous couples and DNA available from several individuals, previously excluded for
commonly mutated genes in recessive HSP (SPG11, ZFYVE26 and CYP7B1), it was selected
for a genome-wide screen and linkage analysis. Clinical features of the three patients (2
brothers and a cousin) are summarized in supplementary Table 1.
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Whole genome linkage analysis and exome sequencing
A genome-wide linkage scan was performed, using 300 microsatellite markers spaced 15cM
apart on autosomes (as described in (Stevanin et al., 2007b)). Multipoint linkage analyses,
using Allegro 1.2c (Gudbjartsson et al., 2000), resulted in a peak LOD score of 4.3 on
chromosome 4. Exome sequencing was performed at the ICM genetic platform (IgenSeq),
using the Nextera Rapid Capture Exome kit (Illumina, San Diego, USA) and the NextSeq500
sequencer (Illumina, San Diego, USA), on patients VI:3 and VI:6. For data analysis, a custom
workflow was applied, using FastQC for quality control, BWA-0.7.8 for alignment with the hg19
reference genome, GATK for coverage analysis and variant calling, and ANNOVAR for
annotation. Exome data was then filtered, by focusing on homozygous variants present in the
defined linkage region. To be further considered, variants needed to cause a change at the
protein level and, if known in databases, its minor allele frequency (MAF) had to be below 1%.
All filtered variants were further analysed using Alamut v.2.4 (Interactive Biosoftware, La
Rochelle, France) for pathogenicity prediction and its frequency checked in the Exome
Aggregation Consortium (ExAC) database (http://exac.broadinstitute.org/).

AIMP1 minigenes
The AIMP1 minigene was obtained by cloning exons 2 to 4 with intronic regions (amplified from
the patient sample) into the pCMVdi vector, kindly provided by Dr Alexandra Moreira (Glória
et al., 2014), by Gibson Assembly. To generate the wild-type construct, we performed sitedirected mutagenesis, using the QuikChange Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, USA), according to the manufacturer’s protocol, with the
appropriate primer pairs designed with the QuikChange Primer Design Program (Agilent
Technologies, Santa Clara, USA). HEK293T cells were transfected with the created constructs
using jetPrime (Polyplus, Berkeley, USA) transfection reagent. RNA was extracted 48h after
transfection, by a double method with NZYol reagent (Nzytech, Lisbon, Portugal) and RNeasy
Mini Kit (QIAGEN, Hilden, Germany). Synthesis of cDNA by reverse transcription was
performed with SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, USA),
according to manufacturer’s instructions. PCR amplification of the resulting cDNA from exons
2 to 4 and Sanger sequencing were performed as described below.

Sanger sequencing
Sanger sequencing was performed to confirm the variants presence and their segregation in
the family. Additionally, we sequenced the seven AIMP1 exons in 67 Portuguese HSP families
that remained without diagnosis (Morais et al., 2017). Primers (available upon request) were
designed with the Primer3Plus software and PCR amplification was done using the HotStart
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Master Mix (Qiagen, Hilden, Germany) followed by Exo/SAP Go (Grisp, Porto, Portugal)
purification and sequencing, using BigDye Terminator v1.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, USA), in an ABI-PRISM 3130 XL automatic sequencer (Applied
Biosystems, Foster City, USA).

Results
Linkage analysis of a large HSP family using microsatellite markers revealed a region of
linkage, on chromosome 4, with a maximum LOD score of 4.3 (Figure 1B), ranging from
D4S1591 to D4S2975. This spans approximately 23.2 Mb and includes 87 coding genes.
Exome analysis (focused on the region of interest) showed 3 missense homozygous variants
in AIMP1, ALPK1 and KIAA1109 with minor allele frequency (MAF) below 1% and segregating
with the disease. Bioinformatics analysis excluded the variants KIAA1109 and ALPK1,
although ALPK1 is a gene associated with motor coordination deficits in mutant mice (Chen
and Xu, 2011), due to their MAF (>0.6%) and presence in the ExAC database in ≥5 individuals
in the homozygous state. The AIMP1 variant was predicted to be pathogenic by Mutation
Taster and Polyphen-2. Interestingly, it was also predicted to affect splicing by NNSplice and
GeneSplicer; and it was found in the ExAC database only in 2 alleles (no homozygotes). As
the only two reported variants of AIMP1 causing neurodegeneration were a frameshift and a
nonsense variant leading to truncated forms of the protein, we decide to further investigate the
potential splicing effect of this variant. To accomplish this, we created a minigene that might
theoretically mimic in vivo conditions, by cloning exons 2 to 4 with intronic regions 2 and 3 in
between, into the pCMVdi vector (Glória et al., 2014); the wild-type construct was obtained by
site-directed mutagenesis (Figure 1D-G). After transfection and cDNA sequencing, we
confirmed that variant c.295G>A, which changes the last base of exon 3, causes the loss of
the donor splice-site, leading to the inclusion of 74 intronic bases into exon 3, where an
alternative splice site is found. This leads to a change of valine (at position 99) into serine, and
not a methionine as predicted, and the insertion of several bases and of a premature stop
codon 2 amino acids later. The 67 additional Portuguese HSP families, previously excluded
for common recessive HSP, were screened by Sanger sequencing of all exons and intronic
flanking regions, but no additional families with AIMP1 disease-causing variants were found.
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Discussion
Exome analysis found a single homozygous variant in AIMP1 as the only possible causative
variant in the linkage region identified. This gene was associated with Pelizaeus-Merzbacherlike Disease (PMLD) (Feinstein et al., 2010), which shares several causative genes with HSP,
such as GJC2, HSPD1, SLC16A2 and PLP1. Although the clinical diagnosis of the first
reported case was a matter of debate (Biancheri et al., 2011; Boespflug-Tanguy et al., 2011),
evidence still indicates AIMP1 as the causal gene in a family that also presented symptoms of
spastic paraplegia.
Clinically, all three affected members (Figure 1A) of our family SR9 presented with severe
spastic paraplegia in lower limbs and moderate in upper limbs, severe gait impairment,
dysphagia and dysarthria. They had delayed motor development (2/3) and cognitive
impairment. Pes cavus and distal muscle wasting were present in all patients (Supplementary
Table 1), suggesting involvement of the second motor neuron. In addition to an Israeli family
with a homozygous frameshift variant due to a deletion, associated with PMLD (Feinstein et
al., 2010), it was also reported a homozygous nonsense variant in a Filipino patient with a
cortical neurodegenerative disease and a rather severe phenotype, leading to premature dead
(Armstrong et al., 2014). More recently, two families (from Pakistan and Iran) were reported
with a homozygous missense variant causing intellectual disability, without neurodegenerative
disease (Iqbal et al., 2016). Comparing the previously reported families with AIMP1 variants
(Table 1), all share early onset and intellectual disability. Also, it seems that truncating variants
are associated with a more complex and severe phenotype. This is the case of our apparently
missense variant, which in fact is a splicing variant responsible for the insertion of a premature
stop codon that can either lead to the target of mRNA to nonsense mediated decay or result
in a truncated protein.
AIMP1/p43 is a cofactor of the mammalian aminoacyl-tRNA synthetase complex, which seems
to be essential for neurofilaments assembly and axon maintenance, by keeping the normal
phosphorylation levels. Abnormal accumulation of hyperphosphorylated neurofilaments is a
pathological hallmark of several neurodegenerative disorders, as Parkinson disease and
amyotrophic lateral sclerosis. AIMP1 protein was shown to be predominantly expressed in
central nervous system neurons and to interact with neurofilament light subunit in vivo. Mice
lacking this protein showed disorganization of the axonal neurofilament network and exhibit
motor symptoms and axonal degeneration of motor neurons (Zhu et al., 2009), what seems to
be in accordance with the motor phenotype also present in patients.
This study identifies AIMP1 as a new HSP disease-causing gene that seems to be involved in
a large range of phenotypes, with a possible genotype-phenotype correlation in which
truncating variants result in neurodegenerative disorders and missense variants being the
cause of isolated intellectual disability.
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Table 1 Major clinical features of the families published with AIMP1 disease causing variants in
homozygosity
Reference

This study

(Feinstein et al.,

(Armstrong et al.,

2010)

2014)

Variant

c.364_365delCA

c.187C>T

c.967G>A

c.599T>G

Protein effect

p.(Gln122Valfs*30)

p.(Gln63*)

p.(Gly323Arg)

p.(Val200Gly)

*

(Iqbal et al., 2016)

(SR9)
c.295G>A
p.(Val99Met) ->
p.(Val99Serfs*2)

Age-at-onset

<1

<1

NA

~2

1

Spastic

Yes

NA

-

-

Yes

Yes

Yes

Yes

Yes

Yes

Yes/Yes

Yes/Yes

Yes (1/5)/No

No/No

No

paraparesis
Intellectual
disability/
Development
delay
Growth
retardation/
Microcephaly
Hypotonia

Yes

Yes

Yes (neck)

No

No

Pyramidal signs

Yes

-

-

-

Yes

Other

Seizures

Seizures

-

-

Distal muscle

neurological

wasting

findings
Ophthalmological

Nystagmus

No reaction to

Myelin deficiency

Myelin deficiency

Corpus callosum

Cerebellar

atrophy

atrophy

findings
MRI

-

Myopia (1/2)

-

Normal

NA

NA

light

* All described variants were reported according to transcript NM_001142415.1 that are here identified according
to transcript NM_001142416
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Figure 1 From pedigree to AIMP1 identification and variant analysis. (A) Family pedigree with
segregation analysis. An asterisk indicates family members with DNA available. (B) Multipoint linkage
data from chromosome 4, with a blue square indicating the linkage region identified, with a maximum
LOD score of 4.3. (C) Scheme of the AIMP1 gene with previously reported variants on the
NM_001142416 transcript. Truncating variants are marked in black, missense in blue, and the variant
identified in our family in red. a- (Armstrong et al., 2014), b - (Feinstein et al., 2010), c- (Iqbal et al., 2016).
(D) Map of the plasmid created with the pCMV promoter and the AIMP1 insert, to obtain a minigene. (E)
Schematics of the exons and introns cloned into the plasmid, and results following HEK293T transfection
and mRNA extraction. (F) PCR amplification of cDNA produced from RNA isolated from HEK293T cells,
48h after transfection with WT and MT plasmids. (G) Electropherogram obtained after cDNA
amplification, with the exons junction marked and the position of the premature stop codon boxed in the
74 intronic bases not removed during splicing.
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Supplementary information
Table S1 Clinical features of patients from family SR9 with homozygous c.295G>A variant in AIMP1
Family code

SR9

Patient (gender)

VI:2 (F)

VI:3 (M)

VI:6 (F)

Phenotype

Complex

Complex

Complex

Age at onset (years)

1

1

1,5

Age at examination (years)

39

37

30

Disease duration (years)

38

36

29

Spasticity LL (0-4)

4

4

4

Spasticity UL (0-4)

1

1

1

Weakness LL (0-5)

2

2

2

Weakness UL (0-5)

4

4

4

Babinski sign

Yes

No

Yes

Sphincter disturbances

NA

NA

No

Dysarthria and dysphagia

Yes

Yes

Yes

Cognitive impairment

Yes

Yes

Yes

Pes cavus, distal muscle

Pes cavus, distal

Pes cavus, distal

wasting

muscle wasting

muscle wasting

NA

NA

NA

Other signs
MRI

M, male; F, female; LL, lower limbs; UL, upper limbs; NA, not available; MRI, magnetic resonance imaging.
For spasticity a scale of 0 to 4, according to the Modified Ashworth Scale, was used. Weakness was graded from
0 to 5, using the Medical Research Council Scale for Muscle Strength.
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4.2.3 AKAP6 as a candidate for HSPs
A-Kinase Anchoring Protein 6 (AKAP6) disease-causing variants identified as a new
cause for hereditary spastic paraplegia

In Portugal, a large cohort of 193 families with HSP was identified in a population-based survey
(Coutinho et al., 2013; Silva et al., 1997). One of these families was the large SR2 family where
the SPG32 locus was identified by linkage analysis (Stevanin et al., 2007b). Exome
sequencing of this family led to the discovery of a homozygous variant in the AKAP6 gene
considered as disease-causing.
AKAP6 encodes the muscle A-kinase anchoring protein (mAKAP), a scaffolding protein found
predominantly in the heart, skeletal muscle and brain. Previously known as AKAP100 due to
the size of the original protein detected (McCartney et al., 1995), was then renamed mAKAP
due to its presence in the striated muscle (Kapiloff et al., 1999). As an AKAP, it is mostly
recognized for its interaction with the cAMP-dependent protein kinase (PKA), however as a
scaffold for a multiple-enzyme complex and in the center of a large signalosome, it interacts
also

with

a

large

number

of

signaling

molecules.

This

include

cAMP-specific

phosphodiesterase type 4D3 (PDE4D3), type 2 ryanodine receptor (RyR2), adenylyl cyclase
type 5 (AC5), protein phosphatases PP2A and calcineurin Aβ, phospholipase Cε, 3phosphoinositide-dependent protein kinase-1 (PDK1) and nesprin-1α, among others. It is the
binding with nesprin-1α, a protein inserted into the nuclear envelope due to a transmembrane
domain, that results in a perinuclear localization of mAKAP (Pare et al., 2005). In mouse,
mAKAP has two alternative-spliced isoforms that seem to be tissue-specific: mAKAPα, coding
a 255kDa protein from the full-length mRNA sequence mostly found in the brain and mAKAPβ,
preferentially expressed in the heart and skeletal muscle coding a 230kDa protein translated
from an internal start site at position 245 (Michel et al., 2005; Passariello et al., 2015).
This study is the first report of a disease-causing variant in AKAP6 and the first association of
this gene with a neurodegenerative disease. Here we provide preliminary evidence gathered
for a neuronal effect of this gene and of a pathogenic effect of this variant in the mAKAPα
protein.

Results

Exome sequencing
The SPG32 locus, mapped to chromosome 14q12-q21, was identified as the largest
homozygous region in three patients of a consanguineous Portuguese family with HSP. In
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order to identify the gene and variant responsible for the disease, we studied two (of the three)
patients by whole exome sequencing. The two exomes had a mean coverage of 110 and 136
reads with 93% of the bases covered above 20X. Exome analysis identified only one
homozygous missense variant in the identified loci with a minor allele frequency (MAF) inferior
to 1% and segregating with the disease in the family. The variant identified, c.464G>A, is
present in the AKAP6 gene, which leads to the alteration of the arginine 155 to a glutamine
(Figure 1) and is predicted to be pathogenic by SIFT, Mutation Taster, Polyphen-2 and UMDPredictor software. This variant is present in a conserved residue and, according to HOPE,
wild type (WT) and mutant (MT) residues differ in size and charge. The altered residue is
smaller, which might cause loss of potential interactions and also, as a neutral residue, causes
the loss of the positive charge of the WT residue, which can be important for the interaction
with other molecules or residues.

Figure 1. From linkage analysis to AKAP6 variant identification. (A) Multipoint linkage data from chromosome
14 with a blue square indicating the identified linkage region with a significant multipoint LOD score peak of 3.74.
(B) Family pedigree with segregation analysis. A black circle and square indicates affected individuals with HSP.
(C) Schematics of AKAP6 gene with the identified variant marked (NM_004274) and its protein conservation shown.
Only the mAKAPα isoform is depicted here, as there is no correspondence between the mouse mAKAPβ isoform
and the remaining predicted human isoforms.

