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Autism is a complex neurodevelopmental disorder, the prevalence of which has increased
drastically in India in recent years. Neuroligin is a type | transmembrane protein that plays
a crucial role in synaptogenesis. Alterations in synaptic genes are most commonly impli-
cated in autism and other cognitive disorders. The present study investigated the neuroligin
3 gene in the Indian autistic population by sequencing and in silico pathogenicity predic-
tion of molecular changes. In total, 108 clinically described individuals with autism were
included from the North Karnataka region of India, along with 150 age-, sex-, and ethnici-
ty-matched healthy controls. Genomic DNA was extracted from peripheral blood, and ex-
onic regions were sequenced. The functional and structural effects of variants of the neu-
roligin 3 protein were predicted. One coding sequence variant (a missense variant) and four
non-coding variants (two 5'-untranslated region [UTR] variants and two 3'-UTR variants)
were recorded. The novel missense variant was found in 25% of the autistic population.
The C/C genotype of ¢.551T>C was significantly more common in autistic children than in
controls (p = 0.001), and a significantly increased risk of autism (24.7-fold) was associated
with this genotype (p = 0.001). The missense variant showed pathogenic effects and high
evolutionary conservation over the functions of the neuroligin 3 protein. In the present
study, we reported a novel missense variant, V184A, which causes abnormal neuroligin 3
and was found with high frequency in the Indian autistic population. Therefore, neuroligin
is a candidate gene for future molecular investigations and functional analysis in the Indi-
an autistic population.
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Introduction

Autism (MIM 209850) is a complex neurodevelopmental disorder that is characterised by
impaired verbal and nonverbal communication and social interaction, accompanied by re-
stricted and stereotyped behavior [1,2]. The American child psychiatrist Leo Kanner was
the first to clearly define the condition and to use the term “autism” [3,4]. The aetiology of
autism is largely unknown, but many studies have shown that genetic factors play a major
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role, along with environmental factors. The genetic architecture of
autism is complex. Autism shows diverse forms of genetic variation,
differing in frequency (i.e., very rare, rare, and common variations),
the pattern of inheritance (i.e., autosomal, X-linked, and de novo
variations), the type of variation (i.e,, structural—including aneu-
ploidy, copy number variations, indel mutations, and single-nucleo-
tide variations), and mode of action (additive, recessive, dominant,
and hemizygous) [5,6]. The causes of autism may be heritable, de
novo, or both. Some family and twin studies have shown that au-
tism is highly heritable. The concordance rate of autism is roughly
45% for monozygotic twins and 16% for dizygotic twins [7,8]. The
co-occurrence rate of autism in siblings is approximately 45 times
greater than in the general population. The male to female ratio is
3-4:1 [4,9]. The reason for the male predominance is still un-
known.

Various studies from Asia, Europe, and North America have
identified the average prevalence of autism spectrum disorder
(ASD) to be 1% to 2% [10]. In India, the prevalence of autism has
increased drastically over time, and the true reason for the cause of
this change remains unclear. In a systematic review of four studies,
one study included both rural and urban populations, while the re-
maining three included only urban populations. The study from
the rural cohort showed a pooled prevalence of 0.11% (95% confi-
dence interval [CI], 0.01% to 0.20%) in children of 1-18 years. A
study conducted in the urban cohort showed a pooled prevalence
of 0.09% (95% CI, 0.02% to 0.16%) in children aged 0-15 years
[11]. A study conducted in 2017 amongst children from rural, ur-
ban, and tribal populations of children aged 1-10 years showed a
prevalence of 0.15% (95% CI, 0.15% to 0.25%) [10].

Autism has diverse pathophysiological mechanisms, of which
synaptic cell adhesion and associated molecules are currently
amongst the most studied. Neuroligin is a type I transmembrane
protein whose extracellular segments contain a globular domain
homologous to acetylcholine esterase and a stalk rich in O-linked
carbohydrates [12]. In the human genome, five genes have been
identified that code for neuroligin: NLGN1 (3q26), NLGN2
(17p13), NLGN3 (Xq13), NLGN4X (Xp22.3), and NLGN4Y
(Yq11.2). The protein products of NLGN1 are located at excitatory
synapses, those of NLGN2 are found at inhibitory synapses, those
of NLGN3 are at both excitatory and inhibitory synapses, and those
of NLGN4X are found at excitatory synapses. NLGN4X and NLG-
N4Y have almost identical sequences, and are therefore assumed to
have the same function [13,14]. In the present study, we recorded
the prevalence of autism in the North Karnataka region of India for
the first time, investigated the genetic profile of neuroligin 3 gene in
the Indian autistic population by DNA sequencing, and reported
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novel molecular-level changes.

