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Abstract

Background HACET encodes a HECT domain and ankyrin repeat containing protein regulating several small GTPases.
This protein is involved in several important functions, such as cell division, protein ubiquitination, and localization.
Biallelic variants in HACET have been implicated in spastic paraplegia and psychomotor retardation with or without
seizures (MIM: 616756). Previously, 32 patients of various ethnicities have been reported with different types of
variants; loss-of-function (LoF), missense, and indels.

Results Here, we studied five unrelated families of diverse ethnicities with eight cases of 4.5 years to 31 years of age.
Our cases presented global developmental delay, dysarthria, intellectual disability, limb spasticity, and seizures. Exome
sequencing identified biallelic/ compound heterozygous loss-of-function variants in HACET in all families (Family A:
HACET (NM_020771.4): 2628-1G>C p.(Ile877Tyrfs*58); Family B and C: ¢.1396 C>T p.(GIn466%); Family D: c.2242 C>T
p.(Arg748*)/c.152 C> G p.(Ser51%); Family E: ¢.355G>T p.(Glu119%)). All variants co-segregated with the phenotype in
respective families and are classified as pathogenic by the ACMG criteria.

Conclusion This study adds eight new cases of HACET related spastic paraplegia from five unrelated families
to the literature, bringing the total to 40 cases from 22 families. By integrating clinical data from our cohort with
the published reports, we defined the phenotypic spectrum linked to HACET disruption, noting key overlaps and
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variability, and highlighted gaps in reporting clinical features. It also provides clinical management recommendations
and calls for standardized phenotypic documentation to strengthen genotype—phenotype correlations.

Keywords Exome sequencing, Spastic paraplegia, SPPRS, HACET. genotype-phenotype correlation

Introduction

Hereditary spastic paraplegias (HSPs) are a group of
highly heterogeneous conditions with overlapping clini-
cal features which make them challenging to diagnose
and manage. HSPs are estimated to affect 0.1-9.6 indi-
viduals in every 100,000 individuals around the globe
depending on the demographics and inheritance patterns
[1-3]. These disorders are characterized by lower limb
spasticity, hyperreflexia, and extensor plantar reflex [4].
Depending on the underlying etiology, HSPs can co-pres-
ent spastic paraparesis, peripheral neuropathy, cognitive
impairment, epilepsy, cerebral ataxia, spasticity, dysto-
nia, dysarthria, dysphagia, and ocular manifestations in
complicated forms of the disease [5, 6]. In addition, the
age of onset and severity of the disease is determined
by the underlying pathology [7]. Clinical heterogene-
ity and coexisting conditions in HSPs can at least partly
be attributed to the massive genetic heterogeneity with
over 80 genes reported for monogenic forms of HSPs in
all inheritance patterns [6-9]. Thus, genetic heterogene-
ity, overlapping clinical findings, and debilitating conse-
quences on the affected individuals and families make
HSP a challenging group of disorders for diagnosis and
management.

Belonging to HSPs, Spastic paraplegia and psychomo-
tor retardation with or without seizures (SPPRS, MIM:
616756) is a rare disorder that is caused by recessive vari-
ations affecting HACE1 function. So far, 32 patients from
17 unrelated families have been reported with recessive
variations, predominantly loss-of-function, as the cause
of SPPRS [10-17]. With the infantile onset of the dis-
ease, common presentation includes progressive lower
limb spasticity, psychomotor developmental delay affect-
ing motor coordination, speech, and cognition, muscle
hypotonia, and ocular anomalies. Some cases show neo-
natal to infantile myoclonic seizures. Variable incidence
of neuroanatomical anomalies associated with HACEI
disruption has been observed which includes hypoplastic
corpus callosum, cerebral atrophy, delayed myelination,
and diminished white matter volume [10-13].