Functional studies
In order to understand the role of mAKAP and the consequence of the identified variant in the
HSP pathogenesis, we started by establishing the localization and expression of the protein.
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In addition to the experiments with a myc-tagged wild type and mutated construct, we were
able to obtain fibroblasts from two patients of this family. For control, we used gender and agematched wild type fibroblasts obtained from ATCC. We started by checking for potential
differences between samples and controls both in protein expression and cellular localization
(Figure 2), using a commercial antibody for mAKAP, that regardless of our optimization efforts,
presented a band pattern difficult to interpret in western blot. We focused in the bands close
to the 250kDa marker, which is the predicted size for the main isoform (mAKAPα in mouse).
The band pattern obtained differs among cell types and even among control fibroblasts, which
further difficulted the interpretation. By immunocytochemistry, no differences were detected on
mAKAP localization between WT and MT isoforms in HEK293T transfected cells using an
antibody against the tag (myc). In fibroblasts, we observed different localization according to
the permeabilization method used (Figure 2). Using microscopy buffer permeabilization (Harris
et al., 2013), both in control and patient fibroblasts, we obtained a similar mAKAP localization
to the observed in HEK293T transfected cells using the anti-myc antibody. However, we never
observed the perinuclear localization previously reported for mAKAP (Pare et al., 2005).

Figure 2. Different mAKAP expression depending on cell type and permeabilization method. (A) Extracts
from fibroblasts, HEK293T cells, and extracts from the mouse heart and brain tissues. No major differences were
identified between control and patients’ fibroblasts, which have a low mAKAP expression. (B) HEK293T cells
transfected with wild type and mutant mAKAP plasmid. (C) mAKAP different subcellular localization, in fibroblasts,
according to the permeabilization method (microscopy buffer or 0.3% Triton X-100). HEK293T cells transfected with
myc-tagged human AKAP6 show expression with a similar localization to the obtained with microscopy buffer
permeabilization in fibroblasts.

There are two main mAKAP isoforms in mouse, one corresponding to the full length protein
and another corresponding to the translation starting only on exon 4. Taking this into
consideration we have looked at the expression, at the RNA level of both isoforms, using 2
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sets of primers: one located in exons 2 and 3 and the other pair in exons 5 and 6, which should
detect both isoforms. qPCR results showed different expression levels according to the primer
pair used when studying the same patient and control fibroblasts: the longest isoform appeared
to be more expressed in patients although when looking at both isoforms (primer pair in exons
5 and 6) there was a reduction of expression in patient fibroblasts (Figure 3). Although these
results need to be repeated and further explored, they may indicate a potential effect of our
variant in the regulation of expression or stability of the mutated mRNA. Also, as there is a
much larger number of isoforms predicted for mAKAP in humans than in mouse, an extended
study of the human mAKAP isoforms actually being translated in the different tissues is needed
for a better knowledge on this gene expression and function. Also, we could observe that the
mRNA expression of mAKAP in fibroblasts seem to be much weaker than in HEK293T and
SH-SY5Y cell lines, which could indicate that these cells may not be the best cell model for the
functional characterization of the mAKAP variants identified (Figure 3).

Figure 3. AKAP6 different mRNA expression levels depending on the isoforms and cell types under quantification
(n=1). Primer pairs were designed to detect the 2 isoforms described in mice (α and β). AKAP6_E5_6 should inform
on the expression of both isoforms and AKAP6_2_3 only on mAKAPα. (A) Different expression according to the
primer pair used in control and patient fibroblasts. (B) Different expression of mAKAP in fibroblasts and HEK293T
and SH-SY5Y cell lines when using the primer pair on exons 5 and 6. (C) mAKAP expression of different cell lines
when using the primer pair localized on exons 2 and 3.

To explore possible differences in protein localization in the different cellular compartments,
we performed subcellular protein fractionation (Figure 4), again obtaining different results
according to the cell type, namely in fibroblasts and transfected HEK293T cells.
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Figure 4. Subcellular distribution of mAKAP in fibroblasts and HEK293T cells (control/patient). TF - Total fraction;
CE – Cytoplasmic extract; ME – membrane extract; SN – soluble nuclear extract; CbN – Chromatin-bound nuclear
extract; Csk – Cytoskeletal extract.

An extended comparison between patient and control fibroblasts by immunofluorescence
labelling using a variety of cellular markers was also performed (Figure 5 and 6) that revealed
an interesting difference in the number and size of lysosomes (LAMP1 marker). Patient
fibroblasts seemed to have less but larger lysosomes, which appear to be less dispersed in
the cell. Minor differences in the mitochondrial network were also observed (TOM20 marker)
(Figure 6). To further explore this difference, we studied the two available pairs of patient and
control fibroblasts that we differ here by their sex (male and female) and we observed that
although this difference is evident in the female pair, when comparing the male pair of control
and patient fibroblasts this difference is lost, with the male control fibroblasts having even larger
lysosomes than the patient. We also looked at LAMP1 protein expression by western blot and
we obtained concurring results (Figure 7), with LAMP1 levels being different among control
fibroblasts, resulting in differences according to the pair of control/patient studied.
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Figure 5. No differences were observed when comparing control and patient fibroblasts for mAKAP and several cellular markers, which included GM130 (Golgi), Calnexin (ER)
and α-tubulin (microtubules).
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Figure 6. Differences in the number and size of lysosomes (LAMP1) were observed when comparing the pair of female control and patient fibroblasts.
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Figure 7. Control fibroblasts seem to differ both in mAKAP and LAMP1 expression, which difficult the comparison
between control and patients.

Additionally, as this gene is involved in anchoring the regulatory subunits of protein kinase A
(PKA) to the nuclear membrane or sarcoplasmic reticulum, we studied also possible
differences in PKA localization in the cell although no differences between control and patient
fibroblasts were found (Figure 8).

Figure 8. PKA seems to maintain the same localization both in control and patient fibroblasts with a preferential
nuclear localization.
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mAKAP modeling in zebrafish
To further explore a possible role for mAKAP in HSPs pathogenesis, additional
characterization was performed by our collaborators in Paris (J Hazan), using the zebrafish,
which proved to be more fruitful. Zebrafish has an AKAP6 orthologue with 2143 amino acids,
which has 52% of homology with the human protein. Our collaborators have observed, through
in situ hybridization, that AKAP6 is enriched in the zebrafish trunk (probably in the spinal cord
and muscles).
To understand the role of this protein in the nervous system of this organism, a morpholino
oligonucleotide, directed against the translation initiation site of AKAP6, was injected creating
a transient knockdown of the protein. Loss of AKAP6 function led to an abnormal morphology
and impairment of locomotion in the larvae. Additionally, a transient disorganization of the
muscle fibers and an alteration of the axonal architecture of the primary motoneurons
(truncated axons, supernumerary branches and aberrant cell-body outflows) as well as the
maintenance of their soma within the spinal cord were also observed. AKAP6 seems to be
essential for the axonal migration and growth of primary motor neurons, as well as to intervene
in the guidance of the secondary motor neurons. Rescue experiments are now in progress to
validate the effect of the variant using injection of WT or MT mRNA.

Discussion
Identification of new disease-causing genes in HSP is very important not only to be able to
provide a molecular diagnosis to the families but also for the understanding of the disease
pathogenesis. Even with new genes constantly being identified, still many families remain
without a molecular diagnosis, probably because there are genes affecting single families. This
is the case of the Portuguese cohort which was screened for a large number of HSP causing
genes although almost half of the families (49%) remained without molecular diagnosis (Morais
et al., 2017).
Exome sequencing led to the discovery of a homozygous variant in AKAP6 as the most
probable cause for this family phenotype. This variant (c.464G>A) is in a conserved position
and segregating with the disease, and zebrafish studies confirmed that this gene seems to
have an important role in the development of the peripheral nervous system. Rescue
experiments in zebrafish using the WT or MT mRNA of AKAP6 are now ongoing that will likely
validate the pathogenicity of the variant. Although variants in this gene were never found
associated with disease (Passariello et al., 2015) and studies have been focused in the role of
mAKAPβ in cardiomyocyte hypertrophy and muscle regeneration in mouse, there is still much
to uncover regarding the role of this protein in the human CNS.
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In order to understand the role of this protein in humans, we were able to collect fibroblasts
from two patients, to explore mAKAP function at endogenous levels, which we considered a
better cell model when compared to transfected cell lines where we could only study mAKAP
overexpression. However, mAKAP localization in fibroblasts seems to be different from the
perinuclear localization described in the literature. We observed that mAKAP localization in the
transfected HEK293T cells shows a similar cytoplasmic localization, which was also observed
before in COS7 cells with AKAP6 overexpression that could be restored with nesprin-1α
cotransfection (Pare et al., 2005). Nesprin-1α is a transmembrane protein that contributes to
the targeting of mAKAP to the nuclear envelope of the cardiac myocytes, however this may
differ between cell types, as for example in COS-7 cells, where nesprin-1 is not present at
considerable levels. Although we consider that these results may be related to the antibody
used, we also believe that the results observed may be cell type-specific, as it was suggested
by Pare and colleagues that nesprin-1 could be a cell-type selective nuclear envelope receptor
for mAKAP (Pare et al., 2005). Also, as AKAP complexes can assemble in a tissue-,
compartment- and substrate- specific manner (Dodge-Kafka et al., 2005; Wong and Scott,
2004) and mAKAP seems to be mainly expressed in brain, heart and muscle tissues (Kapiloff
et al., 1999), it is possible that different cells may have different mAKAP distribution as well as
different isoforms being translated. This could also explain to some degree, the different band
patterns obtained in all the protein blots performed, including the ones from the different
subcellular extracts obtained from fibroblasts and transfected HEK293T cells. To corroborate
this hypothesis, we could observe in the real-time PCR from the control and patient fibroblasts
with the primer pairs localized in different exons, that mRNA expression differs among
fibroblasts in different directions according to the primer pair used and that AKAP6 mRNA
expression is low when compared to HEK293T and SH-SY5Y cell lines.
We hypothesize that, if the human mAKAP isoforms are in fact similar to the mouse ones, our
variant may be only affecting mAKAPα as it is present in an exon not coded in mAKAPβ (E3).
This could possibly explain the absence of cardiac signs in the phenotype of this family. There
are very few studies regarding mAKAPα, but in an interesting study it was found that, mice
models lacking mAKAPα in the brain had reduced viability and a smaller body size when
compared to WT and heterozygous mice (Michel et al., 2005). Although the mAKAPβ isoform
and its role in the heart was the one mainly studied, it seems that mAKAP could be linked to
stress responses, as in the case of hypoxia, muscle damage, and retina damage (Kritzer et
al., 2014; Lee et al., 2015b; Wang et al., 2015; Wong et al., 2008). In addition to the role of
mAKAP in muscle regeneration (Lee et al., 2015b) which could also have some influence in
our patients phenotype, it is also described that mAKAPα is required for the survival and axon
growth of retinal ganglion cells after injury (Wang et al., 2015). This is in agreement with our
collaborator study, in zebrafish, showing that this gene is important for axonal development.
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We also considered the observed difference in LAMP1, that revealed the presence of larger
and more intense lysosomes in the female patient fibroblasts when compared to the female
control, interesting as it was in accordance with what was described for other HSPs like SPG11
and SPG15 (Chang et al., 2014; Renvoisé et al., 2014). However, study of the other
control/patient pair was not concordant.
To understand if the disease pathogenesis could be related to disruption of mAKAP binding to
PKA leading to an altered localization of PKA in the cell, we checked, in the fibroblasts, a
possible alteration in the PKA expression although no alteration was found. As our variant is
not present in any of the known locals of interaction already described (Dodge et al., 2001;
Passariello et al., 2015) as is the case of the coding polymorphisms studied showing binding
alterations (Rababa’H et al., 2013), we believe that the answer probably is in the unique aminoterminal portion of mAKAPα. mAKAP is a major scaffold protein interacting with a wide variety
of proteins (Passariello et al., 2015), so it is possible that the unique amino-terminal portion of
mAKAPα probably contains enzyme binding sites like PDK1 (Michel et al., 2005) that could
allow the assembly of distinct signaling complexes.
Due to the difficulties encountered when characterizing the patients’ fibroblasts, since no
abnormalities in any subcellular compartment were consistently observed when comparing the
2 affected patients’ fibroblasts with controls, we are now focusing in trying to find a better cell
model for the AKAP6 study. This may be possible if we could use of the patient fibroblasts to
generate induced pluripotent stem cells and differentiate them into neuronal cells.
A more in-depth and vast study of mAKAP and more precisely mAKAPα is needed for a better
understanding of this protein role in the human brain and in the HSP pathogenesis.
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Table S1. Clinical characteristics of patients from family SR2 with AKAP6 homozygous
variant
Family code

SR2

Individual No. (gender)

II:3 (F)

II:4 (F)

II:5 (M)

Variant

c.464G>A; c.464G>A

c.464G>A; c.464G>A

c.464G>A; c.464G>A

Phenotype

Complex

Complex

Complex

Age at onset in years

6

7

6

40 (2006)

35 (2007)

32 (2006)

34

28

26

Spasticity LL (0-4)

2

1

2

Spasticity UL (0-4)

0

0

0

Weakness LL (0-5)

4

0

4

Weakness UL (0-5)

4

4

4

Babinski sign

Yes

Yes

Yes

Sphincter disturbances

No

No

No

Dysarthria/Dysphagia

No

No

Yes/No

Cognitive impairment

Yes (mild)

Yes (mild)

Yes (mild)

Other signs

Pes cavus

Pes cavus

Age at examination in
years (date)
Disease duration in
years

Thin corpus callosum,
MRI

cortical and cerebellar
atrophy and pontine

Pes cavus and
peripheral neuropathy
Thin corpus callosum,

NA

dysraphia

cerebellar and mild
cortical atrophy and
pontine dysraphia

Abbreviations: M, male; F, female; NA, not available; MRI, magnetic resonance imaging.
For spasticity a scale of 0 to 4 according to the Modified Ashworth Scale was used. Weakness was graded from 0
to 5 using the Medical Research Council Scale for Muscle Strength.
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4.2.4. Results from the remaining 9 families studied by whole exome sequencing
Identification of new candidate genes in hereditary spastic paraplegia

Exome analysis of the nine remaining families selected for whole exome sequencing (four
families with presumed recessive transmission of the disease and five families with presumed
dominant forms) led to the identification of candidate genes in six families with a single
candidate gene being found in two of them. Linkage analysis was performed in the five
dominant families, in order to reduce the area to focus in, as there was a large number of
common variants identified in the exome analysis.
A molecular study of all the potential candidate genes is now necessary to confirm their
putative causative role, even more when there are no previous reports that could prove the
importance of the proteins encoded by those genes in the human brain. This is also the case
and even more difficult, in the families (four in our case) where more than one candidate gene
remained after bioinformatics and segregation analysis.

Results

A bioinformatics and segregation analysis of all the filtered variants identified in the exome
data from these nine families, allowed the identification of 12 candidate genes (in six families).
The candidate genes identified are summarized in table 1.

