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Abstract

Stuttering is a childhood onset fluency disorder, intertwined with physiological, emotional and anxiety factors. The present study

was designed to evaluate the recurrence of the reported mutations among three previously implicated (GNPTAB, GNPTG,

NAGPA) candidate genes, in persons with stuttering (PWS) from south India. Mutation screening was performed on 64

probands on 12 specific exons, by Sanger sequencing. A total of 12 variants were identified, which included five nonsynonymous

missense, five synonymous and two non coding variants. Only three unrelated probands, harbored heterozygous likely pathogenic

missense variants (c.3598G>A in GNPTAB, c.802A>C in GNPTG and c.131G>C in NAGPA) resulting in an overall frequency

of 4.7% and an allele frequency of 2.3% (3/128*100). Among the three likely pathogenic variants only two co-segregated

(c.3598G>A in GNPTAB - STU 29 and c.802A>C in GNPTG - STU 63) with the affected status reducing the likely pathogenic

allele frequency to 1.6% (2/128*100). The recurrence of pathogenic variants in our study corroborate the causative role of these

genes in stuttering but still remains unknown as to how the speech dysfluency occurs even in its heterozygous condition.

Keywords: Stuttering, candidate genes, GNPTAB, GNPTG, NAGPA

INTRODUCTION

Speech is a unique motor function and when affected causes both receptive and expressive communication
disorders, significantly reducing the quality of life. Stuttering is an expressive fluency disorder, characterized
by repetitions, prolongations, blocks, along with secondary behaviors (head jerks, lip tremors and eye blinks)
and often lead to psychological problems such as increasing anxiety1.

Developmental stuttering arises in children of 2-5 years age group, but most of them (80%) recover spon-
taneously. But there is greater chance of recovery (male female ratio ˜5:1) among females2–4. Prevalence
of stuttering ranges from 0.3% to 5.6% and the average prevalence over the lifespan may be lower than the
commonly cited 1%5. In a recent study based on 75000 school children in India, we reported a prevalence of
0.46%6.

Research studies on the etiology of stuttering focused mainly on neuroimaging and genetics. Most of brain
imaging methods have consistently reported structural or functional differences contributing to inefficient
communication in stuttering. It includes over activity of the dopamine neurotransmitter7, abnormal func-
tional lateralization of cortical connections8, deficits in white matter tract that connects motor and auditory
structures, corpus callosum as well as cortical and subcortical areas9. There is also growing consensus about
the genetic origin of Central Nervous System dysfunctions 10.

Genetic dissection is challenging due to gene-gene/gene-environment interactions, genetic heterogeneity, gen-
der bias, incomplete penetrance and phenocopies 11. Initial linkage studies found suggestive evidence for
chromosome regions (1, 2q, 3q, 5q, 7q, 9p, 9q, 13q, 15q, 18p, 18q, 20p) implicated in stuttering but with
little overlap across studies 12,13,14. However definitive evidence for linkage was identified on chromosomes
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3, 12 and 16 in highly consanguineous Pakistani families15,16,17 and on chromosomes 2, 3, 14 and 15 in a
large Cameroon family18. Although linkage studies are spread across Hutterite, European and American
population, the four genes,GNPTAB, GNPTG , NAGPA and AP4E1, identified are restricted to two regions
[Pakistan19; Cameroon20] with distinct ethnicities. The combined contribution of these genes were estimated
to be 20%21. All these genes point to intracellular trafficking deficits22. Indeed genomics of stuttering is an
emerging field where the involvement of new genes are yet to be identified.

GWAS study suggested ten candidate genes (FADS2, PLXNA4, CTNNA3, ARNT2, EYA2, PCSK5,
SLC24A3, FMN1, ADARB2 and non-coding RNARNU6-259P ) involved in neural pathways23. Muta-
tions so far identified implicate lysosomal dysfunction but the biological mechanisms that affect speech are
under investigation. Mice models also point to deficits in inter-hemispheric connectivity in astrocytes of
corpus callosum 24,25, thus linking genes to brain activity. Stuttering genes GNPTAB and GNPTGwere also
previously implicated in a rare lysosomal storage disorder - mucolipidosis.