HECT domain and Ankyrin repeat Containing
E3-ubiquitin-protein ligase 1 (HACEI) encodes for a
130 kDa protein consisting of 909 amino acids that reg-
ulates ubiquitination and proteasomal degradation of
target proteins. It is a ubiquitously expressed gene with
a predominant expression in the brain [18-20]. HACE1
targets several small GTPases including Ras-related
C3 botulinum toxin substrate 1 (RAC1), and cyclin c,
tumour necrosis factor receptor (TNFR), and optineurin

(OPTN) to mediate brain development and maintenance
[19, 21-23]. RACI along with other small GTPases have
been shown to cause neurodevelopmental disorders
including intellectual disability and atypical synaptic
plasticity [24-26].

Here we report five unrelated families harboring reces-
sive HACE] variants as the likely cause of the observed
phenotype, adding eight new cases to the 32 previously
published, bringing the total to 40. This represents
the largest SPPRS cohort to date, expanding the clini-
cal and mutational spectrum of HACEI-related disor-
ders and reinforcing the role of E3 ubiquitin ligases in
neurodevelopment.

Materials and methods

Research subjects’ recruitment and DNA extraction

The current study was approved by the IRB of the Aga
Khan University (Approval letter no. 2021-65141-9346).
The cohort was assembled through GeneMatcher [27],
and subsequent data/information was shared accord-
ing to the Declaration of Helsinki. Neurologist evaluated
cases in each family and clinical information was col-
lected. Detailed history was collected from patients and/
or parents/guardians in case of minors. After informed
consent, peripheral blood was drawn from affected indi-
viduals, parents, and healthy siblings. DNA extraction
was performed at each collaborating laboratory using
standard protocols.

Genetic investigations
Family A: Exome sequencing (ES) was performed for
individual IV:1 at the Novogene Co., Ltd (Cambridge,
UK). In brief, Agilent SureSelect Human All Exome V6
(Agilent Technologies, Santa Clara, CA, USA) was used
to capture the exome and subsequent paired-end (PE150)
sequencing was performed on an Illumina platform,
NovaSeq 6000 (Illumina, Santa Clara, CA, USA). The
detailed methodology for ES and variant prioritization
was performed as described earlier [28, 29]. Functional
annotation of the variants was carried out by Anno-
tate Variation (ANNOVAR) [30]. Variant filtering was
performed by FILTUS [31]. MAF of < 0.01, absence of
variants in homozygous state in the control population,
and the phenotypic relevance of the genes implicated in
human diseases with patient phenotypes was also consid-
ered while filtering the data.

Family B: ES was performed for individual IV:1 and
IV:4 as described elsewhere [32, 33], and the bioinformat-
ics filtering strategy included screening for only exonic
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and donor/acceptor splicing variants. In accordance with
the pedigree and phenotype, priority was given to rare
variants [< 0.01 in public databases] that were fitting a
recessive (homozygous or compound heterozygous) or a
de novo model and/or variants in genes previously linked
to neuropathy, intellectual disability and other neurologi-
cal disorders.

Family C: Library preparation and exome enrichment
were performed by using TWIST Human Comprehen-
sive Exome kit according to the manufacturer’s proce-
dure. Enriched libraries were sequenced on MGI T7
instrument and by using PE150-FCL cartridges accord-
ing to the manufacturer’s specifications. Raw data was
subjected to GATK best practices workflow at Intergen
Genetic Diagnostic Centre Ankara/Turkey. Raw reads
were aligned to hg38 using BWA MEM 0.7.17 [34]. Sort-
ing, duplicate marking and base recalibration steps were
performed subsequently by GATK4 [35]. Variant Call
was made using 2 separate algorithms. GATK Unified-
Genotyper and GATK HaplotypeCaller were both used
to complement each other [35]. Low quality variants
from both sets were eliminated based on strand bias, read
depth and call quality parameters using GATK Select-
Variants option [35].

Family D: Exome enrichment was performed using the
KAPA HyperExome (Roche) and sequenced using paired
end sequencing (2 x 150 bp) at 90x in a HiSeq Illumina
platform. The capture and sequencing was performed at
centre nacional d’analisi genémica (CNAG) in Barcelona,
Spain. Following sequencing, downstream bioinformatics
analysis was done to identify single nucleotide variants
and small insertions and deletions (indels). Variant filter-
ing was performed based on the following parameters:
minimum coverage depth > 10, variants present in coding
or splicing sequences, number of reads with the variant
for heterozygotes > 30% (for stop and frameshift vari-
ants, number of reads with the variant for heterozygotes
> 20%). All variants without an effect on the protein (syn-
onymous variants) were excluded. CNVs were predicted
using the eXome-Hidden Markov Model (XHMM) soft-
ware [36] and ExomeDepth software [37].

