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ABSTRACT

Background: Hereditary spastic paraplegias (HSPs) are a heterogeneous group of neurodegenerative
disorders. AP-4 HSPs is an early onset progressive group of HSPs and caused by pathogenic
mutations in encoding genes of AP-4 complex. It is characterized by a number of clinical features like
seizers, microcephly, impaired global development and intellectual disability. Patients and methods:
In the current study, we report two sibs Egyptian female infants who were born to consanguineous
first cousin parents, presented with severe motor and mental developmental delay. By clinical
examination they were microcephalic, with speech delay, and they couldn't walk unsupported. By
neurological examination they showed hypertonia and hyper-reflexia of deep tendon reflexes.
Précised diagnosis is of utmost important because of prenatal diagnosis and genetic counceling.
Therefore Whole exome sequencing (WES) was mandatory in such case. WES was done for the older
female and followed by variants confirmation in both sibs. Parental segregation was done using
Sanger sequencing to evaluate the phase of the detected variants. Results: WES revealed homozygous
splicing mutation in AP4M1 gene (NM_004722.3:c.607-2A>G). Biallelic AP4M1 variant is the main
cause for Spastic paraplegia 50. Segregation study and clinical presentation suggest the variant in
AP4M1 gene as the causing disease variant. Conclusion: Molecular studying of two sibs suggested
the diagnosis of rare form of HSPs (SPG50) with sever motor and mental which was confirmed by
segregation study.
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1. Introduction

Hereditary spastic paraplegias disorders (HSPs) are a heterogeneous group of neurodegenerative
disorders and are characterized by progressive neurological decline, spasticity and weakness of the
lower limbs due to corticospinal tract dysfunction (Bettencourt, 2017; Blackstone, 2018; Saputra &
Kumar; 2021). HSPs diagnosis and classification depend on the presence of specific clinical features
such as intellectual disability, seizures, ataxia, peripheral neuropathy and visual defects (Bettencourt,
2017). The number of the HSPs is continuously expand and they reach more than 83 disorder with
different linked genes as well as other seven unassigned genes (Saputra & Kumar; 2021).

AP-4-associated hereditary spastic paraplegia (HSP), also known as AP-4 deficiency syndrome,
is a defined group of HSPs which is an early onset and progressive spastic paraplegia. Mostly it
begins by an early-onset hypotonia and develops to progressive lower-extremity spasticity and by
time spasticity increase to the upper extremities too (Verkerk et al., 2009).
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AP-4 HSPs had a number of shared clinical features including seizures, postnatal microcephaly
(usually in the -2SD to -3SD range). Global developmental delay is common in all affected patients
with impaired speech development and some patients remain nonverbal. As well as, most of the older
affected children are Intellectual disable from moderate to severe (Ebrahimi-Fakhari et al., 2020).
Sometimes, there are other clinical features and complications including dysphagia, contractures, foot
deformities, dysregulation of bladder and bowel function, and a pseudobulbar affect (Verkerk et al.,
2009).

AP-4-HSPs are rare autosomal recessive disorders and their associated genes are encoding the
subunits of the heterotetrameric adaptor protein complex 4 (AP-4). AP-4 complex is constructed of 4
subunits, two large chains beta-4 (AP4B1; MIM#607245) and epsilon-4 (AP4E1; MIM#607244), a
medium mu-4 chain (AP4M1; MIM#602296), and a small sigma-4 chain (AP4S1; MIM#607243).
The four proteins of AP-4 complex had a significant role in brain development and function and they
are causing 4 types of HSPs, AP4BI1 [SPG47], AP4M1 [SPG50], AP4El [SPGS51], and AP4SI
[SPG52] (Verkerk et al., 2009; Fink, 2013; Tuysuz et al., 2014). The molecular diagnosis is essential
to differentiate between the different AP-4-HSPs (Verkerk et al., 2009; Fink, 2013; Tuysuz et al.,
2014). The management of the AP-4 HSPs is mainly by control the manifestations by interdisciplinary
team (including a neurologist, clinical geneticist, developmental specialist, orthopedic
surgeon/physiatrist, physical therapist, occupational therapist, and a speech and language pathologist)
(Ebrahimi-Fakhari et al., 2018). In current study, we present for the first time two affected sibs with
the rare spastic paraplegia form SPG50.

2. Patients and Methods:
Clinical report:

Parents presented to clinic because of two affected sibs with severe motor and mental
developmental delay (Figure 1). They aimed at seeking preconception genetic counseling. They are
two females 11 and 4 years old, they are the first and third offspring of first cousin parents, there is in
between apparently normal brother.

