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Abstract

Joubert syndrome (JS) is a rare autosomal recessive ciliopathy characterized by a
distinctive molar tooth sign (MTS) on brain imaging and with variable multisystem
involvement, including developmental delay, ataxia, and oculomotor abnormalities.
The AHIT gene plays a critical role in ciliary function and neurodevelopment, with
pathogenic variants implicated in JS and related ciliopathies.

A 3-year-old boy underwent comprehensive clinical evaluation, including devel-
opmental assessments, neurological and ophthalmological examinations, and sys-
temic investigations. Magnetic resonance imaging (MRI) of the brain was performed
to confirm the diagnosis. Genomic DNA was extracted, and exome-sequencing was
employed to identify pathogenic variants, which was followed by in silico analyses,
structural modeling, and protein-protein interaction (PPI) studies. Variant validation
and segregation analysis were conducted using polymerase chain reaction (PCR) and
Sanger sequencing. Evolutionary conservation of the variant residue was evaluated
using comparative genomics.

The proband exhibited hallmark JS features, including generalized hypotonia,
ataxia, developmental delay, and the MTS on MRI. Systemic evaluations revealed no
extracerebral organ involvement. Exome-sequencing identified a novel AHI1 variant,
€.2941C>G; p.GIn981Glu, absent in public population databases. In silico prediction
tools supported pathogenicity, with high conservation of the mutated residue across
species. Structural modeling and PPI analysis revealed conformational changes and
disrupted interactions in ciliary function-related pathways. Sanger sequencing con-
firmed autosomal recessive inheritance, with the proband homozygous for the vari-
ant, while both parents were heterozygous carriers.

This study expands the mutational spectrum of AHIT and demonstrates the clinical
utility of exome-sequencing in diagnosing JS, especially in consanguineous popula-
tions. Findings emphasize the importance of genetic counseling, risk assessment, and
advanced reproductive technologies to reduce the risk of recurrence in affected fami-
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lies. The integration of clinical, genetic, and computational analyses enhances our un-
derstanding of JS pathogenesis and supports personalized care for affected families.

Resumo

A sindrome de Joubert (SJ) € uma ciliopatia autossémica recessiva rara, caracte-
rizada pela presenca do sinal do dente em mola (MTS) na neurocimagem e por um
envolvimento multissistémico variavel, incluindo atraso no desenvolvimento, ataxia
e anomalias oculomotoras. O gene AHIT desempenha um papel crucial na fungdo
ciliar e no neurodesenvolvimento, sendo as suas variantes patogénicas associadas a
SJ e a outras ciliopatias relacionadas.

Uma crianca do sexo masculino, de 3 anos, foi submetido a uma avaliacéo clinica
abrangente, incluindo exames do desenvolvimento, neuroldgicos e oftalmoldgicos,
bem como investigacdes sistémicas. A ressonancia magnética cerebral (RM) foi reali-
zada para confirmacg&o diagndstica. O ADN gendmico foi extraido e o exoma sequen-
ciado, com subsequente andlise in silico, modelagdo estrutural e estudo de interagdes
proteina-proteina (PPI). A validagdo da variante e a andlise de segregagdo foram efe-
tuadas por reagdo em cadeia da polimerase (PCR) e sequenciacao de Sanger. A con-
servacdo evolutiva do residuo mutado foi avaliada através de gendémica comparativa.

O probando apresentou as caracteristicas tipicas da SJ, incluindo hipotonias gene-
ralizada, ataxia, atraso do desenvolvimento e a presenca do MTS na RM. As avaliagoes
sistémicas ndo revelaram anomalias extracerebrais. A sequenciacdo do exoma identifi-
cou uma nova variante no gene AHI1, c.2941C>G; p.GIn981Glu, ausente nas bases de
dados populacionais publicas. As ferramentas preditivas indicaram patogenicidade,
com elevada conservacdo do residuo mutado entre espécies. A modelacdo estrutural
e a analise de PPl demonstraram alteragdes conformacionais e perturbacdes nas inte-
ragdes das vias relacionadas com a funcao ciliar. A sequenciacado de Sanger confirmou
um padrao de hereditariedade autossémica recessiva, com o probando homozigdtico
para a variante e os progenitores heterozigdticos portadores.