AR families:
In the four families with presumed recessive transmission of the disease, we found candidate
genes in three of them. In family SR13, there was linkage data from a previous screening of
300 autosomal microsatellites spaced 15cM apart (Stevanin et al., 2007b) that identified
several loci with a maximum LOD score of 1.93 in chromosomes 1, 5, 10, 12, 13 and 18.
Therefore, we focused our search in the variants found in these candidate regions. No
homozygous variants were found segregating with the disease. As for this family consanguinity
was not declared, we focused next on potential compound heterozygous variants, where only
one of them was presented in the mother, and we identified only one candidate gene, SUCO,
with two heterozygous variants segregating perfectly with the disease in this family (Figure 1).
This gene is present in the locus identified in chromosome 1 and the two variants are rare, with
one variant (c. 1811T>C) being a missense variant that causes the alteration of a methionine
at position 604 by a threonine (p. Met604Thr) and the other, a small deletion of 4 bases (c.
2110_2111+2del), causing not only a shift of the reading frame but also a predicted loss of the
donor splice site.
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Table 1. Candidate genes and variants found in six families
Famil
y

Phenotype

A)

Chr

Candidate

Accession.Versio

genes

n numbers*

cDNA

SR7

SR36

Complex
Early-onset

Pure
Early-onset

Pure
Early-onset

B)

1

SUCO

NM_016227.3
c.2110_2111+2del

22

1

1

State

software
**

gnom

In favor of a

Against a

AD

causative role

causative role

SGSM3

PYCR2

JMJD4

NM_015705.5

NM_013328.2

NM_023007.2

c.1096G>A

c.431A>G

p.(Met604Thr)
p.(Glu704Valfs*
5)

p.(Val366Met)

p.(Glu144Gly)

Het

3/5

-

Gene present in a

Frameshift
Het

, splicing
4/5

Hom

Hom

1/4

2/5

c.125C>A

p.(Pro42His)

Hom

2/5

c.326C>A

p.(Thr109Lys)

Het

3/5

locus identified by
1het

linkage analysis,

(0hom)

rare variants

30het
(0hom)

SGSM family

Variant

associated with

pathogenicity not

neuronal function

convincing

4het

Leukodystrophy

Family not large

(0hom)

gene (AR)

enough for proper

16het

segregation

(0hom)

analysis

Families with expected dominant inheritance

9
S2

protein effect

Nº

Families with expected recessive inheritance
c.1811T>C

SR13

Predicted

IFT74

NM_001099222.1

38het

Candidate gene in

Segregating

(0hom)

ALS-FTD

compatible only if

Pure

incomplete

Late-onset
17

NPB

NM_148896.4

c.347C>T

p.(Ser116Phe)

Het

4/4

penetrance is

5het

considered; present

(0hom)

on gnomAD

S18

Pure

4

UCHL1

NM_004181.4

c.401A>G

p.(Glu134Gly)

Het

3/5

6

BMP6

NM_001718.5

c.211C>G

p.(Leu71Val)

Het

2/4

6

HIST1H2AM

NM_003514.2

c.52C>G

p.(Arg18Gly)

Het

5/5

Late-onset

-

SPG79 (AR), PD

Segregating

associated gene

compatible only if

15het

incomplete

(0hom)

penetrance is

1het
(0hom)

considered or
outdated family
information
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15

S57

MAP1A

NM_002373.5

c.7678C>T

p.(Pro2560Ser)

Het

3/5

-

Segregating

candidate list from

compatible only if

(Novarino et al.,

incomplete

2014)

Pure
Early-onset

Present in the

2

15

ABCA12

SERINC4

NM_173076.2

NM_001258031.1

c.4740+2T>A

c.854G>A

p.?

p.(Arg285His)

Het

Het

Splicing
5/5
2/5

-

penetrance is
considered (a
medical

6het

reevaluation of the

(0hom)

family is necessary)

* Exon Number according to Alamut software v2.9.0 that used the NCBI RefSeq numbering scheme (along with simple systematic numbering) on the GRCh37 (hg19) assembly.
** Number of Software predicting a functional effect of all the prediction software for the missense variants; Het, Heterozygous; Hom, Homozygous; Chr, Chromosome; ALS-FTD,
Amyotrophic lateral sclerosis – frontotemporal dementia.
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In the SR7 family with declared consanguinity, we identified a homozygous variant in SGSM3
that segregated with the disease in this family (Table 1 and Figure 1). Although this variant
pathogenicity is not very convincing as it is only predicted to be pathogenic by Polyphen-2, it
is present in an interesting gene as the SGSM gene family has been associated with a neuronal
function (Yang et al., 2007). When looking at variants in compound heterozygosity, we found
20 additional candidate genes to be explored. The last family with presumed recessive
inheritance where we found candidate variants was family SR36, a smaller family with no
declared consanguinity. Interestingly, we found only two homozygous variants segregating
with the disease in genes PYCR2 and JMJD4. Both variants are only predicted to be
pathogenic by two prediction software and an extended segregation analysis was not possible
in this family. However, as PYCR2 is a gene associated with hypomyelinating leukodystrophy10 (Nakayama et al., 2015) and the variant that we have identified is located in the pyrroline5-carboxylate reductase domain, we considered this gene to be the best candidate for this
family.

AD families:
The three families with dominant inheritance with potential candidate genes identified (S2, S18
and S57) were analyzed having into consideration the locus with maximum LOD score
obtained in the linkage analysis (1.2 in families S2 and S18, and 0.9 in family S57). This helped
to reduce the number of candidate genes, however, after segregation analysis, in all families,
candidate genes could only be causative if we consider incomplete penetrance of the disease.
In family S2, both variants from the two candidate genes are present in two family members
without disease from the younger generation and both are present in the IV:10 individual. In
addition, both were found in several genomes available on gnomAD, although this fact is not
enough to discard them as causative if we consider incomplete penetrance and a late-onset
disorder. One of these genes, IFT74, is also considered a candidate gene for amyotrophic
lateral sclerosis – frontotemporal dementia (ALS-FTD) (Momeni et al., 2006). In family S18,
three candidate genes were identified that show the same segregation pattern, all of them
present on individuals III:7 and III:8 without symptoms of the disease. So, in this case we
considered two possibilities: 1) incomplete penetrance or, 2) the two sisters could not present
symptoms at the time of the last observation as they were younger than 37 years old and the
disease onset seems to be later in the remaining family members. Two of the variants were
also found on gnomAD but again as it is a late-onset disorder, they could not be excluded as
potentially causative. UCHL1 was recently associated with HSP (Rydning et al., 2017) being
now classified as SPG79, however, it is described as associated with a recessive mode of
transmission with two mutated copies being necessary for the disease, which is not the case
in our family. Nonetheless, as the number of HSP genes associated with two inheritance
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modes such as KIF1A, REEP2, ALDH18A1, among others is increasing, we should consider
and confirm this possibility. In family S57 other three candidate genes were identified, although
all of the variants were present in I:2 and III:1 individuals with no disease symptoms. In
addition, in this family, five family members showed some pyramidal signs when observed
(half-filled squares or circles), and all candidate variants fail to explain the disease symptoms
if considered these individuals as affected. A medical reevaluation of the family is necessary
to better ascertain the importance of these findings. Interestingly, MAP1A was one of the genes
identified as a putative candidate in the HSPome generated by Novarino and colleagues that
lists 589 candidate genes identified through network propagation of the expanded global
network using the set of HSP associated and candidate proteins (Novarino et al., 2014).

In the three remaining families studied, one family with presumed recessive and two with
presumed dominant inheritance (SR70, S24 and S91), no candidate genes remained after
segregation analysis.
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Figure 1. Segregation analysis of the candidate variants identified in the exome analysis of six families. A
black circles and squares indicate affected individuals with HSP; half-filled circles and squares on family S57
indicates individuals with minor pyramidal signs. An asterisk in a symbol indicates family members with available
DNA and a blue asterisk indicates the individuals selected for exome study. In family SR13 is also shown the locus
identified by linkage analysis on chromosome 1 where the SUCO gene is present.
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Discussion

The identification of candidate genes for HSP in 66,7% (6/9) of the families studied or in 75%
(9/12), if we consider also the families with variants in the AIMP1, AKAP6 and ALDH18A1
genes previously described, is very high and proves that exome sequencing, especially when
combined with linkage analysis, is a good strategy for the identification of new HSP diseasecausing genes.
In three of the families, no candidate genes remained after segregation analysis, which could
be due to several possibilities, the variant could be: 1) present in a low coverage region, 2) a
large rearrangement, as the coverage data was not yet analyzed for the exome data or 3)
present in an intronic region. Also, as some of these are large families we should also have to
consider the possibility of different branches of the family having different disease-causing
genes, as discovered before in other HSP large families. It is also very important the revision
of the familial data by clinicians because minimal errors in the affected status could lead to an
incorrect conclusion on variants segregation.
In the new candidate genes identified in these nine families we found another example of a
case that could be related with the clinical overlap between some diseases, with genes being
associated with more than one disorder. This is recurrently the case between hereditary
spastic paraplegia and leukodystrophy associated genes, where we add AIMP1 to this list and
now also potentially with PYCR2 variants. We may also have found a new inheritance mode
considering the heterozygous variant identified in UCHL1, which is not uncommon, as shown
for ALDH18A1, KIF1A and BICD2 genes, among others. These previous associations with
HSP or other neurologic disorders help to corroborate the relevance of the finding. However,
in the cases where additional candidate genes were found as in family SR36, showing a large
difference between the reported and the now observed phenotype (ex. absence of
microcephaly), a functional study of the variants identified is needed.
For the remaining candidate genes identified, there are no previous reports that point to an
association between the gene and any differential diagnosis of HSP or, showing the
importance of the proteins in question in the human brain, potentially explaining the likely
pathological mechanisms responsible for the disease, increasing the need to establish the
causative role of these variants and genes with detailed functional studies.
The SR13 candidate gene, SUCO (SUN Domain Containing Ossification Factor), was first
known as C1orf9 (Røsok et al., 2000) and later as OPT (osteopotentia) due to its known role
in osteoblastic bone formation, with mouse models lacking SUCO developing skeletal defects
and potentially neurological defects (Sohaskey et al., 2010). Recently, a new study associated
heterozygous SUCO variants with mesial temporal lobe epilepsy, a neurological disorder (Sha
et al., 2015). In this study it is show that knockdown of SUCO in primary neurons leads to a
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striking reduced dendritic length which suggests an involvement of this gene in neuronal
development (Sha et al., 2015). Additionally, the subcellular localization of the SUCO protein
in the rough endoplasmic reticulum, an important organelle involved in protein synthesis and
modification and already related to the pathophysiological mechanism of HSP, could indicate
a potential involvement of this protein in the basis of the spastic paraplegia disorders. In family
SR13 we have a different phenotype with a complex early-onset spastic paraplegia with no
declared epilepsy episodes but with cognitive impairment and kyphoscoliosis.
SGSM3 (Small G Protein Signaling Modulator 3) was the only candidate gene after
segregation analysis in family SR7. This gene was formerly known as MAP (Merlin-Associated
Protein) due to its association to the Merlin protein encoded by the NF2 gene, responsible for
neurofibromatosis type 2 (Lee et al., 2004). SGSM3 is ubiquitously expressed and belongs to
a protein family (together with SGSM1 and SGSM2) that appears to be associated with the
modulation of the small G protein-mediated signal transduction pathway. These proteins are
suggested modulators of the small G protein RAP and RAB, which are known to mediate
neuronal signal transduction and vesicular transportation pathways (Yang et al., 2007). As
these proteins have mouse orthologs expressed in neurons of the central nervous system, a
neuronal role was hypothesized for these proteins, which is most evident in SGSM1 that is
mainly expressed in brain (Yang et al., 2007). Recently, it was reported that this protein,
although in the heart, interacts with connexin 43, being important for its lysosomal degradation
(Lee et al., 2017a). This is even more relevant if we consider that connexin 43 is encoded by
the GJA1 (gap junction protein α-1) gene, where alterations were identified in a family with
progressive spastic paraplegia (Furuta et al., 2012).
In family SR36, PYCR2 (Pyrroline-5-Carboxylate Reductase 2) seems to be the best candidate
as it was already associated with a hypomyelinating leukodystrophy (Nakayama et al., 2015),
which is the case of several HSP associated genes. This gene encodes a mitochondrial protein
that catalyzes the last step in proline biosynthesis and seem to be involved in the protection of
cells from oxidative stress (Kuo et al., 2016). Although the variant is present in the pyrroline-5carboxylate reductase domain, the phenotype observed is different from the already described
for variants in this gene. This family has a pure spastic paraplegia and no data suggesting
microcephaly, present in the families described with PYCR2 variants, however that could be
related to the nature of the variants. In the reported families and in family SR36, the early age
at onset is consistent. Regarding JMJD4 protein, there are still few reports that aid in the
understanding of its function, being though that it works as an epigenetic regulator, with its
knockdown in mouse having no effect in embryogenesis (Hu and Imbalzano, 2016; Yoo et al.,
2016). In this family, a plasma amino acid profile was requested that could potentially help to
confirm the molecular diagnosis if low proline levels are detected.
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The candidate genes in family S2 are IFT74 and NPB. The IFT74 (Intraflagellar Transport 74)
protein together with IFT81 form a tubulin-binding module necessary for the tubulin transport
within cilia (Bhogaraju et al., 2013). Variants in this gene were associated with Bardet-Biedl
syndrome type 20, a ciliopathy responsible for, in the identified patient, obesity, polydactyly,
intellectual disability and hypogonadism (Lindstrand et al., 2016). Additionally, it was also
consider as a candidate gene for ALS-FTD with one family identified that presented motor
weakness in one of the two patients in addition to the former symptoms (Momeni et al., 2006).
As the Portuguese family S2 presents a pure late-onset HSP, the phenotype is not in
accordance with the ones described in the literature. The other candidate gene, NPB
(neuropeptide B) is a neurotransmitter expressed mostly in the substantia nigra that together
with neuropeptide W and the receptors GPR7 and GPR8, seems to be involved in the
regulation of feeding behavior and in the manipulation of pain pathways (Singh and Davenport,
2006). NPB variants were never associated with any human disease.
In family S18, UCHL1 (SPG79) was the stronger candidate gene due to its previous
association with HSP (Rydning et al., 2017). UCHL1 (Ubiquitin C-Terminal Hydrolase L1)
encodes a hydrolase involved in the ubiquitin-proteasome pathway, which is highly expressed
in neurons. The two reports linking UCHL1 variants to HSP and progressive
neurodegeneration however, associate this gene with an early-onset of the disease resulting
from a recessive inheritance and loss of protein function (Bilguvar et al., 2013; Rydning et al.,
2017). Also, both families present a complex phenotype with some visual loss and other
complicating features (different in both families). This is not in accordance with the pure
phenotype observed in family S18, which also presented a late age-at-onset. The second
candidate gene, BMP6 (bone morphogenetic protein 6), encodes a ligand of the large
transforming growth factor-beta (TGF-β) super family. This protein seems to play a role in the
induction of mesenchymal cell differentiation into osteoblasts (Paralkar et al., 2010; Rahman
et al., 2015). Although BMP6 variants were still not associated with any neurodegenerative
disorder, the BMP signaling pathway is necessary for a good communication between motor
neurons and skeletal muscles and was already related to several neurodegenerative diseases,
including hereditary spastic paraplegia (Bayat et al., 2011; Osses and Henríquez, 2014; Tsang
et al., 2009). HIST1H2AM (Histone Cluster 1 H2A Family Member M) encodes a histone, which
is responsible for the nucleosome structure, important for the compaction of chromatin, and
there are no disorders associated with variants in this gene.
Lastly, in the family S57 we consider MAP1A (Microtubule Associated Protein 1A) to be the
most convincing candidate. This gene encodes a protein thought to be involved in microtubule
assembly that is highly expressed in the brain. The MAP1A expression pattern seems to
indicate an involvement in the proliferation and differentiation of neuroblasts and in the
maturation of the long spinal fiber systems (Fukuyama and Rapoport, 1995; Oudega et al.,
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1998). Additionally, it was one of the candidate genes identified in the HSPome generated by
Novarino and colleagues (Novarino et al., 2014). ABCA12 (ATP-Binding Cassette Subfamily
A Member 12) encodes a protein that belongs to the subfamily of ABC (ATP-Binding Cassette)
transporters expressed in several tissues including fetal brain and skin (Annilo et al., 2002).
Variants in this gene were associated, in several families, with autosomal recessive congenital
ichthyosis, a rare skin disorder (Akiyama, 2010). SERINC4 (Serine Incorporator 4) encodes a
protein that belongs to a unique protein family that seems to be responsible for the
incorporation of serine into membranes and facilitates the synthesis of phosphatidylserine and
sphingolipids (Inuzuka et al., 2005), however this is one of the proteins where there is almost
no studies so far.
There is still much to uncover regarding these proteins and variants that only a thorough
functional study could help to decipher. These studies are very time-consuming and even more
complicated in the families (four in our case) where more than one candidate gene was
identified. In order to overcome this, the three families with dominant inheritance must be
reevaluated, which could help to understand some of the segregation incompatibilities, and the
further extension of these families can help to exclude some of the candidate genes. This
would also be very important in family SR36, a small family with one family member still not
tested. Finding a second family mutated will also be a very important argument that is currently
being explored through GeneMatcher exchanges (Sobreira et al., 2015) and through local
analyses of additional families (chapter 4.3). We should not exclude however, that some of
these candidate genes might not explain the phenotype and that in some of these families, like
in the families where no candidate genes were identified by this approach, the disease cause
may be located elsewhere. Our results also show, that most HSP genes are rare affecting only
a few families, which indicates that a large number of genes is yet to be identified in this group
of disorders.
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4.3

