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Abstract

Neurodevelopmental disorders (NDDs) are among the leading causes of lifelong disability worldwide.
The risk of autosomal recessive NDDs is increased in endogamous populations like Pakistan. However,
limited population-specific genetic data continue to hinder accurate molecular diagnosis in Pakistan.

A retrospective systematic review was conducted to identify research articles reporting genetic findings
in Pakistani families affected by NDDs between 2006 and 2024. Articles retrieved from PubMed, Google
Scholar, and Web of Science were screened according to predefined eligibility criteria. Extracted data
included demographic and clinical characteristics, implicated genes, and detailed variant annotations.
Reported variants were cross-checked against ClinVar and evaluated using ACMG/AMP-based
classification criteria. A total of 145 studies involving 537 families were included. Consanguinity was
reported in 85% of the pedigrees, and whole-exome sequencing was the predominant molecular
approach, accounting for approximately 85% of the studies. Overall, 424 unique genetic variants were
identified across 289 NDD-associated genes. AlImost 80% of the genes were reported in only one family,
and 91% of the variants were non-recurrent. Autosomal recessive mode of inheritance accounted for
approximately 86% of the total reported conditions, and 92% of the variants were identified in the
homozygous state. Missense variants were the leading cause of NDDs (51%), followed by frameshift
variants (22%), nonsense variants (18%), and splice-site or in-frame deletion variants (9%). Syndromic
NDDs were more frequently reported than non-syndromic NDDs (79% versus 21%). Isolated intellectual
disability was the most reported clinical phenotype, while ASPM, WDR62, and TRAPPC9 were among the
most frequently implicated genes. Most published families with available geographic information were
recruited from Punjab and/or Khyber Pakhtunkhwa province. ClinVar annotations and ACMG/AMP-based
assessments indicated that a substantial proportion of the reported variants were classified as
pathogenic or likely pathogenic.

This review provides a nationwide overview of published genetic findings associated with NDDs in
Pakistani families over an 18-year period. The marked predominance of autosomal recessive inheritance
and homozygous variants reflects the important contribution of consanguinity to the genetic burden of
NDDs in Pakistan. Whole-exome sequencing was the principal molecular diagnostic and gene-discovery
approach. The identification of 424 variants across 289 genes highlights the extensive genetic and allelic
heterogeneity of NDDs in Pakistan.

Key Message

Neurodevelopmental disorders in Pakistan are mostly driven by parental consanguinity.

Introduction

The brain of central nervous system (CNS) controls body functions and movements. It consists of
nerves, the brain and spinal cord (1). Axon and neurons are the coordination parts in the brain of CNS.
Any disruptions in it to cause neurodegenerative conditions may occur like Parkinson'’s disease,
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traumatic brain injury, Alzheimer’s disease, stroke, multiple sclerosis and paraneoplastic disorders (2).
Neurodevelopment refers to the biological processes underlying the nervous system formation and
maturation. In humans, this process starts during the embryonic development third week with the
formation of the neural tube (3). The disruption of different processes of brain growth and development
may lead intellectual disability (ID), autism, idiopathic epilepsy, and schizophrenia like conditions called
neurodevelopmental disorders (NDDs) (4). NDDs encompass conditions such as intellectual disability
(ID), attention-deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD) and motor
disorders, communication, specific learning disorder and bipolar disorder (5). The most common
featural condition in neurological disorders is ID which vary are mild to profound ID degrees based on
intelligent quotient (1Q), phenotypic and behavioural variability (6).

Intellectual Disability (ID)

It is a condition to define a individual who has a restriction in mental functioning and abilities such as
social skills, communication and self-care. These constraints, a kid will grow and learn extra sluggishly
than a typical child. It is previously referred to as "mental retardation," a mental development disorder
that consequences in a substantial limitation in particular mental capabilities, cognitive performance,
learning ability, and function assistances when linked to people of the similar age, sex, and
socioeconomic upbringing (7). According to the clinical definition of neurodevelopmental disorders
(NDDs) of Diagnostic and Statistical Manual of Mental Disorders, 5th Edition DSM-5 defines ID as "A
cluster of situations with start in the formative time considered by developmental defects that generate
damages in personal, academic, social or academic," These impairments can be found in a variety of
areas, including conversation, personal care, consciousness, and effective academic skills (8).

ID affects about 1% to 3% of people worldwide, while considerable geographical variances exist. Mild ID
is thought to impact 0.7-1.3% of the general population, but severe and profound ID are thought to
impact fewer than 0.5% ID is a significant public health issue that affects society and families, as well as
health system financial burden, with direct expenses estimated a year at 43.3 billion euros in Europe.
Developing countries’ ID prevalence is higher than developed countries where it is not priority in the
health, social and political policy. The bulk of profound ID is believed to take a single gene basis, whereas
non-genetic as an environmental variables such as socio-cultural elements and contagions can lead to
ID (9). Sheikh et al., (2018) conducted a study in the Lahore region of Punjab, Pakistan which showed
61% of males have ID. 44% of cases have moderate ID, 40% of cases have severe ID, mild ID cases 14%,
and profound 2% ID cases. With ID, 54% of patients had a comorbid diagnosis (which includes epilepsy,
extreme introvert range issue, oppositional disobedient turmoil, and consideration shortfall hyperactivity
issue) (10). Overall, in Punjab, Pakistan prevalence of mild ID (46.7%), moderate ID (32.1%), severe ID
(14.6%), and profound ID (6.7%) which males (56.82%) are more than females (43.17%). ID prevalence
data is still missing from other provinces of Pakistan (11).