Family E: Exome library preparation was done using
the DNAprep with enrichment (Illumina®) kit. Trio-based
ES was performed with an Illumina NovaSeq6000 (Illu-
mina®) with paired-end reads of 2 x 150 bp, according to
the manufacturer’s instructions. Reads were aligned and
mapped to the human reference genome sequence hg38
(GRCh38) and variants were called using Dragen® (Illu-
mina). Annotations and filtering was performed by an in-
house software ANATOLE2".

Variants were classified according to the American Col-
lege of Medical Genetics and Genomics (ACMG) guide-
lines [38]. Segregation of the variants was confirmed
by Sanger sequencing in all available individuals of the

Page 3 of 14

families except Family B, as both affected individuals in
this family were sequenced (Figure S1). PCR primers and
conditions used for variant verification are available on
request.

RNA isolation, RT-PCR analysis and sequence confirmation
of mutant transcript

To evaluate the impacts of HACEI: ¢.2628-1G >C vari-
ant on splicing, we extracted total RNA from venous
blood stored in PAXgene® Blood RNA Tube using Trizol
(ThermoFisher Scientific). After assessing RNA quality
and integrity, RevertAid First Strand cDNA Synthesis
kit (Thermo Scientific Cat# K1622) was used for reverse
transcription according to the manufacturer’s protocols.
We purified RT-PCR amplified product using GeneJET
PCR Purification Kit (Thermo Scientific Cat# K0702) and
Sanger sequenced the purified product. RT-PCR thermo-
cycling conditions and primers are available on request.

Results

Individuals harboring LoF variants in HACET show spastic
paraplegia, developmental delay and seizures

Family A is a Pakistani family consisting of three affected
females aged 24 years, 22 years, and 12 years, who are
born to a consanguineous couple (Fig. 1). All affected
females presented spastic paraplegia, delayed develop-
mental milestones including sitting, standing, walking,
and speech. Seizures were observed in IV:1 and IV:2,
while IV:3 did not show any signs of seizures. Seizures
started as early as six months of age with each episode
lasting as long as 10 minutes. Individual IV:2 and IV:3
showed brain trophy. Furthermore, we noted that indi-
vidual IV-3 showed a milder phenotype as compared
to the other individuals in this family. She was followed
up from birth. She was cognitively and developmen-
tally better than her two siblings and initially showed
motor and speech delay. Her lower limbs started devel-
oping spasticity. The calf muscles were tight and treated
with botulinum toxin injections along with supportive
orthosis. Her last botulinum toxin treatment was given
3 years ago. The patient also underwent serial casting to
improve her spasticity and contractures in legs. She can
only stand with supporting devices and does not walk at
all. Speech onset has been observed, with normal upper
limb movements and intact grip strength. She is treated
with baclofen for her spasticity and did not have any sei-
zures. IV-1 and IV:2 also showed dyskinetic movements
(Table 1, Table S1).

Family B also has a Pakistani origin with two affected
males born to first-degree related parents (Fig. 1). The
patients were aged 13.5 years and 4.5 years at the time
of last visit to the clinic, respectively. Both patients show
spasticity, speech anomalies, and global developmental
delay including unachieved unaided walking (Table 1,
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Fig. 1 Pedigrees of the five families carrying HACET variants. A Pedigrees
of Families A-E. Filled symbols represent affected individuals. Identified
variants are written on top of pedigrees. Genotypes are shown for each
tested individual below the symbols. B Clinical photographs of the cases
with recessive HACET variants

Table S1). A computed topography (CT) scan showed
bilateral hyperdense basal ganglia in IV:1 and brain atro-
phy in individual IV:4. Although EEG for individual IV:1
performed at the age of 2 months showed no interictal
epileptic discharges, both individuals have experienced
seizures starting in the neonatal period. In addition to
neonatal seizures, individual IV:4 experienced a second
episode at the age of four years. Interestingly, the cases
IV:1 and IV:4 had a female sibling (IV:3) who died of a
similar clinical presentation for which no other clinical or
biological material was available for assessment.