Methods

Subjects

In the North Karnataka region of India, 1870 mentally ill children
below 18 years of age were diagnosed using the Diagnostic and Sta-
tistical Manual of Mental Disorders (https ;/ /www.psychiatry.org/
psychiatrists/practice/dsm) and the International Classification of
Diseases, 10th revision (https://www.who.int/classifications/icd/
icdonlineversions/en/). From these children, 150 autistic children
were identified, of whom 108 children were included in this study
(Npge = 85, Ngae = 23; age range, S to 18 years, and mean age, 11.7
+ 3.5 years). Children with associated medical conditions, includ-
ing fragile X syndrome, chromosomal abnormalities, and metabolic
disorders were excluded from the study. Furthermore, 150 age-,
sex-, and ethnicity-matched healthy control children were also in-
cluded in the study (n,,,. = 100, ;. = S0; age range, S to 18
years, and mean age, 11.0 £ 2.0 years; p = 0.04). Shri B.M Patil
Medical College, Hospital and Research Centre, BLDE (Deemed
to be University), Vijayapura (Ref No: BLDE (DU) IEC/337-
2018-19) approved the study. Clinical samples were obtained after
receiving informed consent from the parents/guardian of the re-

spective child.

DNA sequencing

Genomic DNA was extracted from peripheral blood using a DNA
extraction kit (DNeasy Blood and Tissue Kit, Qiagen, Hilden, Ger-
many) as per the manufacturer’s instructions. All seven exonic re-
gions of the NLGN3 gene were amplified by polymerase chain re-
action (PCR) using PCR reaction kits (New England Biolabs, Ips-
wich, MA, USA) with specifically designed primers. Sequencing of
the amplified product was performed on an ABI 3500 DNA ana-
lyzer using a Big Dye terminator version 3.1 cycle sequencing kit
(Applied Biosystems, Waltham, MA, USA). Sequencing results
were analyzed on DNA Sequencing Analysis Software v5.4 (Ap-
plied Biosystem:s).

Bioinformatics analysis

The pathogenic effects of non-synonymous variants were analyzed

using the following tools:

- PROVEAN (Protein Variation Effect Analyser, http://provean.
jevi.org/ seq_submit.php), which predicts the impact of amino
acid substitutions on the biological function of a protein.

- PolyPhen-2 (Polymorphism Phenotypic-2, http://genetics.bwh.
harvard.edu/pph2/index.shtml), which is a tool that predicts the
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impact of amino acid substitutions on the structure and function
of human proteins using straightforward physical comparative
considerations.

- PHD SNP (https:/ /snps.biofold.org/phd-snp/ phd-snp.html) ,a
predictor of human deleterious SNPs.

-SNP & GO (https:/ /snps.biofold.org/snps-and-go/snps-and-go.
html), which predicts disease-associated variants using Gene On-
tology terms.

- PANTHER (Protein Analysis through Evolutionary Relation-
ships; http://www.pantherdb.org), which uses evolutionary rela-
tionships to infer gene function.

- SNAP2 (https://www.rostlab.org/services/snap/), which pre-
dicts the functional effects of sequence variants. The evolutionary
conservation of the missense variant was investigated by Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) using
NLGNS3 sequences from different species. Homology modelling
of wild-type and mutant NLGN3 proteins was conducted using a
fully automated protein structure homology-modelling server
(Swiss Model; https:// swissmodel.expasy.org), and the results
were visualized and analyzed using the UCSF Chimera program.

The Uniprot accession numbers were QINZ94 (Homo sapiens),

Q8BYMS (Mus musculus), Q62889 (Rattus), F1Q319 (Canis lu-

pus), G3AMXPS (Bos taurus), AOA212UDX2 (Felis catus), E9KFAQ

(Gallus gallus), G3RBW3 (Gorilla gorilla), and G7NRV3 (Macaca

mulatta).

Statistical analysis

The obtained data were tabulated and analyzed via SPSS version
15.0 (SPSS Inc,, Chicago, IL, USA). Quantitative statistical analysis
was performed using the two-tailed Student t-test. Data are present-
ed as mean £ SD. The chi-square test was used to calculate the
genotype frequencies of cases and controls. The frequency of the

Table 1. List of variants and frequency of variants in our study population

variant was estimated using the Hardy-Weinberg equilibrium
(HWE). The risk association between the novel missense mutation
and autism was calculated by analyzing odds ratios along with their
95% ClISs through allelic, dominant, and recessive genetic models by
logistic regression. A p-value < 0.05 was considered to indicate sta-

tistical significance.

Results

In the present study, all seven exonic regions of the NLGN3 gene
were analyzed in 108 individuals. One coding sequence variant and
four non-coding sequence variants (two 5'-untranslated region
[UTR] variants and two 3'-UTR variants) were observed. The
coding sequence variant ¢.551 T > C (p.V184A) was a missense
variant observed in 27 autistic children (25%). The 5'-UTR variant
8.5040 C>W was found in one (0.92%) and g.5041 T > A was
found in five (4.6%) autistic children, while the 3'-UTR variant
2.30370 C>Y was observed in 75 (69.4%) and g.30349-30350 Ins
AC was observed in 21 (19.4%) autistic children. The g.5040
C>W and 30370 C > Y variants were heterozygous (Table 1, Fig.
1). All the variants are novel and have not been reported previously
in any of the in-house human SNP databases such as dbSNP,
1000genomes, ExAc, ClinVar, HapMap, and gnomAD. The clinical
features of all the 27 autistic children in whom the novel missense
mutation p.V184A was recorded are summarised in Table 2.