ID can be divided into two major classes independently (non-syndromic ID) or in conjunction through

face dysmorphic traits, additional physical defects, and chronic (Syndromic ID, SID) (12). or a
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combination of neuropsychological and/or neurocognitive issues, such as schizophrenia or seizure
disorders, as well as neuromuscular characteristics, such as motor neuropathy, spastic paraplegia ataxia
and spinal muscular atrophy (13). ID classes were based upon intelligence quotient (1Q) scores: mild (I1Q
55-75, 85.0 percent of ID incidents), moderate (IQ 35-54, 10.0 percent of ID cases), severe (IQ 20-34,
3.5 percent of ID cases), and profound (IQ 1-20, 1.5 percent of ID cases) (7). ID diagnostic criteria
usually involve mental functioning deficiencies acknowledged by medical assessment and average 1Q
testing; adaptive functioning shortages failing to fulfil neurodevelopment and sociocultural norms for
individual self-reliance and self-responsibility, and emergence of deficiencies during the developmental
process. The severity of ID is determined by an individual's adaptive functioning deficiencies in the
intellectual, social, and practical domains, which dictates the level of assistance required (7). ID
diagnostic criteria usually involve mental functioning deficiencies acknowledged by clinical assessment
and standard 1Q testing; adaptive functioning deficits failing to fulfil neurodevelopment and sociocultural
norms for individual self-reliance and self-responsibility, and emergence of deficiencies through the
developmental process. The brutality of ID is determined by an individual's adaptive functioning
deficiencies trendy the intellectual, practical and social spheres, dictates the equal of assistance
required (7). The identification of the genetic aetiology of ID is required for appropriate diagnosis,
survival rate, and ailment prevention, and it plays a vital part in genetic counselling. Parents can be
provided forecasting for coming pregnancies founded on the probability of iliness reappearance and
accessibility of a particular preimplantation (14). In the recent decade, technical improvements have
discovered additional ID genes, shape new perspectives to molecular diagnostics and biological
processes (15).

Mutations in genetic material, including DNA, RNA, or chromosomes, can lead to genetic diseases or
altered phenotypes. That can be autosomal or X, Y chromosomal or mitochondrial pattern and its
inheritance dominant or recessive way to affects the individuals in the pedigrees. Over 2800 ID genes,
including major and candidate genes. There were more than1500 major ID genes, which cause about
1800 ID-related disease features, and over 1300 ID candidate genes, as per SysNDD
(https://sysndd.dbmr.unibe.ch/). Most cases of monogenic ID are caused by single nucleotide variations
(SNVs) besides minor insertions or deletions (indels), that code for proteins involved in essential genetic
processes like neurogenesis, synaptogenesis, or synaptic plasticity. In 1975 the advancement of a
sequencing technology such as Sanger sequencing (16). as well as additional automation and
commercialization in the 1980s, stayed critical for the discovery of this type of mutation (17). It is
difficult to diagnose, genetically counsel, and predict recurrence risk. In tri, tetra, and pentanucleotide
dynamic mutations repeating sequences create a distinct subset of these mutations. In 1991, the first
pathogenic mutations report of ID resulting from repeat expansions was published. ID harmful
mutations induced by repetitive expansions were first reported in 1991. The discovery of a trinucleotide
repetitive region, a CGG repeat tract, in the 5' untranslated regions of the FMRP translational regulator 1
gene (FMR1) associated with Fragile X syndrome (FXS) was reported in this work (18). Despite being
diagnosed three decades ago, FXS remains the most prevalent cause of hereditary ID, and there is no
effective therapy and little information on disease processes (19). Over 40 hereditary central nervous
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system illnesses have been found so far (20, 21). Clinical genetic diagnostics tests and research
methodologies to discover variants causing Mendelian or complex genetic characteristics for ID
conditions have been transformed into fast sequencing technology. The utilization of familial genetic
inheritance as an efficient way to find novel disease-causing mutations utilizing NGS platforms, and
insilico tools were predicting the causative mutations for research or diagnostic test purposes (22).

Furthermore, well-known epigenetic disease processes such as DNA methylation and DNA imprinting do
not follow a Mendelian inheritance pattern (23). ID, growth retardation, development, and metabolic
problems have all been linked to imprinting illnesses, which are caused by disruptions in the dose,
regulation and imprinting loci of genomic sequence (24). It's still difficult to find persistent and
substantial methylation abnormalities in a group of unconnected but phenotypically comparable
individuals (25). Imprinted genes have a monoallelic expression pattern that is determined by paternal
origin (26). Prader-Willi (27), Angelman (28), Silver-Russell (29), Beckwith-Wiedemann (30), Temple (31),
Kagami-Ogata syndromes (23), Transient Neonatal Diabetes (32), and Pseudohypoparathyroidism type
1B (33), are the eight well-known imprinting diseases to date.