Este estudo expande o espectro mutacional do gene AHIT e demonstra a utili-
dade clinica da sequenciagdo do exoma no diagndstico da SJ, especialmente em
populagdes consanguineas. Os achados enfatizam a importéancia do aconselhamen-
to genético, da avaliagdo de risco e das tecnologias reprodutivas avancadas para
reduzir o risco de recorréncia. A integracao de andlises clinicas, genéticas e compu-
tacionais aprofunda a compreensado da patogénese da SJ e contribui para cuidados
personalizados as familias afetadas.

Introduction

Joubert syndrome (JS) is a rare autosomal recessive
ciliopathy characterized by a distinctive malformation of
the midbrain and cerebellum, which collectively form
the molar tooth sign (MTS) on brain magnetic resonance
imaging (MRI)." This anomaly is responsible for the hall-
mark clinical features of |S, which include hypotonia,
ataxia, developmental delays, abnormal breathing pat-
terns, and oculomotor apraxia.? As a ciliopathy, JS arises
from defects in primary cilia, microtubule-based orga-

nelles essential for cellular signaling and development.

The phenotypic spectrum of JS is broad and variable,
with some individuals also exhibiting retinal dystrophy,
renal anomalies, liver fibrosis, and polydactyly, reflecting
the diverse roles of cilia in multiple organ systems.?*
Genetic studies have elucidated a high degree of het-
erogeneity in JS, with variants in over 30 genes encoding
proteins essential for ciliary and basal body structure and
function of cilia and basal bodies.> Among these genes,
AHII (Abelson-helper integration site 1) is a key gene
frequently implicated in JS. AHII encodes the protein

Jouberin, which plays a pivotal role in the proper locali-
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zation and function of ciliary proteins, as well as in axonal
decussation during brain development. Variants in AHI |
are strongly associated with the neurological manifesta-
tions of JS, including the MTS, and may also predispose
individuals to retinal and renal complications. '

In addition to AHII, other genes frequently implicat-
ed in JS include MKSI, CC2D2A, TCTNI, B9D2, NPHPI,
TCTN2, TMEM216, B9D 1, CEP290, and TMEMé67. These
genes encode components of the ciliary transition zone
or proteins that interact within ciliary networks to regu-
late signaling pathways.® For instance, variants in CEP290
and TMEMé67 are frequently linked to JS with multisys-
tem involvement, including severe renal and hepatic
phenotypes. Deletions in NPHP/ are often associated
with milder forms of the disorder but frequently co-
occur with nephronophthisis.”®

Exome-sequencing is a powerful genomic tool that
focuses on analyzing the protein-coding regions of the
genome, which contain the majority of disease-causing
variants.”'® Its efficiency and cost-effectiveness com-
pared to genome-sequencing make it particularly ad-
vantageous for identifying rare genetic disorders.'"'2
Studies have demonstrated its high diagnostic yield,
especially in consanguineous families, where the preva-
lence of homozygous variants is higher due to shared
ancestry.'>'* Building on these strengths, we utilized
exome-sequencing to investigate the genetic basis of |S,

arare ciliopathy, in an Iraqi family.

Case Report

The proband, a 3-year-old boy from a consanguine-
ous Iraqi family, presented with clinical features sugges-
tive of JS. A pedigree analysis was consistent with au-
tosomal recessive inheritance (Fig. 1). Comprehensive
clinical and developmental assessments were conducted
to characterize the phenotype and confirm the diagno-
sis. Neurological and ophthalmological evaluations as-
sessed motor coordination, developmental milestones,
and visual function. Laboratory investigations included
liver function tests, and abdominal ultrasonography was
performed to identify potential structural abnormalities.
MRI was performed to confirm the hallmark structural

anomalies associated with |S.

Sample Collection and Genomic DNA Extraction
Peripheral blood samples were collected from the

patient and his biological parents after obtaining in-

Figure 1. The pedigree of the studied family illustrates an
autosomal recessive inheritance pattern. Circles represent
females, and squares represent males. A diagonal slash
through a symbol denotes deceased individuals, while the
filled black square identifies the proband, the subject of
clinical evaluation. The inset on the right features an axial
T2-weighted MRI scan of the proband’s brain, showing the
characteristic MTS, a hallmark radiological feature of JS.

formed consent and in accordance with ethical guide-
lines. Genomic DNA was extracted using the Qiagen
DNeasy Blood & Tissue Kit according to the manufac-
turer’s protocol. The quality and concentration of the
extracted DNA were assessed using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific) and Qu-
bit 4 fluorometer (Thermo Fisher Scientific), to ensure
suitability for downstream applications.