The novel missense variant ¢.551 T > C (pV184A) was predicted to
have a deleterious effect on the function of the NLGN3 protein by
PolyPhen2, PROVEAN, PANTHER, SNP&GO, PHD-SNP, and
SNAP2 (Table 3). Multiple sequence alignment of NLGN3 was car-
ried out using Clustal Omega, which indicated that the valine at residue
184 is fully conserved across different species ranging from chickens to
humans (Fig, 2). Three-dimensional models for the wild-type NLGN3

Gene Mutation type Nucleotide change ~ Amino acid change Exon Freq::tqscrz]%fr&f?gsn in Freqcuoenrlizlogr?uuﬁg/lsn n
NLGN3 5 UTR 9.5040 C>W - 1 1(0.92) 0

5" UTR g.5041 T>A - 1 5 (4.6) 0

Missense 0.15417 [c.551 T>(] p.V184A 4 27 (25) 2(1.3)

3'UTR 9.30349-30350 Ins AC - 7 21(19.4) 1(0.7)

3'UTR g.30370 C>Y - 7 75 (69.4) 6(4)

Autistic individuals (n = 108), N, = 85, Nremae= 23; age range, 5 to 18 years, and mean age, 11.7 + 3.5, p = 0.03. Furthermore, 150 age-, sex-, and ethnicity-
matched control children were also included in the study (n,,,. = 100, Nmae = 50; age range, 5 to 18 years, and mean age, 11.0 + 2.0, p = 0.04).

The NG_015874.1 reference sequence was used for genomic DNA variant nomenclature, the ENST00000374051.7 reference sequence was used for coding
region variant nomenclature, and the ENSP0O0000363163.3 reference sequence was used for protein variant nomenclature. The nomenclature followed the

Human Genome Variation Society guidelines.
UTR, untranslated region.
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Fig. 1. All the four variants of the NLGN3 gene recorded in the autistic population. ASD, autism spectrum disorder.

Gallus KGGASAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
Felis KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
RAT KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
MOUSE --GSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
Canis KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
Bos KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
ControlHUMAN KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSILASYGNV
AffectedHUMAN KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMAYIHGGSYMEGTGNMIDGSILASYGNV
Gorilla KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
Macaca KGGSGAKKQGEDLADNDGDEDEDIRDSGAKPVMVYIHGGSYMEGTGNMIDGSVLASYGNV
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Fig. 2. Multiple sequence alignment of neuroligin 3 protein sequences. The amino acid residue at 184 is arrowed.

protein and the mutated NLGN3 (p.184A) protein were generated us- both wild-type (V184) and mutant (A184) proteins (Figs. 3 and 4),
ing the homology-modelling server Swiss Model. The wild-type pro- and the mutant residue was smaller than the wild-type residue, which
tein had a Q,, of —1.24 and the mutated NLGN3 protein had a Q,,,.,, might lead to aloss of interactions with other molecules.

of —1.32. At residue V184, two H-bonds were observed with V264 in Basic information containing allelic frequency, minor allele fre-
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Table 2. Clinical features of autistic children with the novel missense mutation ¢.551T>C in the NLGN3 gene