In mitochondrial genome (mtDNA) pathogenic variations, which are also identified to be implicated in ID,
are another type of diverse non-Mendelian genetic illness (34). Mitochondrial diseases are defined by a
lack of oxidative phosphorylation, with an incidence of 2.9 instances per 100,000 people in adults and
9.6 cases per 100,000 people in children, correspondingly, due to mtDNA or nuclear abnormalitie (35).
Around 1 in 200 healthy people has a mtDNA mutation with low levels of heteroplasmy, which has
consequences for the progeny (36). Childhood-onset mitochondrial neurocognitive illnesses include
Leigh syndrome, which is characterized by mutations in mtDNA and nuclear genes, and mtDNA
Reduction disorder 4A (Alpers syndrome) (37).

Autism Spectrum Disorders (ASD)

Autism, also known as autism spectrum disorder (ASD) states to a heterogeneous group of
multifactorial neurodevelopmental and neuropsychiatric disorders affect to children’s, characterized by
substantial clinical heterogeneity (38). The term “spectrum” reflects the variability in symptom
expression, with affected children involving differing levels of impairment, which ranges from mild to
severe ASD (39, 40). The autism spectrum includes several related conditions, such as autistic disorder,
Asperger syndrome, Rett syndrome and pervasive developmental disorder (40). ASD shows significant
phenotypic heterogeneity, alongside numerous co-occurring disorders such as ID, Fragile X syndrome,
ADHD, depression, anxiety, epilepsy, motor disorders, sleep disorders, digestive problems and
dysmorphic features (41).

ASD prevalence has increased globally, presenting significant social, clinical, and familial challenges
(42). The World Health Organization estimates that autism affects approximately 0.76% of children
worldwide, the incident is higher in developed countries(43). The Centres for Disease Control and
Prevention (CDC) reported that approximately 1 in 54 in the United States children were detected with
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ASD during the dated from 2014 to 2016 (44). Notably, the prevalence of ASD varies across different
ethnic populations. For example, estimates from South Korea suggest a prevalence of 2.64% (45), and in
china around 12 per 10,000 individuals (46). A diagnosis of autism is often possible between 18 and 24
months, when behavioural symptoms emerge sufficiently to allow differentiation from typical
development and other developmental disorders. Broader diagnostic criteria and increased awareness
and understanding of ASD have substantially contributed to the growing number of reported diagnoses
(47). ASD is diagnosed more recurrently in males than in females, with males showing a 4- to 7-fold
greater risk; the causal reasons for this sex difference remain largely undecided (48). The current
approach to diagnosing ASD is based on observing behavioural differences from predictable
developmental patterns. These potentials of characteristic behaviour, however, are culturally dependent,
so cultural norms can shape the expression and interpretation of ASD-related behaviour’s (49). Autism
spectrum disorder (ASD) is genetically heterogeneous, arising from both inherited sporadic and genomic
alteration. A wide array of candidate genes has been identified as risk factor for ASD (50). ASD genetic
studies have identified copy number variations and point mutations as key factors that contribute
expressively to the heterogeneous genetic landscape of ASD (51). In current study of ASD trios of from
Pakistan, Saudi Arabia and Iran, were known 84 candidate variants, of which the common (58%) were
biallelic (52).

Attention-deficit/hyperactivity disorder (ADHD)

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent neurodegenerative condition marked by
obstinate symptoms such as difficulty in attention, hyperactivity, and impulsive behavior. These
difficulties can noticeably impact an individual’s functioning across different stages of life. While ADHD
was once considered exclusive to childhood, recent research indicates that the disorder often continues
into adulthood (53). Psychiatric disorders frequently continue into adulthood, imposing considerable
social and economic burdens. These include increased healthcare and societal costs, challenges in
education and the welfare system, and implications for the justice system, as well as adverse effects on
occupational performance, family and social relationships, and community engagement (54).

Globally, the prevalence of ADHD in children and teen-agers is estimated at approximately 7.6%, although
rates vary considerably across different populations (55). Previous studies on epidemiological have
described that the prevalence of adult ADHD among health students varies widely, range from 5.5% to
23.7% across different countries (56—58). A 2015 regional study published reported that 11.2% of
school-aged children in Karachi were affected by ADHD (59). Diagnosing adult ADHD is often difficult
due to symptom overlap with other psychiatric comorbidities. This complexity, coupled with limited
recognition and screening, contributes to an underdiagnosed burden, leaving individuals without
adequate support and interventions, and negatively affecting academic, occupational, and overall
functioning (60). Although ADHD has a high heritability of 70—-80%, its precise genetic architecture
remains largely unknown. Genetic linkage studies were the first genome-wide approaches employed to
identify DNA sequences transmitted within families affected by ADHD (61). ADHD has a polygenic
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etiology, with multiple candidate genes involved in dopamine, noradrenaline, and serotonin pathways
contributing to its complex traits (62). Key candidate genes associated with ADHD include those
involved in dopaminergic and serotonergic signaling, such as DAT1, DRD4, DRDS, 5-HTT, HTR1B, and
SNAP25 (63).