From the genetic perspective, genes identified play role in targeting enzymes to lysosomes that is crucial
for biogenesis and also in the maintenance of myelin sheaths. From neurological perspective hyperactivity
of dopamine and the white matter abnormalities observed in stuttering, provide a possible neurochemical
basis but the effect of the mutations in neural cell biology is still unexplored. Owing to significant plasticity
of brain it was unable to account for the observed differences among PWS and control, as to whether they
are cause or result of stuttering26. Thus the connecting dots between dopamine, neural circuits and cellular
waste disposal is yet to be connected.

No studies from India are available till date that implicate any genes for stuttering. This gap motivated us to
first ideally ensure the frequency of the previously implicated genes for stuttering in our population, before
initiating advanced approaches. We evaluate the recurrence of the reported mutations among the three
reported (GNPTAB, GNPTG, NAGPA) stuttering candidate genes in PWS from south India. Attempts to
employ identical experimental design to concurrently verify and replicate the findings independently would on
one hand help understand ethnicity specific variations and on another hand would also enable reproducibility
of results and facilitates pooling of data during meta-analysis.

RESULTS

Mutational analysis of the three putative genes in stuttering

A total of 64 unrelated probands with non-syndromic persistent stuttering (sex ratio - 12:1; 59:5; mean age
at onset of 5.13 years) were screened for the recurrence of mutations in the three stuttering implicated genes.
Sixty seven percent (43/64) of them had family history. More than 50% of PWS were found to be severe;
53.1% severe (34/64), 28.1% moderate (18/64) and 18.8% mild (12/64).

Mutation screening of the twelve specific exons previously reported (figure 1), identified a total of 12 variants
that includes five nonsynonymous missense variants, five synonymous and two non coding variants (tables 1
and 2; figures A1-A3). The distribution of these 12 variants among the 64 probands are shown in figure 2a.
Variants observed in NAGPA (n=6) were higher than that of GNPTAB(n=2) and GNPTG (n=4) (figure
2b).

Only three unrelated probands (STU 29, STU 63 and STU 34), harbored heterozygous likely pathogenic
missense variants (c.3598G>A in GNPTAB , c.802A>C in GNPTG and c.131G>C in NAGPA respectively)
with an overall frequency of 4.7% (3/64*100) and an allele frequency of 2.3% (3/128 * 100). None of the
three showed more than one pathogenic allele but there was co-occurrence of synonymous and non-coding
variants (table 3).

The two missense variants (c.139C>T & c.1394 C>T) in NAGPA, had low conservation scores and were
found in high frequency in the ExAC database supporting their benign nature. Hence, segregation analysis
and genotype-phenotype correlations were analyzed only for the three likely pathogenic variants (figure 3-5).
Only two variants (c.3598G>A and c.802A>C) co-segregated (table 4) with the affected status, reducing
the likely pathogenic allele frequency to 1.6% (2/128 *100).
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Impact of a de novo variant (c.802A>C/+ inGNPTG) identified in STU 63 family

To study the impact of a de novo heterozygous variant (c.802A>C/+) in GNPTG gene identified in one
family (STU 63), mRNA expression profile and lysosomal enzyme study was performed along with mucol-
ipidosis screening test. All the members of the family including the affected proband and unaffected father,
mother and sister screened, were found negative for mucolipidosis test. The activity of the enzymes studied
in plasma was found to be well within the normal range (table 5).

To quantify mRNA, the CT data obtained was used to calculate ΔCT values (ΔCT = CT target – CT
reference) that are normalized to the housekeeping β-actin gene for each of the target gene studied (GNPTAB
, GNPTG and NAGPA ) and plotted in the figure 6. The data suggests that there is variability within the
controls (father, mother and sister) and there is no obvious difference between the proband and the internal
control group.