CARS score and 10 Age of  Age of

Consanguineous Co-morbid

No. Sex/ Age (y) severity mother’  father’ Prenatal damage Postnatal damage marriage condition
Child1  M/13 Severe, 51 20 32 36 None Birth asphyxia Yes None
Child2 F/10 Severe, 50 25 25 30  Preeclampsia Respiratory illness Yes None
Child3  M/14 Severe, 46 30 32 35  Infection during Pregnancy None No None
Child4 M/11 Severe, 48.5 30 26 32 Hyperthyroidism None Yes None
Child5 F/14 Severe, 47.5 20 28 33 None Birth asphyxia Yes None
Childe  M/10 Severe, 52 30 32 37  None Delayed crying Yes None
Child7 M/9 Severe, 43.5 20 34 43 None None No None
Child8 F/8 Severe, 49.5 30 16 36  Preeclampsia None No None
Child9 M/10 Mildly moderate, 37 35 22 30 None None Yes None
Child 10 M/13 Severe, 51.5 30 33 38 Maternal hypertension None Yes None
Child 11 M/11 Severe, 42 20 22 30  None Delayed crying Yes None
Child 12 F/13 Severe, 40.5 20 28 35  None None No None
Child 13 F/11 Mildly moderate, 35 65 32 38 infection during pregnancy Birth asphyxia No None
Child 14 M/10 Mildly moderate, 30 65 25 32 Maternal hypertension None No None
Child 15 M/12 Mildly moderate, 36 35 28 36  None Delayed crying No None
Child 16 M/14 Severe, 50 20 20 29 Maternal hypertension None Yes None
Child 17 M/9 Mildly moderate, 32 20 33 39 Preeclampsia None No None
Child 18 F/8 Severe, 50 20 30 36 Hyperthyroidism Respiratory illness No None
Child 19 M/10 Mildly moderate, 33 25 26 30 None None Yes None
Child 20 M/11 Mildly moderate, 36 40 19 29 None None Yes None
Child 21 M/8 Mildly moderate, 35 35 28 34  None Feeding problem Yes None
Child 22 F/10 Severe, 56 20 30 36 Infection during pregnancy Respiratory illness No None
Child 23 F/13 Severe, 49 25 35 45  None Delayed crying Yes None
Child 24 M/12 Mildly moderate, 33 30 18 25  Maternal hypertension Feeding problem No None
Child 25 M/9 Severe, 53 30 29 38  None None No None
Child 26 M/11 Mildly moderate, 32 20 36 43 None None Yes None
Child 27 F/12 Mildly moderate, 35 30 35 38  Preeclampsia None Yes None
CARS, Childhood Autism Rating Scale.
°Age of mother at childbirth.
*Age of father at childbirth.
Table 3. Pathogenicity of the missense variant as identified by five in silico tools
PROVEAN PHD-SNP SNP & GO SNAP2 Polyphen-2 PANTHER
Deleterious Disease Disease Effect Probably damaging Probably damaging
score: -3.094 reliability index: 8 probability: 0.682 score: 23 score: 0.982

NLGN3 mutation: missense, nucleotide change: ¢.551 T>C, amino acid change: p.V184A.
PROVEAN: “deleterious” if the prediction score is </-2.5, “neutral” if the prediction score is >/-2.5. SNP & GO: If the probability is >0.5, then it is predicted

to be a disease-causing nsSNP. SNAP2: “neutra

if the score is from 0 to -100, "effect” if the score is from 0 to 100. PolyPhen-2: "probably damaging"”

indicates the strongest disease-causing ability with a score close to 1; “possibly damaging” refers to less disease-causing ability with a score of 0.5-0.8; and
"benign" corresponds to no alteration of protein function, with a score closer to 0. PHD-SNP: if the probability is >0.5, the mutation is predicted as "disease”

and if it is less than <0.5, the mutation is predicted to be “neutral.”

quency distribution, HWE p-value, odds ratios (ORs), and 95%
CIs of ¢.551T > C is shown in Table 4. ¢.551T > C was in HWE in
the control group (p > 0.05). The frequency of the C allele of c.
SS1T > C was significantly higher in cases than in controls (2.5%

https://doi.org/10.5808/gi.21029

vs. 19%) which suggests that the C allele of the novel frameshift mu-
tation ¢.551T > C was associated with an increased risk of autism
(OR, 24.7; 95% CI, 5.7 to 106.4; p = 0.001) (relative risk, 18.9;
95% CL, 4.5 to 77.2; p = 0.002). Furthermore, we assumed that the
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Table 4. Basic information on the novel missense mutation ¢.5517>C and MAF between cases and controls

L » . MAF . Relative risk
Variation type Position Minor allele HWE- 0dds ratio (95% Cl -value -value
typ Case Control P ( ) op (95% CI) P
Missense ¢.551 C 0.25 0.01 0.99 24.7 (5.7-106.4) 0.001* 18.9 (4.5-77.2) 0.002*

HWE p-values were calculated using the 2-sided chi-square test.

MAF, minor allele frequency; HWE, Hardy-Weinberg equilibrium; Cl, confidence interval.

*p < 0.05 indicates statistical significant.

Fig. 3. 3D structure of V184A substitution using Chimera software. The wild-type residue (A) and the mutant residue (B).

OH
OH H,N
H,N

(o)

Fig. 4. Amino acid structure of valine to alanine.

minor allele of ¢.551T > C was a risk factor compared with the wild-
type allele. Three genetic models (codominant, dominant, and re-
cessive) were applied to analyze the significance of the association
between the novel mutation and autism risk using logistic regres-
sion. A statistically significant increase in the risk of autism was ob-
served for the C/C genotype compared to the wild-type T/T gen-
otype (OR, 96.68; 95% CI, 5.8 to 1,607.1; p = 0.001), which cor-
responds to a 96.68-fold increased risk of autism under the codom-
inant model. The combined genotype (T/C + C/C) also signifi-
cantly increased the autism risk under the dominant model (OR,
24.7;95% CI, 5.7 to 106.4; p = 0.001) (Table S). We implemented
a stratification analysis by sex to evaluate the sex association be-
tween the novel mutation allele and autism. We found that the C/
C genotype was associated with an increased risk for autism in

6/9

Table 5. Association between the novel missense mutation ¢.5517>C
and the risk of autism in genetic models