Exome-Sequencing and Variant Analysis
Exome-sequencing was performed to identify poten-
tial variants in the patient’s genome. Library preparation
was conducted using the Agilent SureSelect Human All
Exon V7 kit, and sequencing was performed on an II-
lumina NovaSeq 6000 system to achieve an average
coverage depth of approximately 120X. Raw sequenc-
ing data were processed using a standard bioinformatics
pipeline, including read alignment to the human refer-
ence genome (GRCh38) using BWA-MEM, variant call-
ing with GATK (Genome Analysis Toolkit), and annota-
tion using ANNOVAR. Variants were filtered based on
quality metrics and minor allele frequency (MAF < 1%)
in public databases such as the Genome Aggregation Da-
tabase (gnomAD; https://gnomad.broadinstitute.org/)
and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/).
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Impact of Variants

To assess the pathogenicity of the identified variants,
functional impact predictions were conducted using tools
such as MutationTaster (https://www.mutationtaster.
org/), and Combined Annotation Dependent Depletion
(CADD; https://cadd.gs.washington.edu/). Further evalu-
ation was performed to prioritize variants based on gene-
disease associations obtained from Online Mendelian
Inheritance in Man (OMIM; https://www.omim.org/) and
the Human Gene Mutation Database (HGMD; https://
www.hgmd.cf.ac.uk/ac/index.php).

Structural 3D Protein Analysis and Protein Inter-
actions

The structural impact of prioritized variants was
modeled using homology-based 3D protein modeling
by SWISS-MODEL (https://swissmodel.expasy.org/).
The wild-type and variant protein structures were com-
pared to evaluate conformational changes. Addition-
ally, protein-protein interaction (PPI) analysis was per-
formed using STRING (https://string-db.org/) to predict
how the variant might disrupt molecular interactions
relevant to the observed phenotype.

Evolutionary Conservation

Evolutionary conservation of the mutated residues
was evaluated using Clustal Omega (https://www.ebi.
ac.uk/jdispatcher/msa/clustalo), which calculates con-
servation scores to identify functionally important
regions. Evolutionary conservation of the mutated
residues was evaluated using Clustal Omega (https://
www.ebi.ac.uk/jdispatcher/msa/clustalo) to calculate
conservation scores and identify functionally important
regions. Additional assessments of conservation and
functional significance were performed using Phast-
Cons|00way, PhastConsl7way (primate), and Phast-
Cons|00way (vertebrate). Similarly, PhyloP|00way,
PhyloPl7way (primate), and PhyloP00way (verte-
brate) were used to evaluate evolutionary constraints
across different species. SiPhy29way was employed
for site-specific phylogenetic analysis, providing further
insights into evolutionary conservation. Fitness conse-
quence-based metrics were assessed using fitCons-gm,
fitCons HI (HI-hESC), fitCons HU (HUVEC), and the
Integrated fitCons framework to evaluate the functional
significance across various cell types. Additional analyses

included pi (7, nucleotide diversity) scores to examine

population-level variation and bStatistic scores to assess

evolutionary constraint in the genomic regions.

Polymerase Chain Reaction (PCR)

Targeted amplification of the genomic regions har-
boring the prioritized variants was carried out using pol-
ymerase chain reaction (PCR). Primers were designed
using Primer3 software, ensuring specificity for the
regions of interest. PCR amplification was performed
using a Veriti Thermal Cycler (Applied Biosystems) un-
der optimized conditions, with reaction components
including Taqg DNA polymerase (Thermo Fisher Scien-
tific), INTPs, MgCl2, and primers. Amplicons were con-
firmed by gel electrophoresis.

Sanger Sequencing

Segregation analysis of the prioritized variants was
conducted using Sanger sequencing. PCR products
were purified using the QIlAquick PCR Purification Kit
(Qiagen) and sequenced on an Applied Biosystems 3730
DNA Analyzer. Chromatograms were analyzed using
Chromas software to confirm the presence of the vari-
ants in the proband and determine their segregation in
the parents.