The 2ˆ- ΔΔCT calculations were performed to check if the control data can be clubbed. The ΔΔCT value
was obtained by subtracting the ΔCT of proband with ΔCT of control (ΔΔCT = ΔCT test sample –
ΔCT control). Because of the variability, and smaller sample size, 2- ΔΔCT calculation and statistical
analysis was not possible. Also averaging the control ΔCt values and comparing it with the respective gene
expression value in the single proband would be misleading. However, the data suggests that there is no
apparent differences in the expression of GNPTG ,GNPTAB and NAGPA genes between the proband and
the controls.

DISCUSSION

Speech is a robust faculty that serves most people in the face of various challenges. Nevertheless, develop-
mental stuttering is a complex phenotype with overt diversity in terms of both genetic and deterministic
risk factors.

Mutational analysis of implicated genes in stuttering

To the best of our knowledge this is the first study to investigate three functionally related genes viz.,
GNPTAB , GNPTG andNAGPA implicated in stuttering, from India. We focused on the recurrence of the
previously reported mutations in 64 probands. In a total of 12 variants identified only two co-segregated
(c.3598G>A in GNPTAB - STU 29 and c.802A>C in GNPTG - STU 63) with the affected status resulting
in a likely pathogenic allele frequency of 1.6%.

A meta-analysis of worldwide unrelated PWS, identified 81 rare nonsynonymous coding variants, in either
of the three putative genes, accounting for a frequency of 16% (164/1013)20. In our study, we observed
four rare nonsynonymous coding variants accounting for 6% (4/64). Among the twelve variants identified
in this study, five of them (c.3598G>A, c.1932A>G inGNPTAB and c.131G>C, c.333 A>G, c. 1485C>T
in NAGPA ) were previously reported in population with stuttering. One variant (c.702T>C inGNPTG )
was reported in mucolipidosis III. However, the remaining six variants (c.802A>C, c.813G>A, -4 C>T in
GNPTG and c.139C>T, c.1394 C>T, c.1174+53C>A in NAGPA ) were just reported in the ExAC database.
The three likely pathogenic nonsynonymous variants are discussed briefly:

(i) STU 29 family with c.3598G>A variant inGNPTAB gene

The fact that the highest linkage scores were obtained for this variant combined with lack of other plausible
genetic variant within the linkage interval suggested increase risk of stuttering when present in either one
or two copies 19. Fedyna et al., 27 reported 4/8 unrelated PWS carried atleast one copy of p.Glu1200Lys
mutation in GNPTAB gene and established this as a founder mutation in Asian population, originating from
Pakistan or India. Recurrence of this lysine variant in heterozygous condition (0.8%) that is segregating with
affected status among our south Indian stuttering family favors the founder effect in Asians. Stuttering
endophenotypes are homogenous and stable phenotypes. We hypothesized that in a cohort with severe
stuttering as an endophenotype, there may be an increased chance to identify lysine variants in homozygous
condition. In order to verify this we tested additionally, 26 severe PWS, but identified again only heterozygous
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lysine variants in three of them; thereby increasing the overall frequency of this variant to 4.4% (4/90*100)
with an allele frequency of 2.2% (4/180*100).

High frequency of this variant among south Asian ancestry (2.1%) in the ExAC database, questions its
pathogenicity. However, it is highly conserved (Consurf = 8) and a mutation in it disrupts the helical
segment that may be crucial for interaction with other subunits or proteins in lysosomal pathway (figure
A4).