Search for additional families with causative variants in the new candidate genes

In order to study some of the new candidate genes identified in the laboratory, a multiplex
assay for next generation sequencing was designed that covered 19 genes. It included twelve
candidate genes (one of which being AKAP6), and seven recently published HSP or HSPrelated genes.
The families selected for this study were the families where no molecular diagnosis was found
by NGS using the large 70 genes panel and, that were not evaluated by exome sequencing.
So, for this mini panel were selected 67 Portuguese HSP families and 125 families from the
SPATAX cohort. Some of this work was included in the paper from Marie Coutelier (ALDH18A1
results – presented in 4.2.1). The remaining results from this mini panel are presented in 4.3.1.
Additionally, these 67 Portuguese families were also screened, by Sanger sequencing, for all
the exonic regions of AIMP1 with no variants identified and these results were included in the
paper submitted (AIMP1 results – presented in 4.2.2).
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4.3.1 Mini panel results
Mini panel sequencing of 19 genes reveals the low frequency of some newly associated
hereditary spastic paraplegias genes in the Portuguese population

A multiplex assay for next generation sequencing was designed to study some candidate
genes identified in the laboratory and some new HSP genes. In this mini panel 19 genes were
included, which encompassed twelve candidate genes (including AKAP6) and seven recently
published HSP or HSP-associated genes still not included in the HSP panel: ALDH18A1,
CAPN1, DNM2, FARS2, GCH1, KLC4 and TUBB4A.
The families selected for this study were HSP families with no molecular diagnosis found after
being studied for a large panel of 70 HSP-associated genes, which included 67 Portuguese
HSP families and 125 families from the SPATAX cohort.
The analysis of the Portuguese families studied allowed us to provide a molecular diagnosis
to two additional families (2/67) with hereditary spastic paraplegia and identify variants of
unknown significance (VUS) in seven families when analyzing the seven new HSP-associated
genes and AKAP6. Additionally, some VUS were identified in the remaining candidate genes
studied but its pathogenic role could not be established or excluded at this point. Unfortunately,
no additional families with homozygous or compound heterozygous variants in AKAP6 were
found in the 192 families studied.

Results
Massive parallel sequencing and bioinformatics analysis of nineteen genes associated with
HSP (candidate or recently published genes) in 67 index cases of Portuguese families led to
the identification of two likely disease-causing variants that could explain the phenotype in
2,98% (2/67) of the families with HSP.
The mean coverage in these 67 index cases was 245 with only 87% of the regions with a
coverage ≥ 30x. This low number was due to some amplicons that were not successfully
amplified and were then not covered. This also resulted in a large deviation, with the coverage
ranging from 0 to more than 2000 reads in some regions. Due to the large number of samples
and amplicons, a screening, by Sanger sequencing, of the low coverage regions was not done.
After filtering, all the variants considered relevant (rare, predicted as potentially pathogenic and
expected to have an impact given the suspected mode of inheritance) were confirmed by
Sanger sequencing and segregation analysis was performed in the available family members.
An in-house index of coverage was calculated for each exon and for each patient to search for
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genomic rearrangements but no large rearrangements that could explain the phenotype were
identified.

Novel HSP genes:
In the eight genes selected for analysis, which included AKAP6 and the seven genes recently
reported (ALDH18A1, CAPN1, DNM2, FARS2, GCH1, KLC4 and TUBB4A), we filtered all the
variants with good quality, predicted to cause a change at the protein level (nonsense, amino
acid change or a splicing effect), with minor allele frequency inferior to 1% and predicted to be
pathogenic by at least one prediction software (SpliceSiteFinder, MaxEntScan, NNSPLICE,
GeneSplicer, Human Splicing finder, Polyphen-2, SIFT, MutationTaster, Align GVGD and
UMD-Predictor). This allowed the identification of nine variants that could potentially be
disease-causing, of which two are likely responsible for the phenotype in two families. Of these
two variants, we considered one as disease-causing, as it was a homozygous nonsense
variant causing an early stop codon in the CAPN1 gene in family SR37 (Table 1, Figure 1),
which was present in the peptidase C2, calpain, catalytic domain of the protein and segregated
with the disease in this family. The second variant identified in TUBB4A (family S44) (Table 1,
Figure 1), was consider as a likely disease-causing variant, because although segregation
analysis could not be performed (due to the absence of additional family members to study), it
was a missense variant present in a conserved region, in the tubulin domain of the protein that
was predicted to be pathogenic by all the prediction software used and in a gene where a
dominant mode of inheritance is expected. Additionally, seven VUS were identified (Table 2),
five were heterozygous variants present in genes with presumed recessive mode of
inheritance and two were variants present in genes where a dominant mode of inheritance was
already described but that its pathogenicity was not very convincing due to discordant
predictions on pathogenicity by software used or due to its presence in the public databases,
which causative role could only be ascertained with functional studies.

Candidate genes:
In the remaining 11 candidate genes studied, 20 VUS were found in 6 of the genes but no
inference of their pathogenicity could be drawn now due to the lack of genetic or biological
data.

So, with this panel we were able to provide a molecular diagnosis to two additional families
being the yield of diagnosis of 4,3% (1/23) in the families with presumed recessive inheritance,
3% (1/33) in the dominant forms and of 0% (0/11) in the isolated cases.
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Table 1. Disease-causing and likely disease-causing variants found in two HSP families
Family
code

Phenotype

Inheritance
mode

a

Mutated

Accession

Exon b

cDNA

Predicted
consequence

State

Nº
software

Segregation
c

analysis

Reference

gene

.Version Numbers

CAPN1

NM_001198868.1

E11

c.1176G>A

p.(Trp392*)

Hom

-

Yes

This study

TUBB4A

NM_006087.3

E4

c.557C>T

p.(Thr186Met)

Het

5/5

Not possible

This study

(a) Disease-causing variants
SR37

Complex
Late-onset

Recessive

(b) Likely disease-causing variants
Pure

S44
a The

Early-onset

Dominant

inheritance mode is the one assumed by pedigree analysis.

b Exon

Number according to Alamut software v2.9.0 that used the NCBI RefSeq numbering scheme (along with simple systematic numbering) on the GRCh37 (hg19) assembly.

c Number

of Software predicting a functional effect of all the prediction software for the missense variants; Het, Heterozygous; Hom, Homozygous; NBIA, neurodegeneration with

brain accumulation.
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Table 2. Variants of unknown significance (VUS) of the seven published HSP genes and AKAP6 identified in seven families
Family
code
S8

Genomic
Chr

coordinate

Gene

(GRCh37)
14

33014499

AKAP6

Accession.
Version Numbers
NM_004274.4

Exon *

E4

Coding
change
c.640A>C

Predicted change

p.(Asn214His)

State

Het

MAF
EA
-

Nº
software

Reason for exclusion

**
4/5

CI1

14

33293213

AKAP6

NM_004274.4

E13

c.6194A>T

p.(Asp2065Val)

Het

-

5/5

S82

10

97393363

ALDH18A1

NM_002860.3

E6

c.602G>A

p.(Arg201Gln)

Het

-

2/5

SR52

11

64953668-64953669

CAPN1

NM_001198868.1

E6

c.618-619del

p.(Gly208Glnfs*7)

Het

0.03

-

S20

11

64953448

CAPN1

NM_001198868.1

E5

c.517G>A

p.(Gly173Arg)

Het

0.06

5/5

SR14

19

10939832

DNM2

NM_001005360.2

E19

c.2179C>T

p.(His727Tyr)

Het

0.02

3/5

SR76

6

5369353

FARS2

NM_001318872.1

E2

c.550G>A

p.(Asp184Asn)

Het

-

3/4

Heterozygous variant of a
recessive gene
Heterozygous variant of a
recessive gene
Inconclusive variant
Heterozygous variant of a
recessive gene
Heterozygous variant of a
recessive gene
Dominant with MAF
Heterozygous variant of a
recessive gene

* Exon Number according to Alamut software v2.9.0 that used the NCBI RefSeq numbering scheme (along with simple systematic numbering) on the GRCh37 (hg19) assembly.
** Number of Software predicting a functional effect of all the prediction software for the missense and possible splice-causing variants; Chr, Chromosome; MAF EA, Minor Allele
Frequency in the European American population from Exome Variant Server (http://evs.gs.washington.edu/EVS/); Het, Heterozygous; Hom, Homozygous
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Figure 1. Pedigree with segregation analysis, electropherogram and conservation of the disease-causing
and likely disease-causing variants identified in two HSP families. A black circles and squares indicate affected
individuals with HSP; an asterisk in a symbol indicates family members with available DNA. Electropherogram and
conservation of the region, with the position or amino acid altered marked by a box.

Discussion
The identification of the genetic cause of HSP in only 2,98% (2/67) of the families is not
surprising as we are only searching a small pool of genes in families already studied for a large
panel of 70 HSP associated genes (Morais et al., 2017). We could not compare this value
because there are still no reports on a small panel like this consisting only of newly identified
HSP genes. Furthermore, it is in accordance with the findings from the large panel studied
(Morais et al., 2017) where it was suggested a low frequency of disease-causing variants in
the newly identified HSP causing genes. However, this seem to not be the case for CAPN1
(SPG76) variants that although only recently associated with HSP (Gan-Or et al., 2016), seems
to be less rare with several families already identified that present a phenotype ranging from
ataxia to pure or complex spastic paraplegia or a combination of both (Kocoglu et al., 2018;
Travaglini et al., 2017; Wang et al., 2016). Clinically, family SR37 presents a complex spastic
paraplegia with the presence of cognitive impairment and an age at onset ranging from 28 to
30 years-old, in accordance with the range of phenotypes already described for CAPN1
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variants, where cognitive impairment was found in patients with a spastic ataxia phenotype
(Wang et al., 2016).
CAPN1 (Calpain 1) encodes the large subunit of the ubiquitous enzyme, calpain 1, a calciumactivated cysteine protease widely present in the CNS, where it is critical for the synaptic
function (Liu et al., 2008). Knockdown of CAPN1 in zebrafish models led to a disorganization
of the microtubule network in the brain and disruption of the brain development (Gan-Or et al.,
2016).
In family S44 we identified an interesting variant in TUBB4A (Tubulin Beta 4A Class IVa). This
gene was also only recently associated with HSP (Kancheva et al., 2015) but it had already
been associated with a large spectrum of phenotypes from autosomal dominant dystonia 4
(DYT4) to hypomyelinating leukodystrophy 6 (Duncan et al., 2017b; Hersheson et al., 2013;
Lohmann et al., 2013; Miyatake et al., 2014). Clinically, S44 family showing a pure spastic
paraplegia phenotype may expand the phenotype associated with TUBB4A variants where
only spasticity complicated by other neurologic features was described. However, as no MRI
was available from this family, we could not exclude the presence of brain hypomyelination,
which was present in all the reported families.
TUBB4A encodes a brain-specific member of the β-tubulin family, highly expressed in the
cerebellum and white matter (Hersheson et al., 2013). β-tubulin dimerizes with α-tubulin in a
neighboring αβ heterodimer to form tubulin, the main constituent of microtubules, a major
cytoskeletal component. Disease-causing variants in other tubulin genes (TUBA1A, TUBB2B
and TUBB3) are reported to cause a spectrum of neurologic disorders resulting from
abnormalities in axon guidance and maintenance, neural migration and differentiation,
indicating the importance of tubulin in the nervous system (Miyatake et al., 2014). A rat model
with a TUBB4A variant presents progressive loss of myelin in the brain and dorsal column of
the spinal cord with an increased number of oligodendrocytes. Additionally, it was also
observed an accumulation of microtubules, which involved the entire cell body and distal
processes of oligodendrocytes but was not present in axons (Duncan et al., 2017b).
The remaining variants found were all considered VUS, including the variants found in the
remaining 11 candidate genes, which need to be functionally studied to conclude on their
pathogenicity. Also, as there were some regions not covered, we cannot exclude that some
variants located in these regions may explain the phenotype. So, it would be interesting to, in
a further study, screen the regions with less than 20X coverage, by Sanger sequencing, mainly
in the cases in which only one heterozygous potentially disease-causing variant was identified.
A small study like this is interesting as it allows the identification of additional families with
disease causing-variants in candidate genes that could be relevant for the HSP
pathophysiology. Moreover, it allowed the study of some of the more recently genes associated
with HSP, contributing to a better understanding on the frequency of these new genes. A small
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panel as the one here described makes sense when we are looking to a cohort like ours where
most of the HSP disease causing genes were already studied and excluded. The fact that still
65 of the families remained without a molecular diagnosis, highlight the importance of the
search of new disease-causing genes in these group of disorders.
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5.

Discussion
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5.1 Genetic characterization of the Portuguese cohort with HSP
5.1.1 Overview of the molecular strategies and results
In this study, we had access to one of the largest cohorts of families with HSP that historically
helped in the description of this group of diseases (Coutinho et al., 1999). Prior to this work,
the screening by Sanger sequencing of the most common genetic causes of HSP resulted in
a molecular diagnosis in 37% (59/159) of the families. At this stage, ATL1, SPAST and REEP1
were screened in families where a dominant inheritance was presumed, and SPG11,
ZFYVE26 and CYP7B1 in the families with a presumed recessive inheritance.
Our molecular study of this large cohort of 159 families (overview in Figure 1) allowed us to
achieve a molecular diagnosis in 52,2% (83/159) of the families (Figure 2A).

A stratified approach:
This study focused in the 100 families that remained without molecular diagnosis after these
previous studies (Figure 1). In a first step we performed targeted next generation sequencing
in 98 of these families applying one of two panels developed by the SPATAX team at the ICM
institute (Paris): a smaller one covering 34 genes and a larger panel covering 70 HSP genes.
These panels were based on a capture strategy followed by massive parallel sequencing. The
study of the two remaining families immediately started by exome sequencing as a previous
linkage study had already identified a candidate locus with a maximum LOD score of 3.74 in
family SR2 (Stevanin et al., 2007b) and of 4.3 in family SR9, falling outside associated HSP
genes. The second strategy used was to extend sequencing to the largest families where no
disease-causing variants were identified using the NGS panels. Ten additional families were
selected and proceed for exome sequencing, one of which (SR13) also had linkage data with
several regions identified with a maximum LOD score of 1.93. Exome sequencing resulted in
the identification of hundreds of potential disease-causing variants to classify, mainly in
families with a presumed dominant inheritance, where we focused on single heterozygous
likely disease-causing variants. To reduce the number of variants to focus on, a genome-wide
genotyping and linkage analysis was performed in the five families with dominant inheritance
of the disease. Finally, all families without molecular diagnosis that were not selected for
exome sequencing analysis (with exception of SR26), were studied using a third NGS panel.
This smaller panel covered only 19 genes and was designed to study some candidate genes
identified in the laboratory, which included AKAP6, and some recently published HSP-causing
genes. It used an amplicon strategy followed by massive parallel sequencing.
Our first strategy allowed us to provide a molecular diagnosis to 20 HSP families of the 98
studied, but additionally, resulted in the identification of variants of unknown significance (VUS)
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in 37 families. This illustrates the difficulties we face in HSP molecular diagnosis and in human
genetics in general as some of them may be disease-causing but we lack enough evidence.
One of these variants was identified in family SR26 and consisted of a homozygous variant in
the WDR48 gene, initially considered as disease causing, reason why this family was not
studied in the third NGS panel. However, as there was not enough evidence supporting the
pathogenicity of this variant as it is present in the public databases and is predicted to be
pathogenic by only one prediction software, it was reclassified as a variant of unknown
significance.
Exome sequencing performed in a total of twelve selected families established the molecular
diagnosis in two families up to now but, most importantly, pinpointed candidate genes in 7
additional families, which after functional studies, could be proven as disease-causing and
hopefully lead to molecular diagnosis in additional families. Lastly, the study of the third NGS
panel that analyzed 67 Portuguese HSP families, allowed the identification of the molecular
diagnosis in two families.