No. (%)
Models Genotype OR(95%CI)  p-value
Case  Control
Codominant T[T 81 148 1 (ref) -
T/C 1 2 0.69 (0.1-7.7) 0.38
c/C 26 0 96.68 0.001*
(5.8-1,607.1)
Dominant T 81 148 1 (ref) -
T/C-C/C 27 2 24.7 0.001*
(5.7-106.4)
Recessive T/T-T/C 81 150 1 (ref) -
c/C 26 0 96.68 0.001*
(5.8-1,607.1)

OR, odds ratio; Cl, confidence interval.
*p < 0.05 indicates statistical significant.

males (OR, 55.1; 95% CI, 3.3 to 929.7; p = 0.005) under the co-
dominant model, as was the combined genotype (T/C+C/C)
under the dominant model (OR, 26.6; 95% CI, 3.5 to 204.1; p =
0.002). The C/C genotype was also associated with an increased
risk for autism in females (OR, 55.4; 95% CI, 3.0 to 1,015.2; p =
0.006) under the codominant model, as was the combined geno-

https://doi.org/10.5808/gi.21029
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type (T/C + C/C) under the dominant model (OR, 31.5; 95% CI,
3.7t0270.3; p = 0.001) under the dominant model (Table 6).

Discussion

Autism (MIM 209850) is a heterogeneous neurological disorder
manifesting before the age of three [1,3]. Autism results in impaired
social interactions, impaired communication, and abnormal behav-
ior [1,13]. Genetic research on autism has made great progress in
the past few years. Neuroligin, a postsynaptic transmembrane pro-
tein involved in synaptogenesis, has been predicted to be a promis-
ing candidate gene for autism and other neurological disorders [15-
18]. Neuroligin 3 shows diverse genetic alterations in autism. In In-
dia, autism is still understudied, and insufficient experimental data
are available on its clinical aspects. To our knowledge, this is the
first study from India on the role of the NLGN3 gene in autism.
The first-ever study to show the role of NLGN3 in autism recorded
a missense variant (R451C) that alters the binding of neuroligin to
neurexin, resulting in the abnormal formation, stabilization, and
recognition of specific synapses essential for communication pro-
cess that are defective in autism, was conducted in 2003 [9]. Later
studies showed that neuroligin gene mutations were implicated in
rare cases of autism. Despite the rarity of its involvement, the com-
ponents involved in the synaptogenesis and synaptic structures re-
main excellent functional candidates for future molecular genetic
studies of autism and related disorders [ 19]. Subsequent studies re-
ported different mutations in different regions of the NLGN3 gene
across the world. Mutated versions of the NLGN3 protein with the
missense variants Pro514Ser and ArgS97Trp do not reach the plas-
ma membrane in the cell, preventing it from interacting with the

neurexin protein in the human brain [20]. Certain missense vari-
ants may influence males’ susceptibility to ASD [21]. Hence,
NLGN3 may be a candidate gene for the male predominance of au-
tism. Several missense variants in NLGN3 account for non-syn-
dromic forms of intellectual disability associated with autism [20].
Moreover, missense variants with pathogenic effects are possible
etiological factors for autism [22]. Coding sequence variations in
NLGN3 and NLGN4 are rare, but contribute to the aetiology of au-
tism [23]. In addition to missense variants, but intronic and
non-synonymous variants also affect the regulatory region such as
enhancers and promoters associated with histone modification
sites (nuclease-accessible sites and transcription factor binding
sites), making modest contributions to the pathogenesis of ASD
[23-25]. Other forms of genetic alterations, including splice vari-
ants and non-coding sequence variants, may also lead to the poten-
tially abnormal function of neuroligin in autism [26,27].

All previous studies strongly suggest that neuroligin plays a het-
erogeneous role in the aetiology of autism. No molecular study of
neuroligin on autism in India has been conducted to date. We stud-
ied 108 autistic individuals and found the novel missense variant
¢.551T > C in the NLGN3 gene, which was not recorded previously
in any autistic population around the globe. In our study, the C/C
genotype of ¢.551T > C was significantly more common in the au-
tistic children than in the controls (p = 0.001). In particular, there
was a significantly 96.68-fold increased risk of autism (p = 0.001)
associated with this genotype. However, the combined T/C+C/C
genotype showed a significantly 24.7-fold increased risk of autism
(p = 0.001), implying that the T allele may be a protective factor
and people who carry this allele may be less likely to develop au-
tism. In both male and female children, the C/C genotype of

Table 6. Analysis of novel missense mutation ¢.515T>C genotype and autism risk in males and females based on logistic tests