In a recent animal model study 3- to 8-day old mice pups were engineered to carry two copies of the ly-
sine mutation (Gnptabmut/mut), resulting in significantly longer pauses in their spontaneous vocalizations
consistent with some features of human stuttering, but was not found to be lethal as in case of mutations
reported in mucolipidosis. This was neither observed in littermates without the mutation (Gnptabwt/wt) nor
in heterozygous (Gnptabmut/wt) littermates24. Though the causative role is well established for the homozy-
gous lysine variant in GNPTAB gene, the heterozygous variants were similar to wild-type phenotypically in
mouse model. However it is still unclear how a recessive allele in heterozygous condition is causing stuttering
phenotype in human model; this trend has been consistently observed not only in our study but in all other
reported studies19,21,28. This may be due to (i) a second pathogenic mutation in this gene acting in trans
or (ii) other additive genetic factors that may play a causative role or (iii) the gene may have a role in some
other unknown pathway. Hence identifying new interacting genes or pathways may clarify the causative
role of this gene in stuttering. In fact, dominance and recessiveness are not essentially allelic properties
but measured in relation to the effects of other alleles at the same locus. Additionally, dominance may
change according to the level of organization of the phenotype and its variations highlight the complexity of
understanding genetic influences on phenotypes29.

Two more GNPTAB homozygous mutations p.Ser321Gly and p.Ala455Ser were engineered in mice, that
also displayed vocalization deficits traceable to abnormalities in astrocytes of corpus callosum25.

(ii) STU 63 family with c.802A>C variant inGNPTG gene

Since this variant was found only in the proband, it may be a de novo variant. This heterozygous variant
was not observed so far in stuttering population, but reported in ExAC database.

In general, de novo being a rare genetic variant, may be more deleterious than an inherited variant since
they are less subjected to evolutionary selection. They may be prime candidates when genetic diseases occur
sporadically30. In our study the role of this de novo variation in stuttering is ostensibly supported by high
conservation score and its absence in unaffected. Recurrence of this mutation in unrelated PWS may provide
further evidence for its role.

Since most of the mutations so far reported in stuttering are by and large heterozygous, similar to that
observed in our study, we wanted to comprehend how heterozygous mutations are involved in stuttering.
Hence to study the impact of the de novo heterozygous missense variant identified in GNPTG , (i) quantifi-
cation of mRNA by RT-PCR (ii) activity of lysosomal enzymes in plasma was carried out. We assessed if
there were any differences in the expression of targeting genes and also targeting function of the lysosomal
enzymes between the affected and unaffected members.

If the variation affects the targeting function, the enzyme will not be targeted to lysosomes but will be
secreted in plasma. Thus the enzyme deficiency can be demonstrated by elevated enzyme activity in plasma31.
Nevertheless, in our study the activity of lysosomal enzymes were not elevated in plasma, indicating that
the enzyme might be successfully targeted to lysosomes. We propose that, since the variation observed is
in heterozygous condition, either the normal copy is sufficient or this variation does not affect the function
of the enzyme. Similarly, there was no fold change in the mRNA level of the three genes between the
affected (proband) and unaffected members (father, mother and sister) of the family. Hence it was difficult
to conclusively demonstrate the pathogenicity of this de novomutation in stuttering.

(iii) STU 34 family with c.131G>C variant inNAGPA gene
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We observed this variant in both affected and unaffected family members. This may be explained by
incomplete penetrance that may fail to show any symptoms in unaffected or could be due to phenocopies in
affected members who may not be real carriers of variant but tend to display stuttering under environmental
effects19. Also variants observed in normal individuals may cause stuttering but left un-informative owing
to early recovery28 but in our family no such recovery was reported.

Since its frequency was also low in ExAC database the role of this variant remains inconclusive. In addition
to this the conservation score is also found to be low across the species. Only one study21 has reported this
variant among stuttering population of European descent.

Role of synonymous and noncoding variations

Overall five synonymous variants and two noncoding variants were observed in our cohort. Synonymous
mutations are often considered as silent mutations due to degeneracy of genetic code. But they may have
important consequences and is now recognized to be crucial in influencing gene expression, conformation
and in cellular function32. Although our study shows only three probands to harbour likely pathogenic
alleles there is a preponderance of synonymous and noncoding variants among all the stuttering individuals
screened. Complex disorders often tend to have multiple mutations. A mutation may not be detrimental
individually but the joint effect of multiple variants in the same gene or different genes can contribute to a
disorder but however predictions are limited to single variant33.