An improvement of the diagnosis rate:
Our study of 100 Portuguese families with spastic paraplegia through next generation
sequencing established the molecular diagnosis of 24 families (24%), expanded the clinical
spectrum of AIMP1 variants to the HSPs and identified candidate genes in 7 additional families
among which are two very strong candidates (AKAP6 and SUCO) supported by the robust
genetic and functional evidence. This study, allowed us to increase the number of Portuguese
families with a molecular diagnosis from 37 to 52% (83/159), identify potential candidate genes
to 7 additional families (4,4%) and detect variants of unknown significance that may potentially
explain or help to explain the phenotype in 41 of the 69 families without molecular diagnosis
(Figure 2B). Only 17,6% of the families (28/159) remained without any proven or potential
genetic cause identified after all strategies applied.
The targeted next generation sequencing performed with the three designed panels, covered
in total 74 HSP disease-causing genes if we consider that only 67 of the 70 genes studied with
the large panel were HSP associated genes, and, in the small panel covering 19 genes, only
7 were HSP-causing genes already reported. This strategy was a more cost-effective approach
to reach the molecular diagnosis in 22 HSP families when compared to exome sequencing,
which proved not to be very useful in small families that could hamper the posterior segregation
studies. However, exome sequencing is a more in-depth strategy, which allows not only the
search for variants in all HSP-disease causing genes but also the identification of potential
new genetic causes for the disease. It is also very effective with 75% (9/12) of the families
studied with a potential molecular diagnosis.
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Figure 1. Schematic illustration of the full cohort of 159 Portuguese families with HSP
and overview of the genetic strategies used and mutated genes identified. Our study was
focused in the 100 families without diagnosis after screening by Sanger sequencing the most
common genetic causes. Genetic strategies are presented in orange boxes, established
molecular diagnosis are showed in green and new candidate genes are shown in yellow.

100

Figure 2. Distribution (by number) of the HSP families according to the
presence/absence of molecular findings. A) Distribution of the total cohort of HSP families
by identification of molecular diagnosis, candidate genes or no potential diagnosis. B)
Distribution of the 69 families without diagnosis according to the identification or not of variants
of unknown significance (VUS) that could potentially explain the familial phenotype.

5.1.2 Gene frequencies in the Portuguese cohort
In this study, three multigene panels for HSP were used: a panel covering 34 genes, a larger
panel covering 70 genes and lastly, a smaller panel covering 19 genes. The first panel of 34
genes, included the first published and more common causes of HSP and three genes
responsible for overlapping phenotypes (ALS2, SACS and SETX). Later, a more extensive
panel was created that added 30 HSP-causing genes, plus 3 genes that could mimic the
disorder (FBXO7, GJA1 and SAMHD1) and three candidate genes (AP5B1, AP5M1 and
AP5S1). These three candidate genes are part of the AP-5 complex as AP5Z1 (SPG48) (Hirst
et al., 2013b; Slabicki et al., 2010). The third panel was created mainly to screen additional
families for disease-causing variants in some candidate genes identified recently in the
laboratory, which included AKAP6, and was also used to search for variants in 7 recently
reported HSP genes including ALDH18A1.
The last two multigene panels allowed us to gather data on the frequency of less studied HSP
genes, including some of the more recently reported ones, showing that variants in these
genes are uncommon. In the first study, only one (or two if we consider also family SR26 with
a homozygous variant in WDR48) of the disease-causing variants identified, was found in a
gene recently associated with HSP and absent in the first panel, a homozygous variant in
C19orf12. Although 25 of the index cases were tested only for the smaller panel of 34 genes,
the additional 36 genes present in the larger panel could only be hypothetically responsible for
the disease in ten of these 25 families, as we identified the disease-causing variant in eight of
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them and other seven proceed for exome sequencing and no disease-causing variant was
found in any of these 36 genes. The third panel applied also evidenced this fact, with only 2
additional diagnoses being achieved in the 67 families studied. This large difference in the
variants distribution among HSP-causing genes is quite noticeable when we look at the 83
established molecular diagnosis in the full Portuguese cohort (Figure 3A). We can observe that
in the majority of the Portuguese families with HSP, the disease is caused by disease-causing
variants in the SPAST (SPG4) gene, responsible for a dominant form of the disease, with a
frequency of 33,7% (28/83) and in the SPG11 gene present in 24,1% (20/83) of the families,
causing a recessive form of spastic paraplegia. Interestingly, when looking into the frequencies
subdivided by mode of inheritance (Figure 3B-D) we can observe that SPG11 variants are
responsible for 44% of the molecular diagnosis identified in the recessive forms and 50% of
the isolated cases. In the dominant forms, 63% of the molecular diagnosis were explained by
SPAST variants, which were also present in 9% of the isolated cases. Variants in ATL1
(SPG3A), CYP7B1 (SPG5A), SPG7, KIF5A (SPG10) and SPG15 were also relatively common
with frequencies ranging from 3,6% to 6% in the full cohort. We were able to identify, using
these panels, some variants in these genes commonly responsible for the disease like SPAST,
SPG11 and SPG15, due to the fact that there were a few families not yet screened for variants
in these genes. In the case of family SR4, which is in fact an isolated case, in whom we
identified a de novo variant in the SPAST gene, previous studies only included SPG11 and
SPG15 because a recessive mode of inheritance was assumed due to the absence of family
history. The remaining genes identified were responsible for the phenotype in unique families
of the Portuguese cohort.
This type of distribution, with the majority of diagnosis being of SPG3A, SPG4 and SPG11,
and a smaller percentage being assigned to some of the remaining identified genes are also
common findings in other countries like Canada and Greece (Chrestian et al., 2017; Lynch et
al., 2016) or even if we take into consideration the SPATAX cohort (Tesson et al., 2015). In
the large Canadian cohort, parallel sequencing using a panel of 51 genes or exome
sequencing, showed that in addition to the presence of some families with variants in genes
like PLP1 (SPG2) and WASCH5 (SPG8), there were also variants identified in genes that could
mimic spastic paraplegia, such as SLC2A1, responsible for dystonia among other disorders
and VAMP1, associated with spastic ataxia (Chrestian et al., 2017).
The total yield of molecular diagnosis of 52% was similar to the one obtained when separating
the families by inheritance mode (dominant, recessive and isolated cases), which was of: 53%
(32/60) in the families with a presumed recessive mode of inheritance, 51% (39/76) in the
dominant families and 52% (12/23) of the isolated cases. This high percentage of molecular
diagnosis in sporadic cases show the importance of studying these cases, which are frequent
in clinical practice.
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Figure 3. Distribution (by frequency) of the disease-causing variants found in 83 families
from the full cohort of Portuguese cases. (A) Full cohort, (B) Recessive families, (C) Dominant families,
(D) Isolated cases.

5.1.3 Molecular heterogeneity
This study highlighted the molecular, genetic and clinical heterogeneity between
neurodegenerative diseases mostly with the identification of new spastic paraplegia genes like
AIMP1 and ALDH18A1, previously linked to other partially overlapping neurodegenerative
disorders. In the two initial panels, six genes that could mimic spastic paraplegia were included
(ALS2, SACS, SAMHD1, GJA1, FBXO7 and SETX) and, although variants were only identified
in SACS, this only highlights the low frequency of causative variants in these particular genes
in the Portuguese population. In fact, genes primarily associated with other neurodegenerative
disorders, considered HSP differential diagnosis, are being increasingly found responsible for
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purer forms of spastic paraplegia, with their range of expected phenotypes being enlarged.
This is the case of AIMP1, ALDH18A1, CAPN1 and TUBB4A genes, also found responsible
for the disease in single Portuguese families.
The clinical and molecular bridge between HSP and hypomyelinating leukodystrophies was a
common finding in our families not only due to the variants identified in AIMP1 and TUBB4A,
but also if we consider the homozygous variant identified in PYCR2 as the most likely
candidate to explain the phenotype present in family SR36. Up to now, at least nine additional
genes (SLC16A2, GJC2, PLP1, FA2H, ABCD1, ADAR, HSPD1, EIF2B5 and SAMHD1) are a
common link between leukodystrophies and HSP reinforcing this heterogeneity and the
possibility of shared disease mechanisms.
The link between spastic paraplegias and ataxias is also evident with genes being, for long,
associated with both diseases such as SPG7 and PNPLA6. In our families, in addition to
variants in SPG7 and SACS, we also identified variants in GBA2, CAPN1, ZFYVE26 and
TUBB4A, traditionally described as responsible for ataxia and spastic paraplegia phenotypes.
This association is larger with many more shared genes, phenotypes and consequently
pathways between these disorders (Synofzik and Schüle, 2017), which strengthens the
causative role of the variant identified in the candidate UCHL1 as responsible for the phenotype
in family S18.
The constant increase in the interconnections between neurodegenerative disorders that share
pathways and genes, which in turn show an increasing range of associated phenotypes, is
leading to the loss of borders between these disorders. So, nowadays this division makes less
sense and we should probably think of them as a complex network of phenotypes, not
discarding this possible interconnection particularly when searching for the disease genetic
cause.

5.2 Molecular approaches for HSP diagnosis
5.2.1 Unravelling “old” and new spastic paraplegia genes

Establishing a molecular diagnosis in HSP, a group of disorders with more than 70 genes
already associated with the disease, has proven to be a challenging task, for which several
approaches could be applied.

Ancient diagnosis strategy:
From a long time, most diagnosis were achieved by sequential Sanger sequencing of the most
common genetic causes, taking into account the suggested inheritance mode and the familial
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phenotype. Considering these, families with an apparent recessive inheritance and with
patients presenting a thin corpus callosum should be tested for the presence of variants in
SPG11 and SPG15; patients with cerebellar atrophy and/or optic atrophy should be screened
for variants in SPG7; and when a dominant mode of inheritance was presumed, it was advised
to test for variants in ATL1 (SPG3A) and SPAST (SPG4) (Depienne et al., 2007; Kumar et al.,
2015; Souza et al., 2016). This strategy was effective, to some extent, but the majority of
families remained without a molecular diagnosis.

Current diagnosis strategy:
Nowadays, with the sequencing throughput provided by next-generation sequencing, either
with gene panels, whole-exome or whole-genome sequencing, a large number of genes can
be sequenced at the same time, allowing for a large number of diagnosis and a better notion
of the prevalence of, until now, less studied genes. DNA-microarray–based diagnosis is a
strategy that could also be applied (Luo et al., 2013) but as it can only be used to detect
common point mutations, is not very useful or popular due to the large variety of variants and
genes already identified.
In our study, the panel-based strategy was very useful for achieving additional molecular
diagnosis, with the study of 89 genes between candidate and reported HSP genes. However,
even considering the identification of several interesting variants considered as VUS, still most
of the studied families remained without a definitive answer. Exome sequencing, although
more expensive, prove to be more efficient with only 3 of the 10 families studied without any
candidate identified after analysis. In these three families however, it is still possible that the
molecular cause is a large rearrangement that should be studied by the analysis of the
coverage data. In addition, the possibility of digenism should also be looked at, which could
lead to the identification of new genetic causes.

Future of diagnosis:
The future of diagnosis will probably be genome analysis, as it allows the identification of not
only exonic but also deep intronic variants and allows a better detection of large
rearrangements, which are common causes of pathogenicity, accounting for around 10% of
the variants present in SPG4 and SPG11. In addition, the analysis of these large data sets
should evolve in order to assume that multiple inheritance patterns can be associated to one
given gene and that digenism could also be involved. The interpretation of VUS are also a
challenge in diagnosis and the development of better bioinformatics prediction tools or of
biological assays as performed for CYP2U1 (Durand et al., 2018) are necessary. Nowadays,
is important that a molecular geneticist extend its skills both in bioinformatics and cell biology
to better answer the daily challenges.
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Evolution of diagnosis strategies, panels versus exome/genome sequencing
The fact that almost half of the families remained without diagnosis after such a large study
shows the importance of the identification of new spastic paraplegia genes. This study
provided the first evidence for AIMP1 variants as causative of an HSP phenotype, identified
AKAP6 as the most probable genetic cause of SPG32 (Stevanin et al., 2007b) and identified
an additional family with ALDH18A1 variants. There is also convincing evidence for the
pathogenicity of the SUCO variants and its association with the HSP phenotype. However,
both for AKAP6, SUCO and the variants identified in the remaining families with exome data,
only functional studies can prove this association. There are probably much more genes to be
identified and new associations to be made but we now aim to prove the association of these
new genes with HSP and the pathogenicity of the variants identified, further confirming the
already strong genetic evidences.
The search for new genes will become progressively part of the diagnosis strategy and not
only a pure research quest. Part of the novel HSP genes are already known as diseasecausing. Indeed, as ours and other groups results indicate, many families have variants in
genes already associated with other neurodegenerative disorders, such as AIMP1 and
ALDH18A1, as responsible for their clinical phenotype. Thus, maybe the most effective
approach for the families that remained without molecular diagnosis should be exome
sequencing with a posterior analysis of a large, virtual panel including neurodegenerative
disorders associated genes. This allows, in addition to the study of HSP genes, the
identification of variants in genes associated with related disorders like neuropathies or
leukodystrophies, among others. The identification of variants in genes responsible for these
other neurodegenerative disorders in HSP patients could result in a better comprehension of
the disease mechanisms and facilitate gene discovery, as proven before (Novarino et al.,
2014). Additionally, these virtual panels can be extended over time, as more and more genes
are being associated with these disorders and also, this type of analysis reduces the risk of
the identification of incidental findings, not related to the phenotype in question that occur when
analyzing exome or genome data or even mendeliomes, that target all genes previously linked
to single-gene disorders. A similar strategy was used to diagnose a cohort of 319 patients with
undiagnosed cerebellar ataxia but the analysis was focused only on ataxia and spastic
paraplegias associated genes, with a percentage of diagnosis of 28.5% but where a post hoc
re-analysis of data with newly identified genes allowed the identification of causative variants
in 4 additional families (Coutelier et al., 2018). Moreover, these studies could also be used,
using a different analysis, to search for new hereditary spastic paraplegia genes (Ku et al.,
2012). The identification of new spastic paraplegia genes is very important not only to provide
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the molecular diagnosis to the patients but also for a better understanding of the disease
pathogenesis.