Fig. 1: A, B, C: Showing the dysmorphic features (Hypotonic face, bitemporal narrowing, thick eye
brows, synophrous, broad nasal ridge, short philtrum, large and low set ears). D:
family pedigree showing 1st degree consanguinity. E: MRI brain showing thin
corpus callosum

There are no other affected family members, either similar or different disorder. Pregnancy and

delivery histories of both sibs were uneventful. Both sibs developed epileptic fits in the first year of
age, continue till now, both sibs do not able to walk unsupported, with severe speech delay. On
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examination both sibs are microcephalic, they had dysmorphic features (synophrous, broad nasal
ridge, short philtrum, large and low set ears). Nystagmus was observed in the older sister, both have
large protruded ears, clinical examination of chest, heart, abdomen and external genitalia were
normal. Neurological examination showed hypertonia and hyper-reflexia of deep tendon reflexes.
Anthropometric measurement at time of referral showed weight 28 Kgm (-0.75 SD), 11.7 Kgms (-
SD), length 135 cm (-1.1 SD), 97.5 cm (-1.5 SD), head circumference 46.5 cm (-4.75 SD), 42.1 cm (-
6.5 SD). Neuroimaging of brain of both sibs showed hypogenesis of corpus callosum and
venticulomegaly, hypodensity of white matter of older sister. EEG of both sibs showed epileptogenic
activity. SQ was very poor for both sibs using Vineland Social Maturity scale, stereotyped activity
and frequent spontaneous and purposeless laughing of the older sister, while hyperactivity of the
younger sister was marked.

Molecular Study:

The study was approved by the institutional review board at National Research Centre (NRC),
Cairo, Egypt and informed consent was signed by the patient and their parents or in loco parentis.

Five ml of Blood samples were collected from the two affected children, their parents and used
for DNA extraction using QIAamp DNA Mini Kit Blood DNA Kit according to manufactures’
recommendations. The Concentration of the isolated DNA samples was determined roughly using the
NanoDrop spectrophotometer 2000 (NanoDrop Technologies, Montchanin, DE, USA) at 260/280 nm.

Whole Exome Sequencing (WES):

DNA of the older affected daughter was used for WES library preparation. The Twist Human
Core Exome Plus kit was used for the coding regions enrichment and the generated library was
sequenced on an Illumina platform.

The results reads were mapped against human genome reference sequence GRCh37/hgl9 and
followed by variant calling and annotation. The detected variants were filtered according to the
clinical information and the variant minor allele f frequency (MAF) in the 1000 Genomes project,
Exome Variant server and gnomAD database. Different patterns of inheritance were taken in
consideration for the variants filtration. Only variants with functional impact (e.g. missense, nonsense,
frameshift, splicing, or stoploss) were taken in consideration.

In silico functional analysis

The effect of the mutation on the gene function was assessed by checking the SNP database
(dbSNP, 2021), Clinvar databases, UCSC browser, and using a number of different programs and
algorithms including, Mutationtaster (Schwarz et al., 2014), PhD-SNPg (Capriotti & Fariselli, 2017)
and dbscSNV (Jian et al., 2014). Additionally, its effect on the neighbor transcription factors was
checked using @SNP platform. The Varsome platform was used to help in the evaluation of the
detected variants effect and pathogenicity using guidelines of American College of Medical Genetics
and Genomics, Association for Molecular Pathology (ACMG-AMP) (Kopanos et al., 2019).

Validation of the detected mutations:

The filtrated SNVs have been confirmed in the two probands DNA samples and segregated in the
parent's DNA using specific PCR primers (on request). In total volume 20 pl, PCR reactions were
prepared containing 2 ul of 10X Taq Buffer with (NH4)2SO4, 0.5 U Taq DNA polymerase
recombinant (5 U/uL) (ThermoFisher Scientific), 0.2 mM dNTPs, 10 M of each forward and reverse
primers, and 100 ng of template DNA. The PCR products were purified using ExoSAP-IT (USB Inc.)
followed by cycle sequencing using the BigDye Terminator kit v3.1 (Applied Biosystems) on the
3500 Genetic Analyzer System (Applied Biosystems). The results were analyzed using Bioedit
software and aligned to the Human Genome Reference using BLAST, NCBL

3. Results

A number of variants were selected since they were relevant to the clinical features. The detected
variants were assessed by checking the dbSNP and Clinvar databases. Following the filtration of
WES, a homozygous variant have been detected in AP4MI gene NM _004722.3:c.607-2A>G
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(rs755533568)(SCV000574466) with average coverage >100. It is a splicing mutation which affecting
the splicing acceptor position at the end of AP4MI intron7 and associated with the autosomal
recessive disorder, hereditary spastic paraplegia 50 (OMIM # 612936) (Morais et al., 2017).