In our study the recurrence of the pathogenic variants in lysosomal pathway corroborates the causative role
for them in stuttering. The importance of the implicated genes can be understood by its recurrence in other
ethnic populations. Identification of recurrent mutations helps in cost effective screening in a large sample of
PWS. However, it should be borne in mind that scope of this study is limited because our screening includes
only the exons that were previously reported.

CONCLUSION

Decades of research has finally tied stuttering to certain genes and changes in brain. Mutation screening of the
three implicated genes (GNPTAB , GNPTG and NAGPA) among 64 PWS, resulted in a likely pathogenic
allele frequency of 1.6%. Recurrence of mutations in the three genes among our south Indian stuttering
cohort corroborates the causative of these genes to stuttering. Thus mutational screening ended up with a
minimal resolution of 3.1% (2/64) that could be ascribed to these genes but remains inconclusive. Hence
involvement of more stuttering genes are predicted and can certainly be addressed using next generation
sequencing technology. Since stuttering is a complex disorder two highly multiplex families were chosen from
existing database6 to identify new genes involved in related pathways using exome sequencing in the second
paper submitted in the series.

METHODOLOGY

This study was approved by Institutional Ethical Committee and informed consent was obtained from all
participants. Sixty four probands were recruited from various schools, hospitals and speech therapy clinics
and clinically diagnosed for stuttering by speech pathologist using Stuttering Severity Instrument 3(SSI-3)34.
A structured interview using questionnaire was conducted to elicit demogenetic details (table A1). More
details on recruitment of the probands is given in our previous paper6.

Eight milliliters of blood was collected by venipuncture into labelled EDTA coated vacutainers (Beckon and
Dickinson Co., USA). Genomic DNA was isolated using Phenol-Chloroform extraction method35.

Mutational analysis of GNPTAB, GNPTG and NAGPAgene variants

The 12 specific exons spanning across the three genes viz.,GNPTAB , GNPTG and NAGPA implicated
in stuttering were screened (Figure 1). Primer sequences were adapted from Kanget al., (2010), after
improvising (NCBI’s Primer-BLAST) the sequence coverage of exon 10 of NAGPA gene.
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The amplified PCR products were purified by the FavorPrepTM PCR purification kit (FAVOURGEN, Tai-
wan). The amplicons were sequenced using ABI Prism Big-Dye Terminator 3.1 cycle sequence reaction kit on
ABI 3730XL automated sequencer (Applied Biosystems, USA). Chromatograms were analyzed using NCBI
nucleotide BLAST (www.ncbi.nlm.nih.gov/) and UCSC genome browser BLAT (genome.ucsc.edu).

Variants identified were predicted using VarSome (https://varsome.com/; tools include various predictors like
DANN, Mutation taster, Likelihood Ratio Test - LRT, Mutation assessor, SIFT, Provean etc) and Polyphen
tool, to deduce the pathogenicity. Cosegregation of the pathogenic variants among the family members was
also evaluated. Novelty and frequency of the variations were compared with ExAC database.

To study the impact of a de novo heterozygous variant(c.802A>C/+) in GNPTG gene identified in
one family (STU 63), mRNA expression profile and lysosomal enzyme study was performed along with
mucolipidosis screening test. Since the proband alone was affected, while his father, mother and sister served
as controls. The plasma collected from fresh blood (5 ml) was used to study the enzyme activity. RNA
was isolated using mirVana miRNA isolation kit (Invitrogen, USA) as per manufacturer’s instructions and
checked for integrity and purity.

A two step qRT-PCR was used to measure the transcript levels of the mRNAs of interest.

1. From 500ng of total RNA, cDNA was synthesized using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, USA) according to manufacturer’s instruction in ABI GeneAmp 9700 PCR
System. Reverse transcription reaction mix of 20μl was prepared and was loaded on to ABI GeneAmp
9700 PCR System.