Clinical Findings

The proband, a 3-year-old boy from a consanguine-
ous family, presented with features suggestive of |S. He
was born to consanguineous parents following an une-
ventful full-term pregnancy, weighing 3.2 kg at birth and
no reported perinatal complications. Family history re-
vealed two prior neonatal deaths, though no confirmed
diagnoses were documented. The proband is the cou-
ple’s third child and the only surviving offspring (Fig. 1).

On clinical examination, the child exhibited generalized
hypotonia, pronounced head lag, and impaired truncal
stability. His gait was broad-based and unsteady, consist-
ent with ataxia. Dysmorphic features included a high-
arched palate and low-set ears. Neurological evaluation
revealed oculomotor apraxia and intermittent nystagmus,
although retinal evaluation showed no signs of dystrophy.
Cognitive assessment demonstrated moderate global de-
velopmental delay, with marked deficits in motor and lan-
guage development. There was no evidence of clinically
apparent seizures or significant feeding difficulties.

Neuroimaging findings were integral to establishing

the diagnosis. Brain MRI demonstrated the classic MTS
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(Fig. 1), characterized by hypoplasia of the cerebellar
vermis and thickened, elongated superior cerebellar pe-
duncles. Additional findings included a mildly enlarged
fourth ventricle and a dysplastic corpus callosum. These
structural anomalies are hallmark characteristics of JS.
Systemic evaluations were performed to assess ex-
tracerebral involvement. Renal ultrasonography re-
vealed normal kidney size and morphology, with no
evidence of nephronophthisis or cystic changes. Hepatic
function tests and abdominal ultrasonography showed
no abnormalities. Cardiologic assessment, including
echocardiography, was within normal limits. Given the
potential progressive nature of renal and retinal com-
plications in ]S, ongoing monitoring is recommended.
Finally, after genetic counseling, genetic analysis was
suggested to confirm the diagnosis and identify the un-

derlying molecular defect.

Exome-Sequencing Findings

Exome-sequencing of the affected patient identi-
fied a novel homozygous variant in the AHII gene
(NM_001134831.2), located on chromosome 6q. The
variant, designated as c.2941C>G (p.GIn98I1Glu), is
situated in exon 2| of 29. Based on the GRCh38 (hg38)
reference genome, this variant corresponds to the
genomic coordinate chré:g.135411368G>C. This alter-
ation involves a nucleotide substitution at position 2941,
where cytosine (C) is replaced by guanine (G). At the
protein level, this nucleotide change results in the re-
placement of glutamine (GIn) with glutamic acid (Glu) at
position 981. Population database analysis indicates that
this variant is exceedingly rare, with an allele frequency
of 0.0% reported in both the maximal founder and max-

imal non-founder subpopulations within gnomAD.

In Silico Analysis of AHII c¢.2941C>G; p.GIn981Glu
Variant

The novel variant identified in this study, AHII
(NM_001134831.2): c.2941C>G, resulting in the amino
acid substitution p.GIn981Glu, underwent comprehen-
sive in silico analysis, revealing its potential pathogenic-
ity. Predictive tools indicated damaging effects, with
FATHMM-MKL assigning a high score of 0.8525, Muta-
tionTaster classifying it as disease-causing with a score of
0.9323, and PolyPhen-2 evaluating it as probably damag-
ing with a score of 0.969. Splice site analysis demon-

strated significant changes, including an increased donor

site score at gDNA position 86408, rising from 0.67 in
the wild-type sequence (GTAAAACAGAGGCTT) to
0.99 in the mutant sequence (GTAAAAGAGAGGCTT),
alongside the gain of a novel donor site at gDNA position
86403 with a score of 0.94 and the mutant sequence
AGCTAGTAAAAGAGA at the exon-intron boundary
(CTAG | taaa). Population frequency analysis confirmed
the rarity of the variant, with an allele frequency be-
low 0.001% across all gnomAD subpopulations, well
below the recommended PM2 threshold of 0.082%
for the AHII gene, and it does not overlap with known
pathogenic variants such as chr6:135467636:T>C,
chr6:135466028:CTT>C, or chr6:135463145:G>GT.
These findings collectively indicate the novel variant’s

likely pathogenic nature.