Family C concerns a male child of 10 years, born to
first-cousin Sindhi parents, with a history of three mis-
carriages and a 13-year-old healthy male sibling (Fig. 1).
The proband was born at full-term via cesarean section
following an unremarkable pregnancy with good APGAR
score. No perinatal complications were reported. At
2 months of age, he started to experience seizures with
each episode lasting between 10 and 15 minutes. Antisei-
zure treatment with levetiracetam was efficacious. EEG at
3 years of age showed bilateral temporo-occipital slightly
dominant slow waves. He continued to experience
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seizures till 5 years of age. In addition, he exhibited global
developmental delay, achieved sitting at 2 years, crawling
at 4 years, and cannot walk unaided even for few steps
(Table 1, Table S1). Motor function was severely affected,
with the child being classified as Gross Motor Function
Classification System (GMECS) level 5, later improving
to level 4 after a year-long course of intensive physiother-
apy. At the most recent follow-up, the patient remains
seizure-free and off medication. Although motor func-
tion improved slightly with therapy, the child continues
to face significant global developmental challenges.

Family D is of Caucasian descent, consisting of a female
patient (31 years) born to non-consanguineous parents
(Fig. 1). With unremarkable gestational history, patient
(II-1) showed delayed psychomotor development, spas-
ticity with mild ID, hypotonia, and generalized tonic-
clonic seizures (starting at 16 years). The seizures were
managed with valproate and levetiracetam treatment.
EEG at 29 years was normal. In addition, the patient
showed skeletal and facial anomalies including thoraco-
lumbar scoliosis and lumbar hyperlordosis. Brain MRI
showed thinning of the corpus callosum and mild dila-
tion of the lateral ventricles (colpocephaly) (Table 1,
Table S1).

Belonging to the Caucasian ethnicity residing in
France, Family E includes a female child (II-1) of unre-
lated parents with unremarkable family and gestational
history (Fig. 1). Clinical history includes spastic paraple-
gia, delayed developmental milestones, and mild intellec-
tual disability (ID). The patient cannot walk unaided and
can only speak few words. She showed myopathy, hypo-
tonia, and positive Babinski sign. Furthermore, there
is no history of seizures. Electrocardiogram, MRI, and
nerve conduction investigations were normal. Muscle
histology was also found to be normal. In addition, we
also observed myopia, recurrent pyelonephritis, and obe-
sity (Table 1, Table S1).

Exome sequencing identified biallelic LoF variants in
HACET1 as the most plausible cause of spastic paraplegia in
8 individuals

Following the data filtering criteria at each collaborat-
ing center in this study, LoF variants in HACEI emerged
as the most likely cause of the disease in the five inves-
tigated families. In family A, a novel splice acceptor
site variant, HACEI (NM_020771.4): c¢.2628-1G>C,
p.(11e877Tyrfs*58) segregated with the phenotype (Fig. 1,
Figure S1). Family B and C harbors a homozygous stop
variant in HACEI: ¢.1396C>T, p.(Gln466*) that segre-
gates with the disease (Fig. 1). This variant is classified as
pathogenic in ClinVar (accession no. RCV000661911.4).
The proband in family D harbors compound heterozy-
gous variants HACEI: ¢.2242C>T, p.(Arg748*)/c.152C>G,
p.(Ser51*) inherited from each parent (Fig. 1, Figure S1).
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Both variants are classified as pathogenic in ClinVar via
accession # RCV000578801 and RCV002287613 respec-
tively. In addition, the p.(Arg748*) has been previously
reported in compound heterozygosity with an inser-
tion [39]. A homozygous pathogenic HACEI: ¢.355G>T,
p-(Glul19*) variant predicted to cause premature trunca-
tion segregates with disease in family E (Fig. 1, Figure S1).
This variant is also listed in ClinVar as a pathogenic vari-
ant (RCV002274460).