Motor Disorders

Motor disorders are a group of neurodegenerative ailments considered by degeneration of upper and
lower motor neurons, including, spinal muscular atrophy, primary lateral sclerosis, hereditary spastic
paraplegia, amyotrophic lateral sclerosis (ALS), and pseudobulbar palsy (64). Clinical manifestations
often emerge during the first 20 years, causing significant functional impairment and a considerable
burden on healthcare systems (65). Early symptoms typically include distal-to-proximal loss of stiffness
and consciousness, primarily in the lower limbs, often accompanied by foot impairment and impaired
fine motor skills in the hands (66). Motor disorders is recognized globally, affecting roughly 1 in every
3,300 people (67). Yet, in Pakistan consanguineous marriages are prevalent with 65% prevalence rate of
these disorders (68). Investigations into the clinical and genetic features of motor disorders families in
autosomal recessive have identified numerous genes associated with the disorder (69). Motor disorders
genes are GDAP1, MTMR2, NDRG1 SBF2, EGR2, PRX, FGD4, SH3TC2, PMP22, GJB1, MPZ, MED25, MFN2
and Fig. 4 (70).

Communication Disorders/Specific Learning Disorders

Communication disorders and specific learning disorders are key components of neurodevelopmental
disorders (NDDs), a group of conditions that originate during early brain development and result in
persistent difficulties across multiple functional domains. hese disorders typically present in childhood
and interfere with language development, academic performance, and social participation (71). Unlike
learning problems caused by environmental deprivation or acquired neurological injury, communication
and learning disorders arise from intrinsic developmental abnormalities affecting neural systems
involved in language processing and learning (72). Communication disorders and specific learning
disorders frequently co-occur and share overlapping cognitive, neurobiological, and genetic risk factors.
Language impairments are commonly observed in children with reading and writing difficulties,
highlighting the close relationship between oral language development and academic skill acquisition.
Neuroimaging and genetic studies suggest that both conditions involve atypical development of neural
networks responsible for language processing, executive functioning, and learning, supporting their
classification within the broader neurodevelopmental framework(73).

Population-based studies indicate that communication disorders, including language and speech
impairments, affect approximately 5-10% of children globally, although prevalence estimates vary
depending on diagnostic criteria, age group, and assessment methods (74). Specific learning disorders
are similarly widespread, with global prevalence estimates ranging from 5-15% among school-aged
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children. Dyslexia is the most common manifestation, accounting for the majority of diagnosed cases,
while impairments in written expression and mathematics occur less frequently but often coexist with
reading difficulties (75). Epidemiological data from diverse regions, including Europe, North America, and
Asia, suggest comparable prevalence rates, although underdiagnosis remains a concern in low- and
middle-income countries due to limited access to standardized assessment tools and specialized
educational services (76).

Multiple genetic loci have been identified as contributors to the development of speech, language, and
literacy skills (77). Among these, FOXP2 is one of the most extensively studied genes and plays a critical
role in speech motor control and language formulation, with rare pathogenic variants particularly
associated with severe speech disorders such as childhood apraxia of speech (78). Several other genes
including CNTNAP2, DCDC2, KIAA0319, and DYX1C1 have been consistently associated with language
impairment and reading-related difficulties, especially dyslexia (79, 80). These genes participate in
fundamental neurodevelopmental mechanisms, such as neuronal migration, axonal pathfinding, synaptic
organization, and modulation of cortical connectivity. Disruption of these processes may alter the
formation and functioning of neural networks involved in language processing and academic learning,
thereby increasing susceptibility to communication and specific learning disorders (81).

Next Generation Sequencing (NGS)

Next-Generation Sequencing (NGS), also called as high-throughput sequencing, is a authoritative tool
that has transformed the field of genetic analysis. It allows scientists to sequence Nucleic acid fast and
economically than previous (82). NGS can be used to sequence an entire genome. This is an important
tool for understanding genetic variation and disease. By comparing the whole-genome sequences of
different individuals, researchers can identify variants such as single nucleotide polymorphisms (SNPs),
structural and insertions deletions (indels) that may be associated with disease (83). By providing fast,
cost-effective, and high-resolution genetic data, NGS has significantly prolonged the study of genome
and important for health and disease. It has become a fundamental tool in research, diagnostics, and
personalized medicine. This newer method has greatly accelerated the pace of genetic discovery and
have made it possible to study the genetics of complex traits and diseases in ways that were not
possible before. Overall, genetic analysis is a critical tool in modern medicine and biology. It provides the
opportunity for early detection, personalized treatment plans, improved medication response, and
potential cures for genetic diseases. It also serves as a fundamental pillar of genetic and genomic
research (83). PubMed search for " genetic intellectual disability by next generation sequencing"” reveals
the number of research publications per year over the past 12 years where NGS was used in genetic
intellectual disability research (Fig. 1). Using bioinformatic pipeline for a typical NGS variant analysis
procedure. Following clinical, physical, and early molecular studies, DNA samples are acquired. WGS is
favoured for de novo mutations that are unknown or suspected, whereas most of the mendelian-type
disorders investigated by WES. NGS raw reads is pre-processed for removal of low-quality sequences
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prior to variant analysis. Following alignment to a reference genome or chromosome, alignment sorting,
duplication removal, variation calling, and annotation are all performed (83).

Methods

This systematic review was conducted in accordance with the Declaration of Helsinki and in adherence
with the PRISMA guidelines. The inclusion criteria encompassed genetic studies involving Pakistani
families affected by syndromic or non-syndromic hereditary neurological disorders published between
2006 and 2024.