2. For quantifying gene expression real-time Quantitative PCR was performed on QuantStudio3
Real-Time PCR System using GoTaq DNA polymerase (Promega) in the presence of SYBR Green.
The primers specific for the transcripts of GNPTAB, GNPTG and NAGPA (table A2) were designed
with the aid of IDT software and checked for specificity with NCBI’s primer-blast. The annealing
temperature of the primers were optimized using temperature gradient PCR. Reaction mix for the
samples under investigation along with NTC (no template control) was prepared in triplicates for
GNPTAB , GNPTG , NAGPAand β-αςτιν genes. The reaction mix was loaded on to a 96 well plate and
sealed with MicroAmp® Optical Adhesive Film (Applied Biosystems). Ct value (cycle threshold) is the
number of PCR cycles required to achieve a given level of fluorescence. Since Ct value is proportional
to logarithm of initial amount of the target, the relative concentration of one target with another
is reflected as a difference in cycle number (ΔCt) that is necessary to achieve equivalent level of
fluorescence. The expression levels of GNPTAB, GNPTG and NAGPA were measured by relative
quantification using the ΔCT method with β-actin as endogenous control.Statistical analysis: Delta
Ct values were normalized to the housekeeping β-actin gene for each of the target gene (GNPTAB
,GNPTG and NAGPA ). Statistical analysis was performed by averaging the control Delta Ct values
and comparing it with the respective gene expression. Lysosomal targeting of proteins was studied
using specific substrate for Arylsulphatase A, Hexosaminidase A and β galactosidase enzymes, with
plasma samples from stuttering proband and controls. All members in the family were also evaluated
for ML phenotype using a rapid calorimetric screening method.
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Table 1: Allele frequencies of the 12 variants observed inGNPTAB, GNPTG and NAGPA
genes among the 64 probands with stuttering and their comparison with ExAC database

S.No GENE
Nucleotide
change

Amino
acid
change Exon

dbSNP
ID

Hom/Het
(n=64
probands)

Allele
fre-
quency
(n=128
alle-
les)

Stuttering
stud-
ies

Allele
fre-
quency
in
South
Asian
ExAC

Allele
fre-
quency
in
total
ExAC

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

1 GNPTAB c.3598G>AGlu1200Lys Exon 19 rs137853825 - /1 0.008 (8/1013cases)
=
0.00789

0.02181 0.003552

2 GNPTG c.802A>C Ile268Leu Exon
10

rs759796840 - /1 0.008 0.00006064 0.00000825

3 NAGPA c.131G>C Arg44pro Exon 2 rs374266430 - /1 0.008 (1/1013)
=
0.000099

0.000 0.00003589

4 NAGPA c.139C>T Leu47Phe Exon 2 rs371054576 - /1 0.008 0.000 0.00002625

8



P
os

te
d

on
A

u
th

or
ea

8
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

21
82

37
.7

93
15

44
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

S.No GENE
Nucleotide
change

Amino
acid
change Exon

dbSNP
ID

Hom/Het
(n=64
probands)

Allele
fre-
quency
(n=128
alle-
les)

Stuttering
stud-
ies

Allele
fre-
quency
in
South
Asian
ExAC

Allele
fre-
quency
in
total
ExAC

5 NAGPA c.1394
C>T

Thr465Ile Exon
10

rs7188856 - /22 0.172 0.1731 0.301

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

6 GNPTAB c.1932A>GThr644Thr Exon13 rs10778148 42/12 0.75 120/1708
alleles

0.6234 0.5885

7 GNPTG c.702T>C Pro234Pro Exon 9 rs532275192 - /1 0.008 0.003333 0.0004621
8 GNPTG c.813G>A Thr271Thr Exon

10
rs377647926 - /18 0.14 0.00004515 0.00002481

9 NAGPA c.333
A>G

Gly111Gly Exon 2 rs2972272 41/19 0.789 229/1708 0.8266 0.7102

10 NAGPA c.
1485C>T

Asn495Asn Exon
10

rs887854 42/22 0.828 0.8218 0.7017

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

11 GNPTG -4
C>T

- 5’UTR rs554707396 - /1 0.008 0.001656 0.00142

12 NAGPA c.1174+53C>A- intron 7 rs2937112 22/26 0.547 - 0.4295
(1000
Genomes)

Table 2: Pathogenicity prediction of the variants observed in three genes for stuttering using
various bioinformatics tools