5.2.2 Next generation sequencing challenges

The use of next generation sequencing both through multigene panels and exome sequencing,
in addition to the twenty-four molecular diagnosis established, highlighted the difficulty in the
interpretation of several potential disease-causing variants. This difficulty, particularly for novel
missense variants, is likely to occur due to the fact that these interpretations are usually based
on pathogenicity predictions from diverse software that commonly are discordant. These
software’s use for the prediction, sequence data (usually the protein sequence) aligned with
homologous sequences and in the presence of an evolutionarily conserved position result in a
high score. These positions are analyzed taking into consideration the amino acids present in
the multiple alignment and the severity of the amino acid change, where the physiochemical
properties of the amino acids are also considered. Some of these prediction software´s could
also use structural information, when available, which could help to better ascertain
pathogenicity. Even with the overall improvement of these software’s over the years, these are
only predictions that use different algorithms and which have an associated false positive and
false negative error rate (Dong et al., 2015; Ng and Henikoff, 2006). Another factor that should
be checked to ascertain a variant pathogenicity is its presence in the public databases, from
dbSNP to more recent databases like the Exome Aggregation Consortium (ExAC) and the
Genome Aggregation Database (gnomAD) that aggregate sequencing data from a wide variety
of large-scale sequencing projects. This information is very useful and allows the exclusion of
common variants. However, when looking at variants with a minor allele frequency below 1%,
care should be taken and exclude cannot only rely on the presence in public databases,
particularly for variants in gene associated with recessive inheritance disorders. Although
uncommon, some variants could have a relatively high frequency (but below 1%) and be
disease-causing. This is the case of the SPG7 p.(Ala510Val) variant that is relatively common,
with 794 heterozygous and 2 homozygous identified on gnomAD, which was already confirmed
as pathogenic by several authors (Elleuch et al., 2006; Klebe et al., 2012; Sánchez-Ferrero et
al., 2013). A frequency this high could however be enough for exclusion when looking at
variants in genes associated with dominant inheritance diseases. Finally, we should also check
the amino acid conservation of the region and if the altered residue is present in a protein
domain, which could be relevant for protein function, thus increasing the likelihood of
pathogenicity. This difficulty in variant classification and interpretation is even more complex
in WES or WGS studies where the gene effect is unknown. In these cases, not only the variant
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potential pathogenicity has to be ascertained but also the gene role and is potential effect in
the brain has to be looked at.
In this study, several interesting variants that could potentially be disease-causing were
identified that, as their pathogenicity could not be proven at the moment, were classified as
variants of unknown significance (VUS) or considered as candidate variants (in candidate
genes) when resulting from exome data. Functional characterization of the homozygous
variant identified in KIF5A will be very important for the determination of a molecular diagnosis
in this family. This variant segregates with the disease in a recessive manner, although until
now only dominant inheritance was reported associated with this gene. To fully ascertain the
pathogenicity of this variant, present in the protein kinesin motor domain and predicted to be
pathogenic by the five software used, a more in-depth study of this family and variant
segregation is needed in addition to the functional characterization. Although there is no
suggestion from the coverage data of any large rearrangement in this gene, this possibility
should be excluded, before establishing a potential reduced effect of this variant on the protein,
potentially explaining a recessive inheritance mode.
The number of genes for which dominant and recessive transmission of the disease is already
reported is increasing, which includes ATL1, described for a long time as being only inherited
in a dominant manner that has now at least one variant reported as segregating in a recessive
mode (Khan et al., 2014). The contrary could also occur as it was demonstrated more recently
for ERLIN2 (Rydning et al., 2018).
In addition to the homozygous variant in WDR48 previously discussed, a variant in BSCL2 is
also a very good candidate for establishing a molecular diagnosis. This variant is present in a
gene where a dominant transmission mode was described, is localized in a conserved region,
in the same domain as two reported variants and is predicted to affect function by five software.
We would like to better study this family because, although this variant was identified also in
the non-affected mother, and in a family where a recessive inheritance mode was presumed
due to the presence of consanguinity in the family, we believe it could be disease-causing as
incomplete penetrance was already observed for this gene (Musacchio et al., 2017;
Windpassinger et al., 2004). Two more families presented a single heterozygous variant
(c.895G>A) in this gene, although segregation analysis was hampered due to the lack of
additional family members. This variant was however less interesting as it was present in the
public databases, with 14 heterozygous identified on gnomAD.
Segregation analysis and functional study of the four variants identified in two different families,
SR65 and S86, present in genes known to be members or interactors of the adaptor protein
complex 5 (AP-5) should also be interesting in order to ascertain the possibility of digenism.
Both families show heterozygous variants in two different genes (AP5B1 and AP5Z1 or AP5Z1
and SPG11) known to interact at the protein level (Hirst et al., 2013b). Although AP5B1 is a
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candidate gene with still no reports of disease-causing variants leading to spastic paraplegia,
it is a member of the AP-5 complex. This complex is the most recently discovered AP complex
and, as the other four AP complexes (AP-1 to 4), is comprised of four subunits forming
heterotetramers and is involved in vesicle trafficking. AP complexes have distinct localization
and functions, with AP-5 seeming to be involved in the traffic of proteins from endosomes to
other membranous compartments. Both AP-4 and AP-5 complexes were associated with
hereditary spastic paraplegia but although variants in all the four members of the AP-4 complex
were already identified in HSP families, only variants in AP5Z1 of the AP-5 complex were found
until now (Hirst et al., 2011, 2013a). This could indicate a potential pathogenic role for variants
in the remaining three genes encoding AP-5 subunits and their association with spastic
paraplegia, which led us to include them as candidate genes. Anyhow, VUS require
investments in bioinformatics and cell biology for better biological evidences of pathogenicity
(Durand et al., 2018).
In this study, some of the interesting variants found were excluded due to the incompatible
segregation analysis and thus not reported. Although considered as not disease causing in
these families, we did not report them as likely benign because we did not perform any
functional study to confirm that. In addition, we must consider the possibility that the lack of
segregation observed could be due to numerous factors such as inaccuracies in the familal
information sometimes due to the presence of slightly different disorders, families where there
are different genetic causes in different family members, or even sample swaps. So, it is
essential that the family information is correct and as much updated as possible, mainly in lateonset disorders, and the presence of incomplete penetrance should also be considered when
analyzing variant segregation.
A large study like this, even with all the molecular approaches performed, still was unable to
provide a definitive molecular diagnosis to 47,8% of the families. Although some additional
diagnosis could be provided after a molecular study of some of the variants identified, we
should be aware that some variants present in the genes already tested could have been lost
due to the limitations of the technique. NGS is a great method for the sequencing of a large
number of amplicons in a fast and cost-effective way, either using panels, exomes or genomes,
however it also has some limitations. The presence of variants could be lost in regions poorly
or not covered; large rearrangements, although possible to identify them with coverage
analysis, could also be difficult in poorly covered regions; inversions could be almost
impossible to detect due to the short size of the amplicons tested; and in the case of exomes
and gene panels, we could be losing the variants in regions not targeted like introns or
promotors. Some other reasons for losing the genetic cause are mainly in the data analysis an
interpretation where for example, the potential for digenism should be considered.
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5.3 Unravelling spastic paraplegia mechanisms
5.3.1 Pathophysiological mechanisms involved in HSP and axonal degeneration
Hereditary spastic paraplegias are a group of disorders pathologically characterized by axonal
degeneration, maximal in the longest tracts that constitute the longest motor and sensory
axons of the central nervous system (CNS). HSP is considered a length-dependent 'dying
back' axonopathy as the degeneration seems to start in the distal ends of the axons and
progress toward the cell body (Crosby and Proukakis, 2002). As the longest corticospinal
axons, the ones most affected by this disease, control the lower motor neurons responsible for
innervating lower-limb muscles, it explains the main clinical features of HSP (Blackstone,
2018). On the other hand, as in complex forms, the degeneration of other neurons also occur,
suggest that this dying back axonopathy may not reflect the degenerative process in all HSP
entities (Denora et al., 2016).
The identification of more than 70 genes associated with HSP revealed several common
pathophysiological themes that seem to be at the basis of the disease that included defects in:
axonal transport, microtubule dynamics, ER morphogenesis, membrane trafficking and
recycling, mitochondrial function, lipid metabolism, myelination, autophagy, DNA repair and
nucleotide metabolism. These are all defects in basic cellular functions present in most cells,
but that seem to primarily affect neurons due to their remarkable morphology. Neurons are
highly polarized cells, that in the case of the long neurons affected by HSP, can have axons
reaching up to one meter in length, which makes them sensitive to alterations in many cellular
processes (Blackstone et al., 2011; Denton et al., 2016). These pathophysiological themes
seem however to be common to most neurodegenerative disorders.
Alterations in axonal transport are a common observation in a variety of neurodegenerative
diseases, including motor diseases like HSP, peripheral neuropathies and ALS. This
intracellular transport of cargo such as proteins, mRNA, lipids, membrane-bound vesicles and
organelles, mostly synthesized in the cell body, is essential for their correct spatiotemporal
distribution in the axon and for the maintenance of long-distance communication between cell
body and synaptic terminals. This transport is mainly based on microtubules, which polarity
directs the movement of the molecular motors along them (De Vos and Hafezparast, 2017).
Alterations in membrane trafficking and degradation mechanisms like autophagy are also
consistent for most neurodegenerative disorders (Wang et al., 2013). The proper functioning
of membrane trafficking is essential for neuronal function and maintenance, which becomes a
challenge in these long axons. Membrane trafficking is responsible for a correct distribution
and degradation of proteins, lipids and complex carbohydrates, and relies on membrane bound
vesicles. The proper control and degradation of these vesicles, trafficking between pre- or postsynaptic compartments, is essential because failure to do so could lead to the accumulation of
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dysfunctional cargoes or intracellular machinery, which may be toxic to the neuron. As neurons
are long-lived post mitotic cells, that cannot transfer dysfunctional proteins and damaged
organelles to daughter cells, seem more sensitive to their accumulation (Schwarz and Patrick,
2012; Wang et al., 2013). The proper functioning of the ER that is responsible, among other
roles, for the synthesis, quality control and trafficking of proteins, is also essential for the
neurons as we can see by the large number of neurodegenerative diseases associated with
disturbances in ER dynamics (Yamanaka and Nukina, 2018) and stress response (Lindholm
et al., 2006; Xiang et al., 2017). There are also a variety of examples in which ER and another
organelle, mitochondria, are affected (Lindholm et al., 2006; Liu and Zhu, 2017). Mitochondria
is another organelle very critical for the proper functioning of the neuron considering their
intense energy demand. Dysfunction of mitochondrial dynamics and of their stress response
pathway are implicated in several neurodegenerative diseases (Johri and Beal, 2012;
Jovaisaite et al., 2014). All the above-mentioned processes are dependent on lipid
homeostasis. Indeed, lipids are essential for most neuronal functions, development, and
plasticity. Their abnormal metabolism is linked to several neurodegenerative disorders,
including Alzheimer’s and Parkinson’s disease (Xu and Huang, 2006). The role of myelin, a
membrane of the oligodendrocytes full of lipids, that facilitate a proper neuronal connectivity
seem to be also important for axonal survival as suggested by demyelinating diseases such
as Charcot-Marie-Tooth type 1 (CMT1) and multiple sclerosis (Ettle et al., 2016; Ravera and
Panfoli, 2015). DNA repair and nucleotide metabolism, although only recently associated with
HSP, seem to also be a common link to neurodegeneration. Although the molecular
mechanisms underlying the pathogenicity is still unknown for the nucleotide metabolism, the
explanation could be related to cellular and mitochondrial damage (Micheli et al., 2011; Ross
and Truant, 2017).
The identification of new genes could potentially provide additional insights to some of these
pathways or even identify novel pathways associated with hereditary spastic paraplegia. A
challenge remains to find the commonalities in the pathological mechanisms in order to explain
the similarities at the clinical level. This may facilitate also the discovery of common therapies
for multiple genetic HSP entities, which are still lacking at the moment.

5.3.2 New spastic paraplegia genes and mechanisms

Our study resulted in the association for the first time, of AIMP1 variants with hereditary spastic
paraplegia. In addition, we were able to identify one family with ALDH18A1 variants, also
related for the first time with this disorder.
AIMP1 (Aminoacyl tRNA synthetase complex interacting multifunctional protein 1)/p43
encodes a multi-functional polypeptide with cytokine and tRNA-binding activities (Quevillon et
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al., 1997). AIMP1 can be secreted as a cytokine to control angiogenesis, inflammation and
wound healing, and as a glucagon-like hormone for glucose homeostasis (Park et al., 2006).
It is also a component of the multi-tRNA synthetase complex that catalyzes the ligation of
amino acids to their associated tRNAs. These aminoacyl tRNA synthetases have been
associated with some neuronal diseases such as CMT and also to some autoimmune diseases
and cancer (Park et al., 2008). However, for HSP the most interesting fact was its suggested
role in maintaining axonal integrity. AIMP1 is expressed in the neurons of the brain and spinal
cord, where it interacts with the neurofilament-light subunit seeming to be capable of regulating
its phosphorylation. Neurofilaments (NFs) are part of the main cytoskeletal network
maintaining the structural integrity of neurons that have critical roles in neuronal
morphogenesis, neuronal migration, axonal growth, synaptic plasticity, and intracellular
transport. Alteration of the phosphorylation level of the NFs by AIMP1 resulted in disassembly
of the NF network. So, by influencing NF assembly, AIMP1 seems to regulate axon
development and maintenance, which explains its dysfunction leading to axon degeneration
associated with motor neuron degenerative diseases as suggested by the mice phenotype
(Zhu et al., 2009).
ALDH18A1 (Aldehyde Dehydrogenase 18 Family Member A1) encodes an enzyme (delta-1pyrroline-5-carboxylate synthase - P5CS) that catalyzes the first and critical step of proline and
ornithine biosynthesis from glutamate. Interestingly, variants in several genes encoding
enzymes of this pathway were associated with neurodegenerative disorders. This includes
PYCR1 associated with a neurocutaneous syndrome (Reversade et al., 2009) and PYCR2
(Pyrroline-5-Carboxylate Reductase 2), identified as a candidate gene in one of our families,
that was previously associated with a hypomyelinating leukodystrophy (Nakayama et al.,
2015), being both genes associated with the last step of proline biosynthesis. Additionally,
variants in the ARG1 gene, that catalyzes the hydrolysis of arginine to ornithine and urea, were
already identified in patients presenting a phenotype that includes spastic paraparesis
(Baranello et al., 2014). Although the association of this P5CS pathways, as well as the urea
cycle, to the HSP pathogenesis is not fully understood, it seems that the proline metabolism is
vital for the adaptation to osmotic and cellular redox stress and seems to be involved in the
apoptosis pathway (Fichman et al., 2015; Hu et al., 2008a, 2008b; Yasuda et al., 2013). A role
in the mitochondria could also be hypothesized due to its localization in the mitochondrial inner
membrane and to the findings, in PYCR1 affected fibroblasts, of alterations in mitochondrial
morphology and decreased membrane potential, together with increased rate of apoptosis
upon oxidative stress (Reversade et al., 2009). PYCR2 loss of function was also associated
with a decreased mitochondrial membrane potential and increased susceptibility to apoptosis
upon oxidative stress (Nakayama et al., 2015). However, up to now only mitochondria
abnormalities were reported by Fisher et al. (Fischer et al., 2014) that showed swollen
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mitochondria detected by electron microscopy in skin biopsies fibroblasts that could not be
observed when cultured.
The UCHL1 (Ubiquitin C-Terminal Hydrolase L1) gene, although only considered as a
candidate gene in one of our families, was recently linked to HSP (SPG79) (Rydning et al.,
2017). This gene encodes an enzyme highly expressed in neurons (Wilkinson et al., 1989),
which has both hydrolase activity and ubiquitin ligase activity (Liu et al., 2002). This gene
reinforces the importance of the ubiquitin-proteasome system and protein degradation in
neurodegenerative disorders such as HSP.