A comprehensive literature search was conducted using major databases and academic search
platforms, including PubMed (NCBI), Google Scholar, ResearchGate, and Web of Science. Relevant
articles were identified using combinations of keywords such as “neurological disorders in Pakistani

n u n u n u n o

families,” “hereditary neurological disorders,” “psychiatric disorders,” “epilepsy,” “intellectual disability,”
“Pakistani mutations,” “whole-exome sequencing,” “attention-deficit/hyperactivity disorder,’
“developmental delay,” “motor disorders,” “communication disorders,” “specific learning disorders,’
“microcephaly,” “Huntington’s disease,” and “autism spectrum disorder.”

All retrieved articles were rigorously screened. Studies that did not report a genetic variant or
corresponding cDNA-level change were excluded. Eligible studies included those investigating

neurodevelopmental disorders, neurodegenerative disorders, and intellectual disability.

Relevant demographic, clinical, and genetic data were systematically extracted from the selected studies
and organized in tabular form using Microsoft Excel. The extracted data were manually curated to ensure
accuracy, completeness, and consistency.

VariantValidator was used to verify and standardize the genomic nomenclature of all reported variants.
Detailed variant annotations, including cDNA- and protein-level consequences, gene symbols, transcript
and protein identifiers, genomic coordinates, inheritance patterns, and allele frequencies, were obtained
from major genomic databases, including Ensembl, the UCSC Genome Browser, OMIM, and gnomAD.

All identified variants were further assessed using clinically relevant databases, including ClinVar, the
Human Gene Mutation Database, and other online tools e.g., VarSome, to determine their reported
clinical significance. The variant pathogenicity were reclassified using the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology guidelines using VarSome with
manual curation.

In addition, the potential pathogenic impact of missense variants was evaluated using multiple in-silico
prediction tools, including SIFT, CADD, PROVEAN, PolyPhen-2, MutationTaster, MutPred, LRT, FATHMM,
REVEL, DANN, AlphaMissense, and MutationAssessor.

Results
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General Characteristics

This review included 145 research articles published between May 2006 and May 2024 that investigated
the genetic basis of neurodevelopmental disorders (NDDs) in Pakistani families. Overall, the number of
publications increased steadily over time, with the highest annual output observed during the last five
years (Fig. T1A).

Across the included studies, 537 Pakistani families comprising 1,664 individuals (815 affected
individuals and 849 unaffected relatives or healthy controls) underwent genetic investigation. Most
families were consanguineous (85%). Geographic information was available for 58% of families, whereas
the remaining 42% had no reported geographic origin. Among families with known geographic origin,
most were from Punjab (43%), followed by Khyber Pakhtunkhwa (25%), Azad Jammu and Kashmir (AJK;
6%), Sindh (5%), and other regions (21%) (Fig. 3).

WES was the predominant genetic testing approach, accounting for 85% of studies, followed by targeted
sequencing (11%), WES combined with targeted sequencing (3%), and whole-genome sequencing (WGS;
1%) (Fig. 2c).

Overall, 79% of cases were classified as syndromic NDDs, whereas 21% were classified as non-
syndromic (Fig. 3). The reported cases encompassed five major clinical categories: intellectual disability
(ID), autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD), motor disorders
(MD), and communication disorders/specific learning disorders (CD/SLD). Among the 537 families,
isolated ID was the most frequently reported phenotype (218/537, 40%), followed by ASD (41/537, 8%),
MD (25/537, 5%), and ADHD (4/537, 1%). The remaining 249 families (46%) exhibited diverse clinical
presentations involving multiple NDD phenotypes and were therefore classified as a mixed group (Fig. 3).

Genetic Characteristics

Across all molecularly diagnosed families, 424 distinct variants were identified in 289 genes previously
known to cause neurodevelopmental disorder (NDDs) (Supplementary Table 1). Of these genes, 230
(80%) were implicated in a single family, whereas 59 (20%) were implicated in at least two families.
Mutations in ASPM and WDR62 were among the leading causes of NDDs, accounting for 13% and 5%,
respectively. While a significant proportion (57.5%) of genes carried only one variant in the published
reports, genes carrying multiple variants (42.5%) were also reported in this study (Fig. 2a). Next, we
evaluated the recurrence of individual (same) variants across multiple reports. Variants reported in more
than one study were classified as recurrent; however, the available data did not allow us to determine
whether patients carrying the same variant were biologically related. Of the 424 distinct variants
identified, 386 (91%) were reported only once, whereas 38 (9%) were reported multiple times across
independent studies.

In terms of inheritance, as expected autosomal recessive mode of inheritance was accounted for 86% of
all reported patients followed by autosomal dominant (3%), and X-linked (2%). However, in 9% cases the
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inheritance pattern was unknown thus excluded from the analysis (Fig. 2b). Among the AR cases, 92% of
the PLP variants were found in homozygous state and 8% cases were in compound heterozygous state.

Collectively, missense variants were predominant (51%) followed by frameshift (22%), stop-gain/start
loss (18%), splicing (6%), and in-frame deletions (3%). Fifty-two percent (221/424) of the variants
reported in this review were found on the ClinVar database including 70% as PLP, 18% as VUS, and 12%
as BLB or conflicting. Likewise, as per ACMG criteria, 47% variants enlisted here were PLP, 31% were
VUS, and 22% were BLB (Fig. 3).