Structural Analysis of AHII Protein and Protein
Interactions

The structural analysis of the AHII protein demon-
strates critical differences between the wild-type and
mutant models (Fig. 2). To explore the potential bio-

logical significance of this variant, we analyzed the PPI

Glu9sl

Figure 2. Structural comparison of (A) wild-type (GIn981)
and (B) mutant (Glu981) AHI1 proteins.

network of AHII using the STRING database. The re-
sulting network (Fig. 3A) shows strong functional con-
nections between AHI| and several proteins known to
play critical roles in ciliary function and structure, in-
cluding CEP290, TMEM67, TMEM216, CC2D2A, and
MKSI. These proteins are frequently associated with

ciliopathies, including JS.

Conserved Regions Across Species

The conservation scores and metrics for the identi-
fied variant are summarized in Table 1. These scores
provide insights into the evolutionary conservation and
functional importance of the affected region. In addition,

to assess the evolutionary conservation of the region en-
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Species Alignment

FQIDDYVHTEHS - SMKMQQVKQRLDSVTEVIRACAAKVNKNLSFASSTSSQ
FQIDDYVHTEQS-SMKMQQVKQRLDSVTEVIRACAAKVNKNLSFTSTSASS
FQIDDYVHTENS-SMKMQQVKQRLDSVTEVIRACAAKVNKNLSFPSTSASS

AOABCOPMZ1_CANLF
G1LTM7_AILME
F7DHZ7_HORSE

F1S3R7_PIG FQIDDYVPTENS-SMKMQQVKQRLDSVTEVIRACAAKVNKNLSFTSTSASS
E1BFN3_BOVIN FQIDDYVPTEHS-SMKMQQVKQRIDSVTEVIRACAAKVNKNLSFTSTSASS
AHI1_RAT FQIDEFVNTENNSSRKIQLVKQRLETVTEVIRSCAAKVNKNLSITSPPPGP
F7FUM8_CALJA FQIGEYVHTENS-STKMQLVKQKLETVTEVIRSCATKVNTNLSFTSPPAVS
Q8N157_HUMAN FQIDEFVHTESS-STKMQLVKQRLETVTEVIRSCAAKVNKNLSFTSPPAVS

G3QFV5_GORGO
G1RXJ2_NOMLE
F7HH88_MACMU
G1T1P7_RABIT
AGABCOXWD6_CASCN

FQIDEFVHTESS-STKMQLVKQRLETVTEVIRSCAAKVNKNLSFTSPPAVS
FQIDEFVHTENS-STKMQLVKQRLESVTEVIRSCAAKVNKNLSFTSPPAVS
FQIDEFVHTENS-STKMHLVKQRLETVTEVIRSCAAKVNKDLSFTSPPAVS
FQIDEFVHTENT -SSKMHLVKQRLETVTEVIRSCAAKVNKNLSLTSPPPGS
FQIDEFVHTENS-STKMQLVKQRLETVTEVIRSCAAKVNKNLSLTSPPPAS

analysis was performed using Sanger sequencing. The
analysis confirmed the presence of the ¢.2941C>G vari-
ant in the AHI| gene, which results in a substitution of
glutamine with glutamic acid (p.GIn981Glu). The patient
was found to be homozygous for the variant, while both
parents were identified as heterozygous carriers. These
findings are consistent with an autosomal recessive
mode of inheritance (Fig. 4). Importantly, no deletion of
exon 21| in the AHII gene was detected, ruling out this
possibility as an explanation for the presence of a single

G signal in the chromatogram.

Figure 3. (A) PPl network of AHI1 and its interacting pro-
teins. The PPl network highlights the functional relationships
of AHI1T with other proteins, including MKS1, CC2D2A,
TMEMé7, CEP290, among others, which are commonly
implicated in ciliopathy-related pathways. (B) Conservation
of the AHI1 protein region encompassing the p.GIn981Glu
variant across 12 species. The sequence alignment shows
that the region surrounding the Glu981 residue is highly con-
served across multiple species, including humans, primates
(e.g., gorilla, macaque), and non-primate mammals (e.g.,
dog, pig, horse). The conserved Glu residue (highlighted in
red) indicates functional significance, supporting its potential
role in protein stability or interaction..

compassing the AHI| ¢.2941C>G; p.GIn981Glu variant,
a multiple sequence alignment was performed across
12 species. The results (Fig. 3B) show a high degree of
conservation in the protein sequence surrounding the
variant site. The Glu residue at position 981 is conserved
across all analyzed species, ranging from primates, in-
cluding humans, gorillas, and macaques, to non-primate

mammals such as dogs, pigs, and horses.