Male

Female

Model Genotype Case Control OR (95% Cl) p-value Case Contral OR (95% Cl) p-value
Codominant T[T 76 99 1 (ref) - 14 49 1 (ref) -
T/C 0 1 0.39 0.56 1 1 2.2 0.57
(0.02-9.6) (0.13-37.2)
c/C 18 0 55.1 0.005* 8 0 55.4 0.006*
(3.3-929.7) (3.0-1015.2)
Dominant T 67 99 1 (ref) - 14 49 1 (ref) -
T/C-C/C 18 1 26.6 0.002* 9 1 31.5 0.001*
(3.5-204.1) (3.7-270.3)
Recessive T/T-T/C 67 100 1 (ref) - 15 50 1 (ref) -
c/C 18 0 55.1 0.005* 8 0 55.4 0.006*
(3.3-929.7) (3.0-1015.2)
OR, odds ratio; Cl, confidence interval.
*p < 0.05 indicates statistical significant.
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c.551T > C showed a significantly similar risk ratio (55.1-fold vs.
55.4-fold). The c.551T > C variant was predicted to be a pathogen-
ic variant of NLGN3 by the PROVEAN, PolyPhen2, PANTHER,
PHD-SNP, SNPs & GO, and SNAP2 prediction tools. The V184
residue constitutes a highly conserved amino acid that shows a
strong evolutionary relationship over different species. A structural
analysis of the wild-type and mutant protein showed variation in
structural integrity and a reduction of the stability of the mutant
protein relative to the wild-type; the mutant residue was smaller
than the wild-type residue. This might lead to a loss of interactions
with other molecules because it is located in the extracellular region
of the NLGN3 protein. However, as a limitation of this study, the
identification of a coding sequence variant is not sufficient to dis-
close the exact role of the gene in a disease that has a complex ge-
netic architecture. Moreover, we also recorded four novel non-cod-
ing sequence variants (g.5040 C > W, g.5041 T > A, £.30349-30350
Ins AC, and g:30370 C>Y). These non-coding variants may also
play a role in posttranslational modification. Our study is only pre-
liminary basic research, and further functional analysis of novel mu-
tations in the neuroligin pathway will provide a better understand-
ing of the involvement of the NLGN3 gene in autism in the Indian
population.

The findings of our study suggest that the novel missense variant
c.551T > C (pV184A) causes abnormalities in the NLGN 3 pro-
tein, which may lead to deficits in synaptogenesis, in the Indian au-
tistic population. Neuroligin is probably a candidate gene for future
molecular investigation and functional analyses in the Indian autis-
tic population.

ORCID

Rajat Hegde: https://orcid.org/0000-0002-2328-2966

Smita Hegde: https://orcid.org/0000-0003-1543-3127
Suyamindra S. Kulkarni: https://orcid.org/0000-0002-9022-0052
Aditya Pandurangi: https://orcid.org/0000-0002-2684-8435
Pramod B. Gai: https://orcid.org/0000-0003-4477-4561

Kusal K. Das: https://orcid.org/0000-0002-3641-2117

Authors' Contribution

Conceptualization: RH, SH, AP. Data curation: RH, SH, AP. For-
mal analysis: RH, SH, SSK, AP Methodology: RH, SH, SSK, AP.
Writing - original draft: RH, SH. Writing - review & editing: RH,
SH, SSK, PBG, KKD.

8/9

Conflicts of Interest

No potential conflict of interest relevant to this article was report-

ed.

Acknowledgments

We thank all the autistic individuals and their parents and guardians
for agreeing to participate in the study. We also thank all the special
schools for participating in our study. We thank the Karnataka Insti-
tute for DNA Research (KIDNAR), Dharwad and Shri B.M Patil
Medical College, Hospital and Research Centre, BLDE (Deemed
to be University), Vijayapura for their constant support throughout
the research. This study was supported by Grant-in-Aid for research
from the Department of Higher Education, Govt. of Karnataka, In-
dia (Grant No: Department of Higher Education, ED 15 UKV
2018, Bangalore, date: 12-13-2018).

References

1. Spence SJ. The genetics of autism. Semin Pediatr Neurol 2004;
11:196-204.

2. Chen JA, Penagarikano O, Belgard TG, Swarup V, Geschwind
DH. The emerging picture of autism spectrum disorder: genetics
and pathology. Annu Rev Pathol 2015;10:111-144.

3. Kanner L. Follow-up study of eleven autistic children originally
reported in 1943. ] Autism Child Schizophr 1971;1:119-145.

4. Pampanos A, Volaki K, Kanavakis E, Papandreou O, Youroukos S,
Thomaidis L, et al. A substitution involving the NLGN4 gene as-
sociated with autistic behavior in the Greek population. Genet
Test Mol Biomarkers 2009;13:611-615.

5. De Rubeis S, Buxbaum JD. Genetics and genomics of autism
spectrum disorder: embracing complexity. Hum Mol Genet
2015;24:R24-R31.

6. Ramaswami G, Geschwind DH. Genetics of autism spectrum
disorder. Handb Clin Neurol 2018;147:321-329.

7. Bourgeron T. Current knowledge on the genetics of autism and
propositions for future research. C R Biol 2016;339:300-307.

8. de la Torre-Ubieta L, Won H, Stein JL, Geschwind DH. Advanc-
ing the understanding of autism disease mechanisms through ge-
netics. Nat Med 2016;22:345-361.

9. Jamain S, Quach H, Betancur C, Rastam M, Colineaux C, Gill-
berg IC, et al. Mutations of the X-linked genes encoding neuroli-
gins NLGN3 and NLGN#4 are associated with autism. Nat Genet
2003;34:27-29.