S.No Location
Nucleotide
change

dbSNP
ID General General FunctionalFunctionalConservationConservation

PolyPhen-
2

I Mu-
tant
v2.0

Consurf
Score

VarSome
(ACMG
guide-
lines)

DANN Mutation
taster

SIFT Provean LRT Mutation
Asses-
sor

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

Missense
vari-
ants

1 GNPTAB c.3598G>Ars1378538250.9982 Disease
causing

D DamagingDeleteriousLow PD Decreased
stability

9 Likely
Benign

2 GNPTG c.802A>Crs7597968400.9696 Disease
causing

D Neutral DeleteriousMedium PD Decreased
stability

8 VUS

9
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S.No Location
Nucleotide
change

dbSNP
ID General General FunctionalFunctionalConservationConservation

PolyPhen-
2

I Mu-
tant
v2.0

Consurf
Score

VarSome
(ACMG
guide-
lines)

3 NAGPA c.131G>Crs3742664300.9819 PolymorphismD DamagingNeutral Medium PD Decreased
stability

4 VUS

4 NAGPA c.139C>Trs3710545760.8056 PolymorphismT Neutral Neutral Neutral B Decreased
stability

1 VUS

5 NAGPA c.1394
C>T

rs7188856 0.3973 Polymorphism
automatic

T Neutral Neutral Low PD Decreased
stability

1 Benign

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

Synonymous
vari-
ants

6 GNPTAB c.1932A>Grs107781480.4236 - - - - - - - - Benign
7 GNPTG c.702T>Crs5322751920.3353 - - - - - - - - VUS
8 GNPTG c.813G>Ars3776479260.4781 - - - - - - - - VUS
9 NAGPA c.333

G>A
rs2972272 0.5259 - - - - - - - - Benign

10 NAGPA c.
1485C>T

rs887854 0.7803 - - - - - - - - Benign

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

Non
cod-
ing
vari-
ants

11 GNPTG -4
C>T

rs5547073960.9074 - - - - - - - - VUS

12 NAGPA c.1174+53C>Ars2937112 0.7424 - - - - - - - - Benign

DANN score 1: most damaging;

D: Damaging; T: Tolerant; PD: Possibly Damaging; B: Benign; VUS: Variant with Uncertain Significance

Table 3: Variant profile for the three putative genes for stuttering in probands with pathogenic
mutation

GNPTAB Zygosity GNPTG Zygosity NAGPA Zygosity

STU 29 c.3598G>A (E19) Het - - c.333 A>G (E2) Het
c.1932A>G (E 13) Homo - - c. 1485C>T (E10) Homo

c.1174+53C>A (I7) Het
STU 63 c.1932A>G (E 13) Homo c.802A>C (E10) Het c.333 A>G (E2) Homo

c. 1485C>T (E10) Homo
c.1174+53C>A (I 7) Homo

STU 34 c.1932A>G (E 13) Homo - - c.131G>C Het
c.333 A>G (E2) Homo
c. 1485C>T (E10) Homo
c.1174+53C>A Het

Likely pathogenic variant Synonymous variant Non coding variant
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Table 4: Segregation pattern and genotype-phenotype correlation of likely pathogenic variants
identified in the three putative genes for stuttering among the 64 probands screened