Candidate genes
The remaining genes identified in the exome data are, up to now, only candidate genes for
HSP but that constitute, in some cases, strong new candidates that could bring new insights
into the disease pathogenicity, which is the case of AKAP6, SUCO, SGSM3, MAP1A, and
PYCR2, already mentioned.
AKAP6 (A-Kinase Anchoring Protein 6) encodes the muscle A-kinase anchoring protein
(mAKAP), a scaffolding protein known to interact with a large number of signaling molecules
such as cAMP-dependent protein kinase (PKA), cAMP-specific phosphodiesterase type 4D3
(PDE4D3), 3-phosphoinositide-dependent protein kinase-1 (PDK1), among others. The
interaction between AKAP6 and the cAMP-signaling pathway that is involved in modulating
protein degradation via the ubiquitin/proteasome pathway (Huang et al., 2013), could possibly
explain its role in neuroprotection.
SUCO (SUN Domain Containing Ossification Factor) is also an interesting candidate gene
where a role in neuronal development was recently suggested (Sha et al., 2015). Although the
pathogenic mechanism of SUCO variants is not known, it could be related with its subcellular
localization in the rough endoplasmic reticulum. The ER is an important organelle already
related to the pathophysiological mechanism of HSPs, by several genes such as ATL1,
SPAST, RTN2, REEP1 and REEP2 involved in shaping the ER network, or genes TFG,
ARL6IP1, RAB3GAP2, BSCL2, ERLIN1 and ERLIN2 involved in other components of the ER
morphogenesis. So, a potential destabilization of this organelle could be the basis of the SUCO
pathogenesis.
SGSM3 (Small G Protein Signaling Modulator 3) encodes a ubiquitous protein that, together
with SGSM1 and SGSM2, are expressed in the CNS neurons and suggested modulators of
the small G protein RAP and RAB, which are known to mediate neuronal signal transduction
and vesicular transportation pathways (Yang et al., 2007). This seems to indicate a role of this
protein in membrane trafficking, mostly if we consider it could be modeling members of the
Rab small GTPase family, which are needed to provide specificity to the intracellular
destination of vesicles.
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MAP1A (Microtubule Associated Protein 1A) is also an interesting candidate gene due to its
expected role in the axonal transport. This gene encodes a microtubule- associated protein,
which are known to be important for the microtubules stability, that is highly expressed in the
brain (Fukuyama and Rapoport, 1995; Oudega et al., 1998). The presence of a homozygous
MAP1A variant in mice resulted in a phenotype with tremors, ataxia, and loss of cerebellar
Purkinje neurons in aged mice. This study also demonstrated the importance of this protein for
the maintenance of the neuronal microtubule network (Liu et al., 2015).
In the remaining candidates, some could also potentially be part of some pathways already
related with HSP, which is the case of IFT74, BMP6, SERINC4, NPB and ABCA12 genes. The
IFT74 (Intraflagellar Transport 74) gene could have a potential role in microtubule dynamics
as, together with IFT81, seem to be necessary for the tubulin transport within cilia (Bhogaraju
et al., 2013). BMP6 (Bone morphogenetic protein 6) encodes a member of the transforming
growth factor-beta (TGF-β) super family, known to promote osteogenesis (Cheng et al., 2003;
Ebisawa et al., 1999). This is an interesting candidate due to the fact that the BMP signaling
has a critical role in several steps of brain development, with alterations in this pathway
implicated in several neurodegenerative disorders, including HSP (Bayat et al., 2011; Liu and
Niswander, 2005; Osses and Henríquez, 2014). The inhibition of this pathway by proteins
encoded by genes like NIPA1, ATL1, SPAST and SPG20 seems to be important for axon
architecture and stability (Fassier et al., 2010; Tsang et al., 2009). A role for this protein in iron
metabolism (Andriopoulos et al., 2009) and glucose homeostasis (Paralkar et al., 2010) was
also suggested. SERINC4 (Serine Incorporator 4) could have a potential role on lipid
metabolism due to its part in the incorporation of serine into membranes and in facilitating the
synthesis of phosphatidylserine and sphingolipids (Inuzuka et al., 2005). NPB (neuropeptide
B) and ABCA12 (ATP-Binding Cassette Subfamily A Member 12) could potentially have a role
in membrane trafficking due to their protein functions as a neurotransmitter and an ATPbinding cassette transporter, respectively.
The identification of all these new genes and candidate genes associated with HSP is relevant
not only because it leads to a better knowledge of the disease but also as it could potentially
lead to the identification of new therapeutic targets, critical for the development of new
treatments. The BMP signaling pathway is one interesting example as it appears to be a good
target, amenable to modulation by small molecules (Blackstone, 2018).
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6.

Conclusions
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6.1

Final remarks

Hereditary spastic paraplegias are a group of rare neurodegenerative disorders clinically and
genetically very heterogeneous. Although rare, at least 193 families were identified with the
disease in Portugal, 159 of which with samples available for genetic study. A screening of the
most common genetic causes of HSP resulted in the molecular diagnosis of 59 families prior
to this thesis.
This work, focused on the 100 Portuguese HSP families still without diagnosis, allowed us to:
1- Provide a molecular diagnosis to 24 families with HSP, which has a major impact on these
patients and families that can now have a more specific follow-up, mostly in terms of
genetic counseling. Also, it could improve their quality of life as it has been shown that,
living with a non-identified condition is an additional source of stress.
2- Associate, for the first time, AIMP1 variants with hereditary spastic paraplegia, which may
allow the establishing of the molecular diagnosis of additional families worldwide.
3- Identify new candidate genes for HSP in 7 families, two of which (AKAP6 and SUCO), we
are further studying in order to ascertain their role in the HSP pathophysiology.
4- Detect new causing variants in genes already described in the literature, which increases
the knowledge on the gene association with HSP.
5- Identify variants of unknown significance in 41 of the 69 families without molecular
diagnosis (that did not proceed for exome study), that could potentially explain or partially
explain the phenotype of some of these families after further study.
6- Suggest for the first time a new mode of inheritance for KIF5A variants, which, after
functional study, could provide a molecular diagnosis to at least one additional family.
7- Further confirm the high genetic heterogeneity present in the Portuguese cohort, that
excluding the large frequencies of variants in SPG4 and SPG11, are distributed among at
least 18 different HSP-causing genes, a number that will grow as a large part of the
Portuguese HSP families are still without molecular diagnosis.
These accomplishments allowed us to fulfill this project major goals. Though, as almost half of
the families remain without a definitive molecular diagnosis after the large screening
performed, it shows that there is still a large path to pursuit. This is a huge task that could only
be achieved with the use of large screening strategies like exome sequencing, but which are
also not 100% effective. This study also highlights the importance of identifying new genes in
HSP and of further studying genes already identified, in order to increase the knowledge on
these gene functions and mechanisms, improving the variant reclassification and reducing the
variants of unknown significance.
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In conclusion, this work contributed to increase the knowledge on the genetics of HSP with the
identification of additional genes associated with the disease, and strong candidates to be
further studied. The study of these new genes and candidates is also relevant as it could
contribute to a better understanding of the pathophysiological mechanisms involved in HSP
and to the identification of new therapeutic targets.

6.2

Future perspectives

This work resulted in the identification of several interesting candidate genes and variants of
unknown significance in the Portuguese families that need to be further studied. However, as
it is almost impossible to explore all of them, we select the stronger ones for further analysis.
Our main focus will now be to functionally characterize the two main candidate genes identified,
AKAP6 and SUCO.
Fibroblasts from these two families were collected and are now available to study. As for the
AKAP6 gene, the use of patient fibroblasts as a cellular model has proven not to be an effective
strategy; thus, we are now exploring the possibility of generating induced pluripotent stem cells
from the patients’ fibroblasts and differentiate them into neuronal cells. The functional study of
the patient cells from these two families could reveal cellular abnormalities, allowing the
establishment of these variants functional consequences and the potential role for these genes
in HSP pathogenesis.
If additional proof for SUCO pathogenicity is found, we will screen the remaining Portuguese
cohort still without molecular diagnosis for this gene, to identify additional families whose
phenotype could be explained by variants in this gene.
It is also one of our future aims to characterize the homozygous variant identified in KIF5A
(family S88), in order to ascertain the possibility of a new inheritance mode for variants in this
gene.
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Tables
Annex 1 - Table S1. Molecular pathways of HSP genes
Type

Chromosomal
localization

Gene

Phenotype

Inheritance
mode

SPG1
SPG2

Xq28
Xq22.2

L1CAM
PLP1

C
P or C

XL
XL

SPG3A

14q22.1

ATL1

P or C

AD and AR

SPG4

2p22.3

SPAST

P or C

AD

SPG5A
SPG6
SPG7
SPG8
SPG9
SPG10
SPG11
SPG12
SPG13
SPG14
SPG15
SPG16
SPG17
SPG18
SPG19

8q21.3
15q11.1
16q24.3
8q24.13
10q24.1
12q13
15q21.1
19q13
2q33.1
3q27-q28
14q24.1
Xq11.2
11q13
8p11.2
9q33-q34

CYP7B1
NIPA1
SPG7
KIAA0196
ALDH18A1
KIF5A
SPG11
RTN2
HSPD1

P or C
P or C
P or C
P or C
P or C
P or C
P or C
P
P or C
P or C
P or C
P or C
C
C
P

AR
AD
AD and AR
AD
AD and AR
AD
AR
AD
AD
AR
AR
XL
AD
AR
AD

SPG20

13q12.3

SPG20

C

AR

SPG21
SPG22
SPG23
SPG24
SPG25
SPG26
SPG27
SPG28

15q22.31
Xq13.2
1q32.1
13q14
6q23-q24.1
12q13.3
10q22.1-q24.1
14q22.1

SPG21
SLC16A2
DSTYK

P or C
P or C
C
P
C
C
P or C
P or C

AR
XL
AR
AR
AR
AR
AR
AR

ZFYVE26
BSCL2
ERLIN2

B4GALNT1
DDHD1

Putative cellular function
Cell adhesion and signaling
Myelination and Axonal preservation
ER and Golgi morphogenesis, BMP signaling, Membrane traffic, Neurite
outgrowth
Microtubule dynamics, ER morphogenesis, Membrane and Endosomal
traffic, BMP signaling, Cytokinesis
Cholesterol metabolism
Magnesium transport, BMP signaling, Endosomal traffic, Protein folding
Mitochondrial function
Endosomal traffic, Cytoskeletal regulation, Protein folding
Unknown (P5CS pathway)
Axonal transport
Endosomal traffic, Autophagy
ER morphogenesis, Membrane traffic
Mitochondrial function
Unknown
Endosomal traffic, Autophagy, Cytokinesis
Unknown
ER stress response, Lipid metabolism
ER stress response, Lipid metabolism
Unknown
Endosomal traffic, BMP signaling, Lipid metabolism, Mitochondrial function,
Microtubule dynamics, Cytokinesis
Endosomal traffic and protein sorting
Membrane transporter, Axonal maturation, Myelination
Unknown
Unknown
Unknown
Lipid metabolism, Myelination
Unknown
Fatty-acid and/or phospholipid metabolism
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Type

Chromosomal
localization

SPG29
SPG30
SPG31
SPG32
SPG33
SPG34
SPG35
SPG36
SPG37
SPG38
SPG39
SPG40
SPG41
SPG42
SPG43
SPG44
SPG45/65
SPG46
SPG47
SPG 48
SPG49
SPG50
SPG51
SPG52
SPG53
SPG54
SPG55
SPG56
SPG57
SPG58
SPG59
SPG60

1p31.1-p21.1
2q37
2p11.2
14q12-q21
10q24.2
Xq24-q25
16q23.1
12q23-24
8p21.1-q13.3
4p16-p15
19p13
Reserved
11p14.1-p11.2
3q25.31
19q12
1q42.13
10q24.33
9p13.3
1p13.2
7p22.1
14q32.31
7q22.1
15q21.2
14q12
8p22
8p11.23
12q24.31
4q25
3q12.2
17p13.2
15q21.2
3p22.2

Gene
KIF1A
REEP1
ZFYVE27
FA2H

PNPLA6

SLC33A1
c19orf12
GJC2
NT5C2
GBA2
AP4B1
AP5Z1
TECPR2
AP4M1
AP4E1
AP4S1
VPS37A
DDHD2
C12orf65
CYP2U1
TFG
KIF1C
USP8
WDR48

Phenotype

Inheritance
mode

Putative cellular function

C
P or C
P or C
C
P
P
P or C
C
P
C
C
P
P
P
C
C
P or C
C
C
P or C
C
C
C
C
C
C
C
P or C
C
P or C
C
C

AD
AD and AR
AD
AR
AD
XL
AR
AD
AD
AD
AR
AD
AD
AD
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR

Unknown
Axonal transport
ER morphogenesis, ER-microtubule interaction, Mitochondrial function
Unknown
ER morphogenesis, Membrane traffic
Unknown
Myelination, Fatty acid metabolism
Unknown
Unknown
Unknown
Phospholipid metabolism, Axonal integrity
Unknown
Unknown
ER membrane transporter (Acetyl-CoA), BMP signaling, Autophagy
Lipid metabolism?, Autophagy?
Myelination, Oligodendrocyte homeostasis
Purine/pyrimidine nucleotide metabolism
Lipid metabolism
Vesicle formation and trafficking
Vesicle trafficking, Endosomal dynamics, DNA repair
Autophagy
Vesicle formation and trafficking
Vesicle formation and trafficking
Vesicle formation and trafficking
Vesicle trafficking
Lipid metabolism, Membrane traffic
Mitochondrial function
Fatty acids metabolism
ER morphogenesis, Vesicle formation and trafficking
Retrograde vesicular transport from Golgi to ER
Endosomal morphology, Membrane traffic
DNA damage repair, Lysosomal trafficking
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Type

Chromosomal
localization

Gene

Phenotype

SPG61
SPG62
SPG63
SPG64
SPG66
SPG67
SPG68
SPG69
SPG70
SPG71
SPG72
SPG73
SPG74
SPG75
SPG76
SPG77
SPG78
SPG79
SPOAN
SPG Un
SPG Un
SPG Un
SPG Un
SPG Un
SPG Un

16p12.3
10q24.31
1p13.3
10q24.1
5q32
2q33.1
11q13.1
1q41
12q13.3
5p13.3
5q31.2
19q13.33
1q42.13
19q13.12
11q13.1
6p25.1
1p36.13
4p13
11q13.2
9q22.31
19p13.2
9p13.2
2p25.1
6p21.1
1q42.3

ARL6IP1
ERLIN1
AMPD2
ENTPD1
ARSI
PGAP1
FLRT1
RAB3GAP2
MARS
ZFR
REEP2
CPT1C
IBA57
MAG
CAPN1
FARS2
ATP13A2
UCHL1
KLC2
BICD2
DNM2
EXOSC3
KIDINS220
KLC4
LYST

C
P
C
C
C
C
C
C
C
P
P
P
C
C
C
P
C
C
C
P or C
P
C
C
C
C

SPG Un

mitochondria

MT-ATP6

C

SPG Un
SPG Un

1p36.22
19p13.3

MTHFR
TUBB4A

C
C

Inheritance
mode
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AD and AR
AD
AR
AR
AR
AR
AR
AR
AR
AD and AR
AD
AR
AD
AR
AR
Maternally
inherited SPG
AR
AD

Putative cellular function
ER morphogenesis, Protein transport, Membrane traffic?, Cell signaling?
ER-associated degradation, Cholesterol homeostasis
Purine nucleotide metabolism
Nucleotide metabolism
Hormone biosynthesis, Cell signaling
GPI biosynthesis, ER-to-Golgi transport of GPI-anchor proteins
Cell adhesion and/or receptor signaling
ER morphogenesis, Exocytosis of neurotransmitters and hormones
Protein biosynthesis?
Unknown
ER morphogenesis
Lipid metabolism
Mitochondrial function
Myelination
Axon maturation and maintenance
Unknown (degeneration of Purkinje cells)
Autophagy, Membrane trafficking
DNA damage response (deubiquitylating enzyme)
Axonal transport
Axonal transport, Golgi dynamics
Endocytosis, Membrane trafficking
RNA exosome complex
Axon and dendritic maturation
Neuronal transport?
Lysosomal traffic regulator
Mitochondrial ATP production
DNA and protein methylation, Lipid metabolism
Microtubule dynamics and stability

P – Pure; C – Complex; AD – Autosomal dominant; AR – Autosomal recessive; SPG Un – Unassigned SPG
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25.3 Hereditary Spastic Paraplegias

The hereditary spastic paraplegias (HSPs) were first identified by Seeligmüller, Strümpell and
Lorrain as an autosomal dominant disease, characterized by progressive spasticity and
weakness of the lower limbs, with moderate loss of vibratory sense and bladder dysfunction.
At that time, the neuropathological hallmark of the disease was also described as the
degeneration of the longest spinal pathways, corticospinal tracts, and medial dorsal columns.
The classification of HSPs is difficult and, throughout the years, several proposals have been
made based on phenotype, mode of inheritance, and mutated gene (SPGs). All modes of
hereditary transmission are found: autosomal dominant (AD), autosomal recessive (AR), Xlinked (XL), and mitochondrial inheritance. Clinically, the HSPs have been subdivided into pure
and complex forms, according to the presence or absence of other neurological and extraneurological features.