We further investigated all reported missense variants (n = 216) for their predicted pathogenicity by
utilizing databases such as ACMG and ClinVar (Supplementary Table 2). As per ACMG criteria, 25
missense variants were PLP, 103 were VUS, and 88 were BLB. The later 88 BLB missense variants were
further evaluated using online in-silico tools/databases like MutScore, MetaRNN, CADD, REVEL,
phyloP100, DANN, LRT, Mutation Assessor, Mutation Taster, Mutpred, PolyPhen-2, PROVEAN, SIFT,
HGMD, and gnomAD (Supplementary Table 3). Upon querying all missense variants in the ClinVar
database, we have found that 111 variants were enlisted in the ClinVar whereas 105 variants were not
registered. Of those 111 variants that were registered in the ClinVar, 54 were PLP, 34 were VUS, and 23
were BLB (including variants with conflicting interpretation). The distribution of ACMG classifications for
all missense substitutions by wild-type residues is shown in Supplementary data. Our analysis showed
that most PLP substitutions occurred in serine (8), threonine (4), phenylalanine (3), and valine (3)
residues, suggesting that changes in these specific amino acids may negatively affect protein function.
On the other hand, VUS were the most frequently observed substitutions for glycine (15), glutamine (14),
serine (14), and tryptophan (12). Lastly, BLB variants were enriched in alanine (6), glycine (8) and proline
residues (8).

We performed gene intersection analysis to dissect overlapping and non-overlapping genes across
seven sub-populations of Pakistan. Of the assembled 289 mutated genes, geographical affiliation was
explicitly mentioned for 170 genes in the reports; however, no geographical origin was associated, by the
authors, for the remaining 119 genes. Overall, 105 distinct genes were reported from Punjab, 60 genes
from KPK, 14 genes from AJK, 9 genes from Sindh, 5 genes from Baluchistan, 4 genes from Islamabad,
and 2 genes from Gilgit Baltistan (GB). Altogether, 147 genes were (unique) specific to a certain
population whereas 23 genes overlapped between two or more geographically sub-populations (Fig. 4).

Seventy-eight percent (82/105) genes were solely reported from the Punjab province whereas the
remaining twenty-two percent genes (23/105) were shared between Punjab and other geographical
localities. Likewise, 70% (42/60) genes in KPK were unique while 30% (18/60) were shared by other sub-
populations. AJK had 71% (10/14) unique and 29% (4/14) shared genes. Sindh had 67% (6/9) unique and
33% (3/9) shared genes, Baluchistan had 60% (3/5) unique and 40% (2/5) shared genes, Islamabad had
75% (3/4) unique and 25% (1/4) shared genes. Lastly, Gilgit Baltistan had equal proportion of shared and
unique genes (1 unique, 1 shared) To sum up, highest number of unique genes were found in Punjab (n =
82), followed by KPK (n = 42), AJK (n = 10), Sindh (n = 6), Baluchistan (n = 3), Islamabad (n = 3), and Gilgit
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Baltistan (n = 1). Of the 289 total genes reported here, 214 were exclusively associated to a specific
NDDs phenotype while 75 were shared across different clinical sub-types of NDDs. Isolated ID was the
most genetically heterogeneous phenotype with 164 associated genes solely accounting for ID, followed
by ASD (38 genes), MD (9 genes), and ADHD (3 gene). Surprisingly, no unique gene was found to cause
CD/SLDs exclusively. However, 46 genes across different NDDs types were found to overlap clinically
with CD/SLD categories. Interestingly, mutations in three genes including PCNT, NARS1, and FA2H were
reported to cause an array of NDDs phenotypes including ADHD, MD, ID, ASD and CD/SLD (Fig. 5).
Generally, pathological changes in ASPM and WDR62 were the most leading causes of NDDs in Pakistan
that collectively accounted for over 17% (73/424) of all the reported variants in this study. Individually,
ASPM carried 54 different pathogenic variants including 24 nonsense, 23 frameshift, 5 missense, 1
splicing, and 1 synonymous SNV whereas WDR62 carried, in total, 19 distinct variants comprising 6
frameshift, 6 missense, 3 nonsense, 2 splicing and 2 in-frame deletions (Fig. 6). Variants inside coding
regions of ASPM and WDR62 genes are shown in Fig. 7.

Discussion

Neurodevelopmental disorders (NDDs) are a heterogenous group of prevalent genetic disorders that
primarily result from underdevelopment of the central nervous system early in life. NDDs affect ~ 2-4%
of the world's population leaving life-long impacts on patients and their families (84-86). In the
Asia-Pacific region, NDDs affect ~ 7.5 per 1,000 children (87). Similarly, Pakistan is leading the world in
terms of burden of hereditary disorders showing regional variation likely owing to fluctuating rates of
consanguinity and endogamy (88-90). As expected, 85% NDDs cases reported in this study belonged to
consanguineous families. Thus, regardless of category of monogenic disorders, the prevalence of
parental consanguinity remained always high in all published Pakistani cohorts. For example, parental
consanguinity rates were found to be approximately 70% in inherited retinal dystrophies (91), 74% in
blood disorders (92), 82% in skeletal disorders (93), 87% in deafness (94), and 91% in NDDs (95). Thus,
identification of disease-causing variants by consanguinity driven homozygosity mapping could greatly
reduce cost and improve patients care.