According to ACGM-AMP guidelines and using Varsome platform (https://varsome.com/), it is
pathogenic and fulfilled three pathogenicity supporting rules PVS1, PM2, PP3 (Table 1). The results
of in-silico functional analysis was done using different predication softwares (Table 2).

Moreover, the AP4M1:¢c.607-2A>G variant effect was studied by @SNP and the results showed
its predicated impact of on the function of about 64 transcription factors either gain or loss of
function, as well as, affect DNA interactions based on position weight matrices (PWMs) (Zuo et al.,
2015).

Table 1: ACMG criteria fulfilled by studying the AP4M1I1:c.607-2A>G and supporting its
pathogenicity. PVS1: very strong evidence of pathogenicity. PM: Moderate evidence of
pathogenicity, PP: Supporting evidence of pathogenicity criteria: PS: Strong evidence of
pathogenicity.

Evidence Meaning

It is null variant (within £2 of splice site) in most of AP4M1 transcripts and

Very strong . causing the loss of 4P4M1 gene function.

Allele frequency is so low (< 0.0001) in different databases including GnomAD

Moderate PM2 exomes (= 0.00000795), GnomAD genomes (= 0.0000318) and EXAC
(0.000016).
Pathogenic computational verdict based on 6 pathogenic predictions from
Supporting PP3 BayesDel addAF, DANN, EIGEN, FATHMM-MKL, MutationTaster and

scSNV-Splicing vs no benign predictions.

Table 2: Summary of the in -silico predication of the detected variant effect.

Variant Zygosity PhD-SNPg dbscSNV PhyloP PhastCons

AP4AM1:c.607-2A>G Homozygous 0.997 0.9999 conserved 7.902  Conserved 1.00

According to Predicting Human Deleterious SNPs in Human Genome (PhD-SNPg) (table 2), the
detected variant is deleterious with score 0.997 (pathogenic > 0.5). Database Splicing Consensus
Single Nucleotide Variant (dbscSNV) (table 2) includes all variants in the splicing consensus
regions (-3 to +8 at the 5' splice site and -12 to +2 at the 3' splice site). The model was
constructed on seven already developed splice-site altering SNV prediction tools. PhastCons and
PhyloP scores (MutationTaster) rely on the grade of conservation of a given nucleotide (a negative
sign indicates faster-than expected evolution, while positive values imply conservation) (table 2).

Using UCSC browser, the variant showed a high degree of conversation among different
primates’ genomes and all the AP4M1 gene transcripts (Figure 2).

MUltiz Alighments\§fiF 168 Vertebrates
Hur;an CGﬁCﬁGHGCGﬁGﬁCCGTCTCﬁﬁﬁﬁﬁﬁﬁGﬁﬁﬁGﬁﬁﬁﬁﬁﬁﬁGﬁCTCTﬁﬁCCTTGﬁCGCCCCTGCCﬁ'CTCﬁGGﬁTCCCTGCTGﬁﬁGGTGGHTGTGCHGGGHGﬁGﬁTTCGGCTCﬁﬁGﬁGCTTCCTTCCTﬁGCGGCTC
Rhesus|=====s=s== ACTCTAACCT TGAT T CCCCT GCCTC TCAGGE GCTCCCTGCT GAAGE TGGAT GTGCAGGEGAGAGATT CGGCT CARGAGTTTCCTTCC CAGCGGCTC
Mouse GGAGGCT GAGCT TGA=C TTTCTGCCT-CTAQGGCTCG TTGTT GAAGG TGGAC GTCCAAGGAGAGATACGGECT CAAGAGCTTCCTTCCCAGCGGTTC
Dog|===== TTGACC TCTGTGCCTC TTAGE GCTCACTGCT GAAGE TAGAC GTGCAGGGEAGAGATC CEGCT CAAGAGCTTTCTTCC CAGTGGCTE
Elephant TTARACT TCCCTGTCTC TCAGE GCTCACTATT GARGE TGGAT GTGCAGGEAGAGATC CGACT CAAGAGCTTTCTGCC CAGCG GCTS
Chicken
K_tropicalis AGGGCTCACTCCT ARAGG CTGACGT TCAAGGTGAACTTCGACT CAARGAATTTC TATGCAAATT GCCC
Zebraf ish TTCTTT-TCAGGGAGTT TTAATGAAART CAGAT AT TCAGGGEAGAGATT AGGAT ARARAT GCTTTCTTCCARCCTGTTS
Lampred
GEMCODE w32 Comprehensive Transcript
APM1
AP4M1
APM1
FiF 41 , ; It ;
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Fig. 2: Position of the variant in UCSC browser within the surround box. A) Conservation of the
variant within different Primates genomes. B) Conservation of the variant in all the AP4M1 gene
transcripts.
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Confirmation of the variant using Sanger sequencing and variant segregation in the family
members:

With utilizing specific primers AP4M1, Intron7 exon 8 junctions was amplified using two
probands DNA samples' and parents' DNA. The father and the mother had a heterozygous variant
AP4M1:c.607-2A>G and the second affected daughter had the same homozygous form of the variant
(figure 3).