Validation and Segregation Analysis

The detected variant was validated, and segregation

Table 1. Conservation scores of the novel variant.

Proband
Homozygous

Heterozygous

Onlge f \ A AN AN
s\ VR Y /\ a0 A
Figure 4. Sanger sequencing chromatograms depicting the
segregation of the AHIT ¢.2941C>G (p.GIn981Glu) variant
in the proband and his parents. The proband exhibits a

homozygous variant (G/G), while both parents are heterozy-
gous carriers (C/G).

Genetic Counseling and Risk Assessment

The identification of a novel variant in the AHII gene
highlights the essential role of genetic counseling in fami-
lies affected by JS. In cases of consanguinity, the risk of
autosomal recessive conditions is significantly elevated.
Genetic counseling offers tailored risk assessment, edu-
cation on inheritance patterns, and informed guidance

Metric Score Interpretation

PhastCons100way 1.000

Indicates full conservation across 100 vertebrate species, suggesting strong
evolutionary constraint.

PhyloP100way (version 14-Apr-
2021) 3.563

A positive conservation score, highlighting strong evolutionary conservation
across 100 vertebrates.

PhyloP100way (vertebrate) 3.5629 significance.

High conservation signal across vertebrate species, indicating functional

PhastCons100way (vertebrate) | 1.000

Fully conserved across 100 vertebrates, indicating essential functional roles.

fitCons HU (HUVEC) 0.7591 (HOVEC).

Suggests strong functional constraint in human vascular endothelial cells

fitCons HU (HUVEC rankscore) |0.9976

Falls within the 99.76th percentile in HUVEC conservation, indicating high
significance for functionality.

SiPhy29way 15.3115

High conservation across 29 mammalian species, consistent with
evolutionary constraint.

SiPhy29way (rankscore) 0.7374

Falls within the 73.74th percentile in mammalian conservation, supporting

functional importance.
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for reproductive decision-making, enabling families to

address potential challenges proactively.

Prenatal and Perinatal Management

Targeted prenatal diagnostic strategies are indis-
pensable when a pathogenic variant, such as AHII,
c.2941C>G; p.GIn981 Glu, is identified. Techniques like
chorionic villus sampling (CVS) and amniocentesis al-
low for early genetic confirmation of fetal status. Early
detection facilitates timely planning for specialized peri-
natal care, ensuring optimized outcomes and prepared-

ness for managing potential complications.

Advanced Reproductive Options

The identification of the c.2941C>G; p.GIn981Glu
variant enables the use of advanced reproductive tech-
nologies to minimize recurrence risks. In vitro fertiliza-
tion (IVF) with preimplantation genetic testing (PGT)
provides a precise method to screen embryos for
pathogenic variants. This approach allows for the selec-
tion of unaffected embryos, offering a robust solution to
break the cycle of autosomal recessive inheritance and
ensure the health of future offspring.

Discussion
Identification of a Novel AHII Variant in Joubert
Syndrome (JS)

This study identifies a novel homozygous variant,
c.2941C>G (p.GIn981Glu), in the AHII gene, identified
in a proband from a consanguineous Iragi family with
clinical and neuroimaging findings consistent with JS. The
autosomal recessive inheritance observed in this case is
consistent with the pedigree analysis and underscores
the impact of consanguinity in increasing the risk of rare
genetic disorders. The identified variant results in the
substitution of glutamine with glutamic acid at position
981 within the AHII protein. This substitution alters the
chemical properties of the protein by replacing a neutral,
amide-containing side chain with a negatively charged,
carboxyl-containing side chain.'*'* This alteration likely
disrupts the protein’s structural stability or interaction
with other cellular components, potentially impairing its
function in ciliogenesis or neuronal development, pro-
cesses which are key processes in the pathogenesis of |S.
The rarity of this variant in population databases, along
with its segregation with the phenotype in an autosomal

recessive manner, strongly supports its pathogenicity.