Although genetic studies of neurodevelopmental disorders from Pakistan have been reported since the
mid-2000s, early investigations were largely limited to cytogenetic and targeted gene approaches (96).
Over the years, the development of advanced technologies (WES,WGS and long-read sequencing) and
improved computational workflows, high accuracy and throughput has enabled full coverage of complex
genomic regions, non-coding sequences and structural variants, facilitating the identification of variants
that were previously difficult to detect. These and other reasons may contribute to the recent surge in
publications related to NDDs as observed in this review (97-100). The disproportionately higher NDDs
cases reported from Punjab and/or KPK provinces of Pakistan could be attributed to high population
density, prevalent consanguineous marriages and the availability of clinical genetics services which
strongly correlated with increase prevalence of homozygous recessive condition (101, 102).
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Further, integrating genetic testing into clinical setting has proved key in diagnosing patients with rare
diseases, increasing the diagnostic rate to 50.8% (103, 104). Thus, genetic studies from Pakistan have
played an important role in genes discovery across wide range of inherited conditions. Previous reports
from Pakistan have documented a large number of genes associated with Mendelian disorders,
including inherited retinal diseases (87 genes, 277 variants) (91), neurodevelopmental disorders (143
genes, 188 variants) (95), dermatological disorders (19 genes) (105-108) and hereditary deafness (51
genes) (109).

Pakistan’s high consanguinity rates have led to numerous natural human knockouts, with whole-exome
sequencing of 10,503 individuals revealing ~ 49,138 rare loss-of-function mutations, including complete
knockout of 1,317 genes, which likely contributes to the high burden of genetic disorders (110). Our
study identified 289 genes harboring 424 variants in NDDs. Importantly, 91% of variants identified in this
review were rare, as they were reported only once to underscore the significant contribution of rare, high-
impact mutations to NDDs etiology.

To explore the regional distribution of genes associated with NDD in Pakistan, we analyzed genes
distribution across different provinces of Pakistan. Previous NDDs genetic research on overall Pakistani
population has largely been limited. The multiethnic composition of our dataset enabled the analysis of
genes both within and across geographic regions of Pakistan. Certain variants were region-specific as
rare, whereas others were shared across different regions as common. This enabled the identification of
risk genes harboring rare or common variants that contribute to NDDs within specific populations or
across several regions (111). Further, founder Mutations Punjab and KPK shared the highest numbers of
genes responsible for disease phenotypes. Both provinces may reflect a combination of demographic,
cultural and genetic factors. These regions have high rate of consanguineous marriage, intra-family
union and shared tribal and migration histories. This may facilitate the founder alleles across both
regions (112, 113). Such is the case in Pakistan’s as several founder mutations have been identified in
various genes. These include ASPM (NM_018136: ¢.3978G > A), FA2H (NM_024306: c.159_176del) and
MBOAT7 (NM_024298: c.758_778del). While some disease alleles may vanish from the genetic pool due
to natural selection, variants with founder effects may survive for a long time, thereby enhancing the
prevalence of some rare diseases. These are predominantly autosomal recessive diseases but can also
be autosomal dominant traits with late-onset or mild phenotypes [PMID: 38922202].

ASPM and WDR62 are key regulators of centrosome and centriole function in neural progenitor cells.
ASPM aids in recruitment of centrosomal proteins during centriole duplication, while WDR62 stabilizes
the mitotic spindle and organizes spindle poles. Disruption of these pathways impairs neural progenitor
proliferation, leading to reduced brain size characteristics of primary microcephaly (114). Previous
reports from Pakistan and broader Asian populations shows these two genes represent the predominant
genetic contributors to autosomal recessive primary microcephaly (115, 116). Consistent with global
and regional data (115, 116) our findings show ASPM and WDR62 are among the most mutated genes in
our study which reported in all geographical regions of Pakistan.
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NDDs are clinically heterogeneous group of disorders that includes ID, ASD, ADHD, MD, and CD/SLD. Of
them, ID affect 1-3% of the population globally (117). In our study, we found ID the prevalent (40%) class
of NDDs. Regardless of their diverse clinical phenotypes, recent studies have confirmed that some genes
are shared across multiple NDDs subclasses, reflecting overlapping biological pathways (118). PCNT
encodes the centrosomal protein pericentrin, which regulates cell division; mutations in PCNT can lead
to microcephaly and neurodevelopmental defects (96). NARST encodes asparaginyl-tRNA synthetase,
and loss of its function reduces radial glial cell proliferation during cortical development, leading to
microcephaly and neurodevelopmental delay (119). FA2H encodes fatty acid 2-hydroxylase, an enzyme
required for synthesis of hydroxylated fatty acids that are essential components of myelin; loss of its
function leads to defective myelin formation and demyelination in neurodevelopmental disorders (120).
Our findings show that 79% of syndromic cases which are associated with genes involved in
centrosome, spindle, and cilia-related pathways, including ASPM, WDR62, CEP135, CEP152, and PCNT,
while only five genes (ARL13B, CC2D2A, TMEM67, EXOC8, and MKKS) represent strictly established
ciliopathies by gene panel. In our analysis, we found that PCNT, NARS1, and FA2H overlap across all
examined NDDs subclasses, indicating shared biological mechanisms influencing neurodevelopment.
The molecular interaction of these genes may underly the phenotypic heterogeneity that may impact
various developmental pathways (118).