All protein truncating variants were classified as patho-
genic according to the ACMG classification [38] meeting
PVS1, PM2, PP5 criteria and were absent in homozygous
state in gnomAD database (Table 2). Given the clinical
presentation of the proband(s) in each family and phe-
notypic overlap with the HACEI implicated autosomal
recessive disease- spastic paraplegia and psychomotor
retardation with or without seizures (MIM#616756), the
identified LoF variants are the most plausible cause for
the primary phenotype in the investigated families.

Splice site variant c.2628-1G>C in HACET1 leads to partial
deletion of exon 24

To study the effects of HACEI: ¢.2628-1G>C variant on
splicing in family A, we performed RT-PCR analysis that
showed a shortened product as compared to wildtype
control sample. To further confirm this, we sequenced

Table 2 Details of the identified HACET variants in current study

Page 10 of 14

the wildtype and mutant RT-PCR product that showed
16 bp frameshifting deletion of exon 24 leading to
HACEL: p.(Ile877Tyrfs*58), thus providing the evidence
for splicing defects (Fig. 2A).

Discussion

Clinical heterogeneity, diverse forms of paraplegia, and
unexplained variability in disease severity are challenging
hallmarks of spastic paraplegia cases [9]. Here, the use
of genetics, combined with clinical information comes
worthwhile to provide diagnosis, management, and
devise preventive measures. This study was conducted to
provide diagnosis and possible further clinical insights.
We investigated eight cases from five unrelated families
of south Asian and Caucasian origin (Table 1, Table S1).
ES identified biallelic pathogenic LoF variants in HACEI,
including a consensus splice acceptor site variant in
one family. The splice site ¢.2628-1G>C variant leads to
aberrant splicing and partial skipping of exon (Fig. 2A),
while the protein truncating variants potentially lead to
nonsense mediated decay of the mRNA. Studies have
shown that 1/3rd of Mendelian disorders are caused
by LoF variants that generate premature termination
codons leading to nonsense-mediated mRNA decay [42].
Based on identification of pathogenic variants in HACEI
and phenotypic resemblance to the HACEI associated

Family A Family B and C Family D Family E
Variant details
HACET €.2628-1G>C €.1396C>T p.(GIn466*)  Parent 1: Parent 2: c.355G>T
(NM_020771.4) p.(l1le877Tyrfs*58) €2242C>T p.(Arg748*) ¢.152C>G p.(Ser51%) p.(Glu119%)
Zygosity Homozygous Homozygous Compound heterozygous Homozygous
Genomic coordi- chr6-105177640-C>G chr6-105232873-G>A  chr6-105198317-G>A chr6-105298851-G>C chré6-
nates (hg19) 105291145-C>A
Allele frequency
gnomAD Absent 6.20e-6 248e-6 Absent Absent
(v4.1.0)
Homozygotes Absent Absent Absent Absent Absent
(v4.1.0)
Variant classification
ACMG classification  Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic
ACMG criteria PVS1, PM2, PP5 PVS1, PM2, PP5 PVS1, PM2, PP5 PVS1, PM2, PP5 PVS1, PM2, PP5
ClinVar classification  n/a Pathogenic Pathogenic Pathogenic Pathogenic
ClinVar accession no.  Absent RCV000661911.4 RCV000207215 RCV002287613 RCV002274460.

RCV000578801

In silico predictions
Meta? (40) 12 8 8 12 12
BayesDel® addAF PVS PS PS PVS PVS
(41)
BayesDe\b noAF (41) PS PS PS PS PS

n/a: not applicable; PVS: Pathogenic very strong; PS: Pathogenic Strong

“Meta determines pathogenicity based on the combined evidence from multiple other in-silico predictors. Note: Engines are assigned a prediction
points score based on the strength of the calibrated prediction. Supporting: 1 point. Moderate: 2 points. Strong: 4 points. Very Strong: 8 points
bBayesDel is more accurate than PolyPhen2, SIFT, FATHMM, LRT, Mutation Taster, Mutation Assessor, PhyloP, GERP++, SiPhy, CADD, MetalR, and

MetaSVM
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Splicing assay:
€.2628-1G>C, p.(lle877Tyrfs*58)
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100bp