25.3.1 Clinical Manifestations

The initial symptoms in HSP patients include a feeling of stiffness, muscle cramps, inability to
walk rapidly and frequent falls. In early-onset cases the disease is often expressed as delayed
gait acquisition. Age-at-onset is highly variable, particularly for pure forms, ranging from the
first year of life to the 8th decade, tending to be later in autosomal dominant forms and earlier
in recessive ones. At disease onset, spasticity is usually noticeable only while walking. Over
time, especially in complex forms, pyramidal signs may affect the upper limbs, though many
patients show only tendon hyperreflexia that may include a brisk jaw reflex; weakness or
spasticity of the upper limbs is rare, particularly in pure forms. In some patients with complex
forms, dysarthria and dysphagia may present as a pseudobulbar state. Other manifestations
include cognitive impairment (mental retardation or deterioration), epilepsy, optic atrophy,
amyotrophies, neuropathy (usually axonal), ataxia and dystonia [15].
Until now, 89 loci and 75 genes have been identified: 20 autosomal dominant, 57 autosomal
recessive, five X-linked, one with mitochondrial inheritance, and 6 with both dominant and
recessive transmission (Table 25.4). A recent study has identified HSP mutations in genes
associated with Parkinson (ATP13A2/SPG78), neuronal ceroid lipofuscinosis (TPP1), and the
hereditary motor and sensory neuropathy (DNMT1), highlighting the genetic, in addition to the
clinical, heterogeneity of spastic paraplegia [17].
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Table 25.4

Genetics of spastic paraplegias

Name

Locus

OMIM

Gene

Mode of
inheritance

Average onset
(range in years)

Distinguishing clinical features

SPG1
SPG2
SPG3A
SPG4
SPG5A
SPG6
SPG7
SPG8
SPG9
SPG10
SPG11
SPG12
SPG13
SPG14

Xq28
Xq22.2
14q22.1
2p22.3
8q21.3
15q11.1
16q24.3
8q24.13
10q24.1
12q13
15q21.1
19q13
2q33.1
3q27-q28

303350
312920
182600
182601
270800
600363
602783
603563
601162
604187
610844
604805
605280
605229

L1CAM
PLP1
ATL1
SPAST
CYP7B1
NIPA1
SPG7
KIAA0196
ALDH18A1
KIF5A
SPG11
RTN2
HSPD1
Unknown

X-linked
X-linked
AD and AR
AD
AR
AD
AD and AR
AD
AD and AR
AD
AR
AD
AD
AR

SPG15

14q24.1

270700

ZFYVE26

AR

SPG16
SPG17
SPG18
SPG19
SPG20
SPG21
SPG22
SPG23
SPG24
SPG25
SPG26
SPG27
SPG28
SPG29
SPG30
SPG31
SPG32

Xq11.2
11q13
8p11.2
9q33-q34
13q12.3
15q22.31
Xq13.2
1q32.1
13q14
6q23-q24.1
12q13.3
10q22.1-q24.1
14q22.1
1p31.1-p21.1
2q37.3
2p11.2
14q12-q21

300266
270685
611225
607152
275900
248900
300523
270750
607584
608220
609195
609041
609340
609727
610357
610250
611252

Unknown
BSCL2
ERLIN2
Unknown
SPG20
SPG21
SLC16A2
DSTYK
Unknown
Unknown
B4GALNT1
Unknown
DDHD1
Unknown
KIF1A
REEP1
Unknown

X-linked
AD
AR
AD
AR
AR
X-linked
AR
AR
AR
AR
AR
AR
AD
AD/AR
AD
AR

Infancy
Infancy or childhood
Before 10 (1–68
30 (1–80)
Variable (1–47)
16.5 (9–35)
30 (25–42)
Adult onset (18–60)
Variable (1–30)
Variable (2–51)
Early variability (1–30)
6.9 (5–22)
39 (17–68)
30
Infancy or childhood
(5–19)
Infancy
Variable (2–60)
Infancy (1–6)
47 (36–55)
Early childhood
Adulthood
Infancy
Early childhood
Early onset
Adulthood (30–46)
Childhood (2–19)
Adulthood (25–45)
Childhood (7–15)
Infancy
Variable (10–39)
30 (2–45)
Childhood

Ataxia, mental retardation, hydrocephalus.
Pure or with cerebellar dysfunction, hypotonia, dementia, seizures, mental retardation.
Pure or rarely axonal neuropathy
Pure or neuropathy, cognitive impairment, agitation.
Pure or cerebellar signs, nystagmus, cognitive impairment.
Pure or rarely neuropathy.
Pure or optic atrophy, supranuclear palsy, ataxic gait, pyramidal signs.
Pure or atrophy of shins.
Pure or amyotrophy, cataracts, neuropathy, gastroesophageal reflux.
Pure or neuropathy, amyotrophy.
Pure or amyotrophy, neuropathy, cognitive decline, cerebellar signs.
Pure.
Pure or pyramidal signs.
Pure or mental retardation, distal motor neuropathy.
Pure or distal amyotrophy, cerebellar signs, ataxia, cognitive deterioration, axonal
neuropathy.
Pure or quadriplegia, motor aphasia, mental retardation, pyramidal signs.
Neuropathy, distal limb muscle atrophy and weakness.
Mental retardation, contractures, primary lateral sclerosis.
Pure.
Troyer syndrome, distal amyotrophy, cerebellar signs.
Mast syndrome, frontotemporal atrophy, pyramidal signs.
Mental retardation, dystonia, ataxia, quadriplegia
Hyperpigmentation, cognitive impairment, peripheral neuropathy.
Pure.
Sensory or motor neuropathy, pyramidal signs secondary to spinal cord compression.
Dystonia, ataxia, distal amyotrophy, mental retardation.
Pure or sensorimotor polyneuropathy, dysarthria, hyperactive bladder.
Pure or pyramidal signs, distal sensory impairment in lower limbs.
Neonatal hyperbilirubinemia, auditory neuropathy, hiatal hernia.
Pure axonal neuropathy or cerebellar signs.
Pure distal sensory loss, amyotrophy.
Mild mental retardation, cerebellar atrophy.
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Name

Locus

OMIM

Gene

Mode of
inheritance

Average onset
(range in years)

SPG33
SPG34
SPG35
SPG36
SPG37

10q24.2
Xq24-q25
16q23.1
12q23-q24
8p21.1-q13.3

610244
300750
612319
613096
611945

ZFYVE27
Unknown
FA2H
Unknown
Unknown

AD
X-linked
AR
AD
AD

Pure.
Pure.
Dystonia, optic atrophy, ataxia, cognitive decline, seizures.
Demyelinating motor and sensory neuropathy.
Pure.

SPG38

4p16-p15

612335

Unknown

AD

SPG39
SPG40

19p13.2
Reserved

612020
–

PNPLA6
–

AR
AD

SPG41

11p14.1-p11.2

613364

Unknown

AD

SPG42
SPG43
SPG44
SPG45/
SPG65
SPG46
SPG47
SPG48
SPG49
SPG50
SPG51

3q25.31
19q12
1q42.13

612539
615043
613206

SLC33A1
C19orf12
GJC2

AD
AR
AR

Adulthood (42–50)
Adulthood (10–25)
(3–11)
24 (14–33)
32 (8–60)
Young adulthood
(16–19)
1st decade
–
Young adulthood
(16–19)
Variable (4–42)
1st decade
1st–2nd decade

10q24.32-q24.33

613162

NT5C2

AR

2nd year

Mental retardation, delayed motor development.

9p13.3
1p13.2
7p22.1
14q32.31
7q22.1
15q21.2

614409
614066
613647
615031
612936
613744

GBA2
AP4B1
AP5Z1
TECPR2
AP4M1
AP4E1

AR
AR
AR
AR
AR
AR

Childhood (2–16)
Birth
Adulthood (2–50)
2nd year
Birth
Birth

SPG52

14q12

614067

AP4S1

AR

Birth

SPG53
SPG54
SPG55
SPG56

8p22
8p11.23
12q24.31
4q25

614898
615033
615035
615030

VPS37A
DDHD2
C12orf65
CYP2U1

AR
AR
AR
AR

Infancy (1–2)
Infancy (0–2)
1st decade
1st decade (0–8)

SPG57

3q12.2

615658

TFG

AR

1st year

SPG58
SPG59
SPG60
SPG61
SPG62
SPG63
SPG64

17p13.2
15q21.2
3p22.2
16p12.3
10q24.31
1p13.3
10q24.1

611302
603158
612167
615685
615681
615686
615683

KIF1C
USP8
WDR48
ARL6IP1
ERLIN1
AMPD2
ENTPD1

AR
AR
AR
AR
AR
AR
AR

Teenage
Infancy
1st year
Infancy
Infancy
Infancy
Infancy

Cerebellar ataxia, cataracts, mental retardation.
Mental retardation, seizures, dystonia.
Pure or complex with cognitive impairment or mental retardation..
Ataxia, brachycephaly, intellectual disability, hypoventilation, areflexia
Mental retardation, seizures, cerebellar atrophy, strabismus.
Mental retardation, seizures, cerebellar atrophy, hypotonia.
Mental retardation, microcephaly, axial hypotonia, lack of speech development,
stereotypic laughter, shyness.
Kyphosis, cognitive impairment, delayed speech.
Mental retardation, short stature, strabismus, telecanthus
Visual loss, optic atrophy, intellectual impairment, axonal neuropathy.
Pure or axonal neuropathy, dystonia, cognitive impairment.
Optic atrophy, axonal and demyelinating sensorimotor neuropathy, muscle
weakness and atrophy.
Pure or ataxia, dysarthria, distal muscle atrophy.
Nystagmus, mental retardation.
Nystagmus, neuropathy.
Acropathy, diffuse motor and sensory polyneuropathy.
Pure.
Short stature, amyotrophy.
Amyotrophy, cerebellar signs, intellectual disability.

Distinguishing clinical features

Pure.
Distal muscle atrophy, axonal motor neuropathy.
Pure.
Pure.
Pure.
Distal muscle atrophy and weakness, neuropathy.
Cerebellar ataxia, cognitive impairment.
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Name

Locus

OMIM

Gene

Mode of
inheritance

Average onset
(range in years)

SPG66
SPG67
SPG68
SPG69
SPG70
SPG71
SPG72
SPG73
SPG74
SPG75

5q32
2q33.1
11q13.1
1q41
12q13.3
5p13.3
5q31.2
19q13.33
1q42.13

610009
611655
604806
–
156560
615635
615625
616282
616451

ARSI
PGAP1
FLRT1
RAB3GAP2
MARS
ZFR
REEP2
CPT1C
IBA57

AR
AR
AR
AR
AR
AR
AD/AR
AD
AR

Infancy
Infancy
Infancy
Infancy
Infancy
Infancy
Infancy
Adulthood (19–48)
1st decade

19q13.12

616680

MAG

AR

Early childhood

SPG76
SPG77
SPG78

11q13.1
6p25.1

616907
611592

CAPN1
FARS2

AR
AR

1p36.13

617225

ATP13A2

AR

SPG79
–
–

4p13
19p13.2

615491
602378

UCHL1
DNM2

AR
AD

28 (19–39)
Before 5
Juvenile or
adulthood
5–10
Young Adulthood

2p25.1

615759

KIDINS220

AD

1st year

Intellectual disability, nystagmus, obesity.

SPOAN
–

11q13.2

609541

KLC2

AR

Infancy

Optic atrophy and neuropathy.

6p21.1

–

KLC4

AR

Infancy

Hearing and vision loss, ataxic gait.

–
–
–
–
–
–

1q42.3
5p15.2
9p13.2
9q22.31
Mit

606897
256840
606489
609797
516060

LYST
CCT5
EXOSC3
BICD2
MT-ATP6

AR
AR
AR
AD/AR
AD

Adulthood (48–58)
Infancy
Infancy
Infancy
Adulthood (30–50)

1p36.22

607093

MTHFR

AR

Adulthood (29–50)

–

19p13.3

602662

TUBB4A

AD

Infancy

Cerebellar ataxia, peripheral neuropathy.
Mutilating sensory neuropathy.
Cognitive disability, cerebellar signs, amyotrophy.
Spinal muscular atrophy.
Pain, axonal neuropathy.
Polyneuropathy, behavioral changes, cognitive impairment, psychosis, seizures,
leukoencephalopathy.
Pyramidal involvement, ataxia gait, dysdiadochokinesia.

Distinguishing clinical features
Amyotrophy, sensory motor and polyneuropathy.
Amyotrophy.
Optic atrophy, amyotrophy, neuropathy.
Dysarthria, cataract, deafness, intellectual disability.
Amyotrophy, contractures.
Pure.
Pure.
Muscle atrophy, urinary dysfunction, delayed central sensory evoked potentials.
Optic atrophy, axonal peripheral neuropathy, distal leg muscle atrophy.
Optic atrophy, distal muscle atrophy, cognitive impairment, cerebellar signs,
peripheral neuropathy.
Cerebellar signs, sensory axonal neuropathy.
Pure.
Cognitive decline, strabismus, sensory-motor polyneuropathy.
Blindness, cerebellar ataxia.
Pure.

SPG Spastic paraplegia, AD Autosomal dominant, AR Autosomal recessive
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25.3.2 Prevalence

Prevalence of HSP varies widely among studies, probably due to a combination of factors,
such as variable diagnostic criteria, epidemiological methodology, and population differences.
Reported estimates vary from 0.1 to 9.6/100,000 in different series, 0.5–5.5/100,000 for
dominant forms, and 0.0–5.3/100,000 for the recessive ones [9]. The most common dominant
spastic paraplegia (SPG) in all series is SPG4, while SPG11 is the most frequent among the
recessive HSPs.

25.3.3 Pathogenic Mechanisms

HSPs are among the most genetically heterogeneous diseases (Table 25.4). Many of the
proteins involved act in the same cellular processes; nevertheless, the number of cellular
mechanisms known to be affected continue growing and include: abnormal mitochondrial
function, axonal transport dysfunction, alterations in lipid metabolism, abnormal DNA repair,
alterations in membrane trafficking, organelle shaping and autophagy [12, 17]. Currently, no
specific treatment exists to prevent, delay, or reverse progressive disability in patients with
hereditary spastic paraplegia.
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