10. Raina SK, Chander V, Bhardwaj AK, Kumar D, Sharma S, Kashy-

https://doi.org/10.5808/gi.21029


https://doi.org/10.1016/j.spen.2004.07.003
https://doi.org/10.1016/j.spen.2004.07.003
https://doi.org/10.1146/annurev-pathol-012414-040405
https://doi.org/10.1146/annurev-pathol-012414-040405
https://doi.org/10.1146/annurev-pathol-012414-040405
https://doi.org/10.1007/bf01537953
https://doi.org/10.1007/bf01537953
https://doi.org/10.1089/gtmb.2009.0005
https://doi.org/10.1089/gtmb.2009.0005
https://doi.org/10.1089/gtmb.2009.0005
https://doi.org/10.1089/gtmb.2009.0005
https://doi.org/10.1093/hmg/ddv273
https://doi.org/10.1093/hmg/ddv273
https://doi.org/10.1093/hmg/ddv273
https://doi.org/10.1016/b978-0-444-63233-3.00021-x
https://doi.org/10.1016/j.crvi.2016.05.004
https://doi.org/10.1016/j.crvi.2016.05.004
https://doi.org/10.1038/nm.4071
https://doi.org/10.1038/nm.4071
https://doi.org/10.1038/nm.4071
https://doi.org/10.1038/ng1136
https://doi.org/10.1038/ng1136
https://doi.org/10.1038/ng1136
https://doi.org/10.4103/jnrp.jnrp_329_16

Genomics & Informatics 2021;19(4):e44

Genomics & INFoOrRMATICS

ap V, et al. Prevalence of autism spectrum disorder among rural,
urban, and tribal children (1-10 years of age). ] Neurosci Rural
Pract 2017;8:368-374.

11. Chauhan A, Singh M, Jaiswal N, Agarwal A, Sahu JK, Singh M.
Prevalence of cerebral palsy in Indian children: a systematic re-
view and meta-analysis. Indian J Pediatr 2019;86:1124-1130.

12. Chen X, Liu H, Shim AH, Focia PJ, He X. Structural basis for syn-
aptic adhesion mediated by neuroligin-neurexin interactions. Nat
Struct Mol Biol 2008;15:50-56.

13. Nguyen TA, Lehr AW, Roche KW. Neuroligins and neurodevel-
opmental disorders: X-linked genetics. Front Synaptic Neurosci
2020;12:33.

14. Nguyen TA, Wu K, Pandey S, Lehr AW, Li Y, Bemben MA, et al.
A cluster of autism-associated variants on X-linked NLGN4X
functionally resemble NLGN4Y. Neuron 2020;106:759-768.

15. Lawson-Yuen A, Saldivar JS, Sommer S, Picker J. Familial deletion
within NLGN#4 associated with autism and Tourette syndrome.
Eur J Hum Genet 2008;16:614-618.

16. Yan J, Oliveira G, Coutinho A, Yang C, Feng J, Katz C, et al. Anal-
ysis of the neuroligin 3 and 4 genes in autism and other neuropsy-
chiatric patients. Mol Psychiatry 2005;10:329-332.

17. Kent R, Simonoff E. Prevalence of anxiety in autism spectrum
disorders. In: Anxiety in Children and Adolescents with Autism
Spectrum Disorder: Evidence-Based Assessment and Treatment
(Kerns CM, Renno P, Storch EA, Kendall PC, Wood JJ, eds.).
San Diego: Elsevier Inc., 2017. pp. 5-32.

18. Volaki K, Pampanos A, Kitsiou-Tzeli S, Vrettou C, Oikonomakis
V, Sofocleous C, et al. Mutation screening in the Greek popula-
tion and evaluation of NLGN3 and NLGN4X genes causal fac-
tors for autism. Psychiatr Genet 2013;23:198-203.

19. Ylisaukko-oja T, Rehnstrom K, Auranen M, Vanhala R, Alen R,
Kempas E, et al. Analysis of four neuroligin genes as candidates
for autism. Eur ] Hum Genet 2005;13:1285-1292.

https://doi.org/10.5808/gi.21029

20. Quartier A, Courraud J, Thi Ha T, McGillivray G, Isidor B, Rose
K, et al. Novel mutations in NLGN3 causing autism spectrum
disorder and cognitive impairment. Hum Mutat 2019;40:2021-
2032.

21.YuJ,He X, Yao D, Li Z, Li H, Zhao Z. A sex-specific association of
common variants of neuroligin genes (NLGN3 and NLGN4X)
with autism spectrum disorders in a Chinese Han cohort. Behav
Brain Funct 2011;7:13.

22.Redin C, Gerard B, Lauer J, Herenger Y, Muller J, Quartier A, et al.
Efficient strategy for the molecular diagnosis of intellectual dis-
ability using targeted high-throughput sequencing. ] Med Genet
2014;51:724-736.