Product size for
wild type: 344 bp

(8)
) 5 10 15 20 25 30 35 40

Hypotonia 38 il
Developmental delay 37 3
Intellectual disability 35 5

Spasticity 30 10

Speech delay 30 10
Brain anomalies 24 y 9
Seizures 23 1" 6
Skeletal/ digit 2 3 15
Facial dysmorphism 19 14 7
Eye 15 10 15
Gait 17 4 19

Head Size 12 16 12

Recurrent infections 8 3 2

Number of cases
Yes No =nia

Fig. 2 Splicing assay and clinical spectrum of HACEI-related Spastic
Paraplegia across reported cases. A Splicing assay for the NM_020771.4:
€2628-1G>C variant confirms aberrant splicing leading to frameshift
[p.(11e877Tyrfs*58)] in protein. Left: Electropherogram from the RT PCR
showing DNA ladder (line 1), wild type sample (line 2), and patient sample
(line 3). The expected PCR product size for wild-type transcript is 344 bp.
Right: Schematic of the deletion breakpoint and deleted 16 bps from exon
24 following defective splicing. Red outlined box spans the 16 deleted
bases. B Bar graph depicting the frequency of various clinical features
observed in individuals with SPPRS. The x-axis represents the number of
cases, while the y-axis lists the clinical manifestations. Each feature is cat-
egorized by whether it was present (Yes), absent (No), or no information
available (n/a) in each individual. Hypotonia, developmental delay, intel-
lectual disability, and spasticity were among the most frequently reported
findings

disease-SPPRS, it can be concluded that these LoF vari-
ants are the most likely cause of spastic paraplegia in our
cohort.

Review of literature: genotype to phenotype correlation

The ultimate goal in the field of genetic medicine is
to establish genotype-phenotype association to shed
insights into the underlying mechanisms and predict
disease outcomes, prognosis, counselling, and personal-
ized management in some cases [43]. By corroborating
the clinical information from our cohort with published
literature and genetic data, we consolidated the phe-
notypic outcomes associated with HACEI disruption,
highlighting both similarities and differences in disease

Page 11 of 14

presentation. So far, 12 studies have reported HACEI
related recessive disease in 17 families consisting of 32
patients (15 females and 17 males) with the age rang-
ing from 4 months to 31 years. These families originated
from Pakistan (n = 4), Saudi Arabia (n = 2), Tirkiye (1 =
2), Russia, India, Syria, Germany, United Kingdom, Alge-
ria (n = 1 each), while no origin information was available
for 3 families. The current study reports eight additional
cases from five unrelated families raising the total num-
ber of cases to 40 and from 22 families (Table 1). Overall,
cases with SPPRS presented a constellation of symptoms
consisting of neurodevelopmental, neuroanatomical, and
neuromuscular manifestations. The hallmark phenotypes
included lower limb spasticity (30/30 cases; n/a = 10
cases), developmental delay (37/37; n/a = 3), speech dis-
turbances (30/30; n/a = 10), intellectual disability (35/35;
n/a = 5), and hypotonia (38/39 cases; n/a = 1) (Table 1;
Fig. 2). In the 40 patients so far, the genotypic spectrum
included biallelic nonsense variants (z = 9), biallelic
splice site variants (# = 3), compound heterozygous vari-
ants (n = 3 nonsense in trans with # = 2 frameshifting and
n = 1 nonsense), biallelic in-frame deletion (n = 1), gross
deletion (# = 1), and biallelic missense variants (n = 2).
These variants span throughout the protein length of 909
amino acids affecting ankyrin and HECT domains with-
out any trend of mutation hotspots [11, 13, 19, 20].