Figure 3: The results of segregation study of the detected variant AP4M1:c.607-2A>G in the
family members using Sanger sequencing. Chromatograms of sequencing results were showing the
results of: P1) first affected daughter, P2) second affected daughter, M) Mother, F) Father.
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4. Discussion

HSPs are a large group of more than 83 progressive neurodegenerative disorders. They are
generally heterogeneous disorders which harden the identification of common therapeutics. Therefore,
recent studies focus on the identification of HSPs genetic etiology and its pathway mechanisms
(Novarino et al., 2014; Ebrahimi-Fakhari et al., 2020; Toupenet Marchesi et al., 2021). AP-4HSPs are
a group of four disorders which shared the genetic and functional basis. They are caused by bialleleic
mutation in one of 4 genes encoding evolutionarily conserved AP-4 adaptor heterotetrameric protein
complex (Verkerk et al., 2009; Fink, 2013; Tuysuz et al., 2014; Ebrahimi-Fakhari et al., 2020). The
four subunits (4, 4, u4 and o4) together form an AP-4 complex (Hirst et al., 1999). Generally, HSPs
postulated to have a role in the endolysosomal and autophagic pathways and any defect in this
pathways causing neurodegenerative HSPs (Toupenet Marchesi et al., 2021). AP-4 adaptor complex
had a role in the selective incorporation and intracellular protein trafficking from the trans- Golgi
network to endosomes (Aguilar et al., 2001; Burgos et al., 2010; Toh et al., 2017). The autophagy
protein ATG9 is an important cargo of AP-4 and is considered an indicator of AP-4 deficiency (Behne
et al.,2020).

In current study, we present two sibs with SPGS50, they exhibit most of the common clinical
features of AP-4HSPs generally and SPG50 specifically (Ebrahimi-Fakhari et al., 2020). In their first
year of age, they had epileptic attacks and had a motor delay (unable to walk unsupported) like 66%
and 100% respectively of the reported cases, as well as, with severe speech delay like 99% of records
(Ebrahimi-Fakhari et al, 2020). They showed microcephalic and hypertonia and hyper-reflexia of
deep tendon reflexes like 83 % and 89% respectively of the reported cases (Ebrahimi-Fakhari et al.,
2020). Anthropometric measurement at time of referral showed significant growth failure weight 28
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Kgm (-0.75 SD), 11.7 Kgms (-3SD), length 135 cm (-1.1 SD), 97.5 cm (-1.5 SD), head circumference
46.5 cm (-4.75 SD), 42.1 cm (-6.5 SD) and this compatible with the previous records (Ebrahimi-
Fakhari et al., 2020). Neuroimaging of brain of both sibs showed thin corpus callosum like 90% of the
reported cases, as well as venticulomegaly and hypodensity of white matter was presented in older
sister like 65% and 68% respectively of the reports (Ebrahimi-Fakhari et al., 2020).

Précised diagnosis is of utmost important because of prenatal diagnosis, therefore WES is

mandatory in such case. First cousin consanguinity and two affected sibs make the diagnosis of
autosomal recessive disorder is more likely, however, different pattern of inheritance were proposed
for the filtration of WES results. Following WES of the older patient, a homozygous variant was
identified in AP4M1 gene (AP4MI1:c.607-2A>G) and this variant was confirmed by Sanger
sequencing in the younger patient and segregated in the parents.
Using the ACGM guidelines, the identified variant is pathogenic that it is a null variant and it almost
will cause loss of function of the AP4MI gene. PVSI1 rule of ACGM guidelines support the
pathogenicity of the variant especially that loss-of-function is a known mechanism of disease (gene
has 48 pathogenic LOF variants), associated with the autosomal recessive Spastic paraplegia 50.
Moreover, the identified variant was identified previously in heterozygous form within a cohort study
HSPs patients (Morais et al., 2017).

The severe manifestation of the disease in the current study is compatible with the suggested
genotype —phenotype correlation suggested by Bettencourt et al. (2017). Benttencourt et al. (2017)
suggested that the biallelic LOF mutations in AP4M1 gene may cause a severe infantile hypotonia in
comparison with missense mutations. That it may be cause strong impact on the AP-4 receptor, which
has a significant role in fetal brain development (Benttencourt ef al., 2017).

In the current study we presented two Egyptian SPG50 cases which caused by a splicing
mutation in AP4MI gene. More future studies will be needed to know more about this group of
neurodegenerative disorders and discover effective new therapeutics.
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