Role of AHII in Wnt Signaling and Joubert Syn-
drome Pathogenesis

The AHII gene encodes the jouberin protein, which
serves as a key regulator of the Wnt signaling pathway by
facilitating 3-catenin nuclear translocation, a vital mecha-
nism in cellular signaling and developmental processes.'*
Previous studies, as summarized in Table 2, have identi-
fied various AHI| gene variants that are proposed to en-
code impaired proteins, contributing to the understanding
of JS pathogenesis. The missense variants listed in Table
2 were selected based on their predicted functional im-
pact, their presence in key functional domains of the AHI/
gene, and supporting evidence from the literature. These
variants are proposed to encode impaired proteins that
may contribute to JS pathogenesis by disrupting the Wnt
signaling pathway. Our study adds to this growing body
of knowledge by identifying a novel missense variant in
the AHII gene. We propose that this newly detected vari-
ant encodes a dysfunctional jouberin protein, potentially
disrupting its role in the Wnt pathway and contributing to

the clinical manifestations of JS

Population Genetics and Founder Effect in the
Arab Population

Research has shown that AHI| variants occur with
higher frequency in the Arab population, likely due to the
higher prevalence of consanguineous marriages, which
increases the risk of autosomal recessive inheritance of
genetic conditions.? In regions like Al-Basrah, southeast-
ern Iraq, where many Arab families reside, such variants
might have gone undetected, especially if they previously
manifested in homozygous states. The early mortality of
affected individuals, as observed in this family, could ac-
count for the lack of prior documentation of these cases.
This pattern aligns with the concept of a founder effect,
which likely underlies the prevalence of specific variants
in JS patients, reflecting the shared genetic heritage and

familial structures within this population.

Comparison with Other Joubert Syndrome-Asso-
ciated Genetic Variants

Previous studies have identified variants in JS-associ-
ated genes, such as the AHI/ variants found in several
affected cohorts. For instance, variants in CEP290 and
TMEM67 have been commonly implicated in JS due
to their roles in ciliary function, as evidenced by Japa-
nese cohorts, where the CEP290 c.6012-12T>A vari-
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Table 2. AHI1 variations (NM_001134831.2) associated with a JS previously reported..

No. | Nucleotide Change Protein Change Type of Variant ACMG' Reference
1 c.662C>G p.Ser221Ter Nonsense Pathogenic Valente EM, et al "®
2 c.1064T>G p.Leu355Arg Neissi M, et al!

Missense VUSs?
3 c.1213A>C p.Thr405Pro Neissi M, et al 2
4 c.1267C>T p.GIn423Ter Nonsense Valente EM, et al ¢
5 c.1328T>A p.Val443Asp Missense Dixon-Salazar T, et al "/

Pathogenic

6 c.1765C>T p.Arg589Ter Valente EM, et al ¢

Nonsense
7 c.1917T>A p.Tyr639Ter
8 c.1995T>G p.Asp665Glu VUS

Parisi MA, et al '®
9 c.2012C>T p.Thré71lle Likely Pathogenic
10 c.2156A>G p.Asp719Gly Missense
Pathogenic
11 c.2168G>A p.Arg723GlIn Valente EM, et al "®
12 c.21737>C p.Trp725Arg Likely Pathogenic Parisi MA, et al '
13 c.2212C>T p.Arg738Ter Nonsense Pathogenic Valente EM, et al "®
14 c.2278T>G p.Tyr760Asp Missense VUS Suzuki T, et al
15 €.2282C>T p.Ser761Leu Elsayed SM, et al %
16 c.2297G>A p.Gly766Glu Missense Likely Pathogenic
Bachmann-Gagescu R, et al %

17 c.2361G>T p.Trp787Cys VUS
18 c.2495T>G p.Leu832Ter Nonsense Pathogenic Parisi MA, et al '®
19 c.2561G>T p.Cys854Phe Missense VUS Lee H, et al #
20 c.2671C>T p.Arg891Ter Nonsense Pathogenic Otto EA, et al
21 c.2687A>G p.His896Arg Likely Pathogenic Parisi MA, et al '

Missense
22 c.2705T>A p.Val902Asp VUS Bachmann-Gagescu R, et al ?'
23 c.2950G>T p.Glu984Ter Nonsense Likely Pathogenic Bell CJ, etal?*
24 c.3368C>T p.Ser1123Phe Missense Benign Lee H, et al

ACMG": American College of Medical Genetics and Genomics; VUS?: variant of uncertain significance.

ant predominated.'® Similarly, our findings of the novel
AHII ¢.2941C>G (p.GIn981Glu) variant broaden the
known genetic landscape of JS. While earlier variants
like c.3263_3264delGG have been linked to truncation

2 our identified

effects leading to severe phenotypes,
variant suggests an alternative pathogenic mechanism,
potentially disrupting protein interactions.. Both studies
underline the significant heterogeneity within JS, but our
variant’s unique location and predicted effects provide

novel insights into disease etiology.