Conclusion

We provide a comprehensive compendium of the genetic variants causing a range of
neurodevelopmental disorders (NDDs) in Pakistani families over an 18-year period (2006—2024). Our
analysis demonstrates a pronounced predominance of autosomal recessive inheritance, largely driven
by high rates of parental consanguinity, resulting in widespread homozygosity of rare pathogenic
variants. Intellectual disability emerged as the most frequently reported phenotype. Whole-exome
sequencing was the preferred molecular diagnostic approach followed in majority of cases. Notably,
ASPM, WDR62 and TRAPPC9 were the most recurrently implicated genes, while the majority of variants
and genes were family or population specific. Geographic stratification further revealed substantial
regional genetic diversity, particularly within Punjab and Khyber Pakhtunkhwa provinces. Collectively,
these findings underscore the remarkable genetic and allelic heterogeneity of NDDs in Pakistan and
highlight the critical need for population-specific variant annotation, functional validation and expanded
genomic studies to improve molecular diagnosis and genetic counselling.

Limitations

This review is based only on previously published studies and online databases; therefore, it cannot
prove a direct cause-and-effect relationship between genetic variants and diseases. Some relevant
studies may have been missing, and in many articles important information such as patient details,
variant classification, or prediction analyses was not fully reported, which may affect the results. In
addition, most data came from a few regions of Pakistan, so the findings may not fully represent all
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populations, and older cases could not be included because whole-exome sequencing has been used in
Pakistan only in recent years.

Abbreviations

NDDs Neurodevelopmental Disorders

ACMG American College of Medical Genetics and Genomics
ID Intellectual Disability

MD Motor Disorders

ASD Autism Spectrum Disorder

ADHD Attention-Deficit/Hyperactivity Disorder
CD/SLD Communication Disorder/ Specific Learning Disorder
CNS Central Nervous System

IQ Intelligent Quotient

SNVs Single Nucleotide Variations

Indels Insertions or Deletions

FXS Fragile X Syndrome

mtDNA Mitochondrial DNA

CDC Centers for Disease Control

ALS Amyotrophic Lateral Sclerosis

NGS Next-Generation Sequencing

SNPs Single Nucleotide Polymorphisms
NDGDs Neurodegenerative Disorders
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WES Whole Exome Sequencing
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VUS Variant of Uncertain Significance
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Figure 1

List of research publications from 2011 to 2023 of next generation sequencing used in intellectual
disability research
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Characteristics \| %

a b = AR
1. Articles =a AD
2006-2010 6 4% = XL
2011-2015 27 19% =3 NA
2016-2020 48 33%

2021-2024 64 44% Inheritance
Total 145 Pattern
2. Parental consanguinity
Present 458 85%
Absent 27 5%
Not sure 52 10%
Total 537
3. Participants’ health status
Affected 815 49% C 1% == WES
Healthy 849 51% = TSS
Total 1664 —/ WES+TSS
4. Genes =3 WGS
Genes found in only one family 230 80% _
Genes found in multiple families 59 20% Sel\(/qlgtehn:éng
Total 289
5. Alleles
Gene carrying only one allele 244  58%
Gene carrying multiple alleles 180 42%
Total 424
Figure 2

Overview of study characteristics, inheritance patterns, and sequencing approaches in Pakistani
neurodevelopmental disorder (NDD) studies

(AR: Autosomal Recessive, AD: Autosomal Dominant, XL: X-linked, NA: Not Available; WES: Whole Exome
Sequencing, TSS: Targeted Sequencing, WGS: Whole-Genome Sequencing)
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Frequency

Syndromic Non-Syndromic
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Phenotype (46%) (40%)
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Impact (51%) (22%) (18%)
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Figure 3

Genotypic and phenotypic heterogeneity distribution in NDDs of Pakistani population

(AJK: Azad Jammu Kashmir, Het: Heterozygous, C.H: Compound Heterozygous, Hemi: Hemizygous, ID:
Inframe Deletions, SL: Start Loss, VUS: Variant of Uncertain Significance, B/LB: Benign/Likely Benign,
B/LB/C: Benign/Likely Benign/ Conflicting)
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Figure 4

Gene intersections showing overlaps across seven geographic regions of Pakistan
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Figure 5

The shared and unique genes among Pakistani NDDs classes

(ID: Intellectual Disabilities, ADHD: Attention-Deficit/Hyperactivity Disorders, ASD: Autism Spectrum
Disorders, MD: Motor Disorders, CD/SLD: Communication Disorders/Specific Learning Disorders)
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Figure 6

Bar graph showing types of variants along with their corresponding counts/numbers observed in
WDR62and ASPM genes
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Spectrum of coding variants shown as vertical lollipops on the respective proteins. (a) Diagrammatic
representation of coding variants reported in ASPM(NP_060606.3) observed in Pakistan. (b
Diagrammatic representation of coding variants reported in WDR62 (NP_001077430.1) observed in

Pakistan.
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