Code Individual Age Sex Phenotype Gene Genotype Remarks

STU-29 STU-29 STU-29 STU-29 STU-29 STU-29 STU-29
II-2 Father 45 M Affected GNPTAB c.3598G>A/+Cosegregation

of the
pathogenic
allele
suggests a
dominant
inheritance
pattern
Familial
non
consan-
guineous

II-4 Mother 38 F Unaffected +/+
III-4 Brother 20 M Affected c.3598G>A/+
III-6 Sister 17 F Unaffected +/+
III-7 Proband 16 M Affected c.3598G>A/+
III-8 Younger

brother
15 M Unaffected +/+

STU-63 STU-63 STU-63 STU-63 STU-63 STU-63 STU-63
II-5 Father 50 M Unaffected GNPTG +/+ de novo

variation
Sporadic
non
consan-
guineous

II-10 Mother 45 F Unaffected +/+
III-1 Proband 24 M Affected c.802A>C/+
III-2 Sister 19 F Unaffected +/+
STU-34 STU-34 STU-34 STU-34 STU-34 STU-34 STU-34
II-5 Father 50 M Unaffected NAGPA c.131G>C/+ The

variation
does not
cosegre-
gate with
affected
status
Sporadic
non
consan-
guineous

II-6 Mother 40 F Unaffected +/+
III-3 Brother 18 M Unaffected c.131G>C/+
III-4 Proband 14 M Affected c.131G>C/+
III-5 Younger

brother
11 M Unaffected DNA

unavailable
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indicates likely pathogenic missense variation

Table 5: Lysosomal enzyme study in the plasma of a stuttering family

Family STU 63
Genotype of
GNPTG gene

LYSOSOMAL
ENZYMES

LYSOSOMAL
ENZYMES

LYSOSOMAL
ENZYMES

Arylsulfatase A
(Normal Range
30–268
nmol/hr/ mg
protein)

Hexosaminidase
– A (Normal
Range 90-
385nmol/hr/mg
protein)

Β- γαλαςτοσι-

δασε (Normal
Range 470–
2500nmol/hr/mg
protein)

STU 63-1
(proband)

c.802A>C/+ 32.6 106.9 581.6

STU 63-2 (father)
unaffected

+/+ 31.9 108.1 489.7

STU 63-3
(mother)
unaffected

+/+ 38.2 113.1 631.9

STU 63-4 (sister)
unaffected

+/+ 33.6 116.1 506.3

Likely pathogenic variant

Figure legends

Figure 1: The twelve specific exons screened across the three genes implicated in stuttering

Figure 2a: Distribution of the variants identified in the three putative genes (GNPTAB , GNPTG and
NAGPA ) among the 64 probands with stuttering. Read clockwise starting with 12 O’ clock position. Note:
Since some probands showed more than one variant the total sample size (64) will not tally.

Figure 2b: Distribution of the variants identified in the three putative genes for stuttering

Figure 3: Partial chromatograms of the p.Glu1200Lys mutation (GNPTAB ) segregating in a family with
stuttering

Figure 4: Partial chromatogram of c.802A>C (p.Ile268Leu) variation in GNPTG gene

Figure 5: Partial chromatogram of c.131G>C (p.Arg44Pro) mutation in NAGPA gene

Figure 6: The relative levels of GNPTG, GNPTAB, and NAGPA mRNA expression were determined in
WBC from blood sample of stuttering patients by real-time PCR normalized to β-actin expression. Data
indicates [?]Ct values ±SD

List of Appendices

Figures

Figure A1: Partial chromatograms of GNPTAB variants observed in the study

Figure A2: Partial chromatograms of GNPTG variants observed in the study

Figure A3: Partial chromatograms of variants observed in NAGPAgene

Figure A4: Alignment of native and mutated secondary structure of GNPTAB protein identified the loss of
helix and addition of turn at the site of mutation.

Tables
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Table A1 : Demogenetic details of 64 probands with stuttering involved in mutation screening

Table A2: Real time nucleotide primer sequences of target (GNPTAB , GNPTG , NAGPA ) and endogenous
(β-αςτιν ) genes
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