Structural and Functional Impact of the AHII
p.GIn981Glu Variant

The pathogenicity of ]S variants often arises from
their interference with protein domains crucial for cili-
ary functions, as demonstrated by disrupted WD40-re-
peat structures in AHI1.?° This aligns with our in silico
findings, where the p.GIn98 1 Glu variant in AHI | showed
significant alterations in predicted splice sites and dam-

aging protein-level effects. For example, the study of
AHII truncating variants demonstrated that regions
near the SH3 domain were dispensable, but N-terminal
disruptions were deleterious due to their role in ciliary
architecture.? Our study suggests that the p.GIn981Glu
variant may uniquely disrupt WD40-repeat or SH3 in-
teractions, providing a new dimension to understanding
the structural integrity required for AHII functionality
and its role in JS pathogenesis.

Genotype-Phenotype Correlation in Joubert Syn-
drome

Clinical manifestations of ]S often correlate with
specific genetic variants, with phenotypes ranging from
classic S to multiorgan involvement. In our case, the
proband exhibited hallmark features of ]S, including
hypotonia, ataxia, and the characteristic MTS on brain
MRI. In comparison, clinical cohorts with TMEMé7 vari-
ants often frequently present with additional features
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such as liver fibrosis or coloboma,'® while CEP290 vari-
ants have been associated with retinal dystrophy.?' In-
terestingly, despite severe developmental delays, our
case lacked extracerebral involvement, highlighting the
phenotypic variability even within AHI|-related JS. Such
comparisons underscore the importance of genotype-
phenotype correlation studies in guiding prognosis and

clinical monitoring in JS.

Protein-Protein Interaction (PPI) Network and
Pathogenic Mechanisms

The PPl network presented highlights the intri-
cate interplay between key proteins implicated in the
pathogenesis of |S. The identified AHII ¢.2941C>G;
p.GIn981Glu variant in the proband disrupts a critical
node in this network, potentially altering interactions
with partners such as CEP290, TMEM67, and other |S-
associated proteins. AHII serves as a scaffold protein
essential for the assembly and function of the primary
cilium, a cellular organelle critical for signal transduction
and development. Perturbation of AHII interactions
could destabilize this network, impairing ciliary signal-
ing pathways and contributing to the hallmark cerebel-
lar and brainstem malformations observed in |S.* Our
findings suggest that the c¢.2941C>G variant may alter
protein binding affinity, disrupting the ciliary architecture

and signaling cascade.

Future Directions

Finally, this study identifies a novel homozygous AHI/
c.2941C>G; p.GIn981Glu variant and provides a de-
tailed characterization of its potential pathogenic mech-
anisms. The integration of in silico predictive models,
population database analysis, and structural and conser-
vation data underscores the variant’s likely disruptive ef-
fect on protein function and its role in the pathogenesis
of JS. Although this variant is not present in population
databases, its occurrence in an Arab family raises the
possibility that it may be more frequent in this popu-
lation, particularly in regions with high consanguinity.
Future studies examining its prevalence in larger Arab
cohorts could provide further insights into its contribu-
tion to JS and related disorders. Additionally, the find-
ings reinforce the significant role of consanguinity and
founder effects in shaping the genetic landscape of rare

disorders in specific populations.

Conclusion

Identification of the novel AHII p.GIn981Glu variant
in a proband with JS underscores the importance of in-
tegrating genetic and clinical evaluations in the accurate
diagnosis and management of rare neurodevelopmental
disorders. This study expands the mutational spectrum
of AHII and reinforces the utility of exome-sequencing
in consanguineous populations, where recessive inherit-
ance patterns are more pronounced. The findings pro-
vide critical insights into genotype-phenotype correla-
tions and highlight the importance of genetic counseling
and advanced reproductive strategies to minimize re-
currence risks. This work enhances our understanding
of JS and offers a framework for improving diagnostic
accuracy, genetic risk assessment, family planning, and

personalized patient care in affected families. B
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