23. Steinberg KM, Ramachandran D, Patel VC, Shetty AC, Cutler DJ,
Zwick ME. Identification of rare X-linked neuroligin variants by
massively parallel sequencing in males with autism spectrum dis-
order. Mol Autism 2012;3:8.

24. Yanagi K, Kaname T, Wakui K, Hashimoto O, Fukushima Y, Na-
ritomi K. Identification of four novel synonymous substitutions
in the X-linked genes neuroligin 3 and neuroligin 4X in Japanese
patients with autistic spectrum disorder. Autism Res Treat
2012;2012:724072.

25. Blasi F, Bacchelli E, Pesaresi G, Carone S, Bailey AJ, Maestrini E,
et al. Absence of coding mutations in the X-linked genes neuroli-
gin 3 and neuroligin 4 in individuals with autism from the IMG-
SAC collection. Am J Med Genet B Neuropsychiatr Genet
2006;141B:220-221.

26. Talebizadeh Z, Lam DY, Theodoro MF, Bittel DC, Lushington
GH, Butler MG. Novel splice isoforms for NLGN3 and NLGN4
with possible implications in autism. ] Med Genet 2006;43:e21.

27. Landini M, Merelli I, Raggi ME, Galluccio N, Ciceri F, Bonfanti A,
et al. Association analysis of noncoding variants in neuroligins 3
and 4X genes with autism spectrum disorder in an Italian cohort.
Int J Mol Sci 2016;17:1765.

9/9


https://doi.org/10.4103/jnrp.jnrp_329_16
https://doi.org/10.4103/jnrp.jnrp_329_16
https://doi.org/10.4103/jnrp.jnrp_329_16
https://doi.org/10.1007/s12098-019-03024-0
https://doi.org/10.1007/s12098-019-03024-0
https://doi.org/10.1007/s12098-019-03024-0
https://doi.org/10.1038/nsmb1350
https://doi.org/10.1038/nsmb1350
https://doi.org/10.1038/nsmb1350
https://doi.org/10.3389/fnsyn.2020.00033
https://doi.org/10.3389/fnsyn.2020.00033
https://doi.org/10.3389/fnsyn.2020.00033
https://doi.org/10.1016/j.neuron.2020.03.008
https://doi.org/10.1016/j.neuron.2020.03.008
https://doi.org/10.1016/j.neuron.2020.03.008
https://doi.org/10.1038/sj.mp.4001629
https://doi.org/10.1038/sj.mp.4001629
https://doi.org/10.1038/sj.mp.4001629
https://doi.org/10.1097/ypg.0b013e3283643644
https://doi.org/10.1097/ypg.0b013e3283643644
https://doi.org/10.1097/ypg.0b013e3283643644
https://doi.org/10.1097/ypg.0b013e3283643644
https://doi.org/10.1038/sj.ejhg.5201474
https://doi.org/10.1038/sj.ejhg.5201474
https://doi.org/10.1038/sj.ejhg.5201474
https://doi.org/10.1002/humu.23836
https://doi.org/10.1002/humu.23836
https://doi.org/10.1002/humu.23836
https://doi.org/10.1002/humu.23836
https://doi.org/10.1186/1744-9081-7-13
https://doi.org/10.1186/1744-9081-7-13
https://doi.org/10.1186/1744-9081-7-13
https://doi.org/10.1186/1744-9081-7-13
https://doi.org/10.1136/jmedgenet-2014-102554
https://doi.org/10.1136/jmedgenet-2014-102554
https://doi.org/10.1136/jmedgenet-2014-102554
https://doi.org/10.1136/jmedgenet-2014-102554
https://doi.org/10.1186/2040-2392-3-8
https://doi.org/10.1186/2040-2392-3-8
https://doi.org/10.1186/2040-2392-3-8
https://doi.org/10.1186/2040-2392-3-8
https://www.ncbi.nlm.nih.gov/pubmed/22934180
https://www.ncbi.nlm.nih.gov/pubmed/22934180
https://www.ncbi.nlm.nih.gov/pubmed/22934180
https://www.ncbi.nlm.nih.gov/pubmed/22934180
https://doi.org/10.1002/ajmg.b.30287
https://doi.org/10.1002/ajmg.b.30287
https://doi.org/10.1002/ajmg.b.30287
https://doi.org/10.1002/ajmg.b.30287
https://doi.org/10.1002/ajmg.b.30287
https://doi.org/10.1136/jmg.2005.036897
https://doi.org/10.1136/jmg.2005.036897
https://doi.org/10.1136/jmg.2005.036897
https://doi.org/10.3390/ijms17101765
https://doi.org/10.3390/ijms17101765
https://doi.org/10.3390/ijms17101765
https://doi.org/10.3390/ijms17101765

	Introduction
	Methods
	Subjects
	DNA sequencing 
	Bioinformatics analysis 
	Statistical analysis 

	Results
	Discussion
	Authors’ Contribution 
	Conflicts of Interest  
	Acknowledgments
	References