In contrast to these common clinical presentations,
some patients in the literature show differences in clinical
presentation that included neuroanatomical anomalies,
seizures, skeletal malformations and abnormal head size.
Neuroanatomical anomalies as seen on brain MRI pre-
dominantly showed corpus callosum hypoplasia (n = 11),
cerebral and/or cortical atrophy (# = 9), ventriculomegaly
(n = 5) co-occurring together in 24/31 (77%) cases for
which the information is known. We hypothesize that the
localization and functional consequence of the altered
variant on protein function might have some effect on
the manifestation or severity of the neuroanatomical and
clinical features. We noticed that all patients with LoF/
deletion variants (for which the neuroanatomical infor-
mation is known) show structural brain anomalies with
few exceptions as seen in patients with p.(Arg664*) and
p-(Arg332*) variants [22, 44]. This should be interpreted
with caution as the information for 10 cases is missing
(Table 1). Similarly, epilepsy and facial dysmorphism
were observed in 23/34 (67%) and 19/33 cases (57%),
respectively with no specific association with the type/
position of variant (LoF vs. missense) (Table 1). Further-
more, we observed that out of the 520 data points per-
taining to most common features related to SPPRS cases
reported so far, no information is available for 141 of
them, which makes it difficult to establish accurate geno-
type-to-phenotype correlations. (Fig. 2B; Table 1).
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Although reports of cases with homozygous HACEI
variants are on the rise, the overall clinical spectrum,
disease manifestations, and genotype-phenotype correla-
tions remain poorly characterized. Considering the miss-
ing information, recognizing the exceptions, and small
number of individuals reported overall, we recommend
further studies on larger cohorts with detailed stan-
dardized phenotyping such as using Human Phenotype
Ontology (HPO) terms. This will aid to reach a consensus
on the phenotypic outcomes and early phenotypic mark-
ers of the disease to improve diagnosis, devise timely pal-
liative and preventive strategies.

Recommendation on clinical management

SPPRS predominantly manifests as neurodevelopmen-
tal disorders such as lower limb spasticity, developmen-
tal anomalies including cognitive and speech anomalies,
hypotonia, and seizures along with neuroanatomical mal-
formations as seen through imaging. Similar to other rare
inherited disorders, the development of gene therapy/tar-
geted therapies is still in its infancy and would not be an
option for everyone, especially in the developing world.
Therefore, the management mainly relies on palliative
care.

As evident from the gathered clinical data from all
cases with HACEI related disorder including the current
study, the early clinical features include spasticity and
developmental delay that occurs during early months to
first year of life (Table 1). In such cases, regular follow-
up with a paediatric neurologist is important to monitor
overall health and growth, focusing on preventing serious
complications.

Although seizures are not universally observed but
seem to be manageable with routine anti-seizure drugs
such as levetiracetam, valproate and carbamazepine.
Brain imaging through MRI and CT scan should be per-
formed, as neuroanatomical malformations have been
observed in nearly 80% of the individuals so far (Table 1).

For the management of spasticity, medications such as
baclofen, tizanidine, trihexiphenidyl or botulinum toxin
may be used. Early initiation of physical and occupational
therapy along with mobility aids is vital to improve motor
function and reduce spasticity. Speech therapy should
also begin early to support communication and cognitive
development. An ophthalmological evaluation at diagno-
sis is recommended to assess visual acuity and eye move-
ment disorders.

Importantly, genetic counselling plays a pivotal role in
the management and prevention of SPPRS, particularly
in low- and middle-income countries, where consanguin-
eous marriages are more prevalent. Genetic counselling
can help at-risk families understand inheritance patterns
and make informed reproductive decisions, ultimately
reducing the recurrence of such rare inherited disorders.
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In conclusion, while these recommendations offer
a comprehensive approach to managing SPPRS, we
acknowledge the limitations posed by the small number
of reported cases. As such, these suggestions may not be
universally applicable to all patients. A tailored, multidis-
ciplinary assessment is essential to address the individual
needs and variability in clinical presentation. Further
studies with larger cohorts will be necessary to establish
more robust and reliable clinical guidelines for the man-
agement of HACEI-related disorders.

Conclusion

This study reports eight cases with recessive LoF variants
in HACE1, aiming to consolidate the clinical and genetic
spectrum of HACEI-related recessive spastic paraplegia
and provides recommendations on the clinical manage-
ment. We also performed a thorough literature review to
highlight the gaps in reporting clinical findings. Further,
this study emphasizes the need for detailed uniform clini-
cal data collection and reporting to achieve consensus
clinical outcomes and establish genotype-to-phenotype
correlation which is a mainstay in the field of genetic
medicine.
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