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SIGNIFICANCE OF MISSENSE VARIANTS

OF GJB2 (CX26) GENE

ABSTRACT

Currently, in the HGMD database (The Human Gene Mutation Database) in the GJB2 gene, coding protein connexin 26 (Cx26), 390 differ-

ent nucleotide changes have been announced, most of which are associated with deafness, of which 73% are single nucleotide (missense/
nonsense) variants. The pathogenetic role of most nonsense substitutions is obvious, as they lead to premature termination of translation and
interruption of protein synthesis. It is more difficult to assess the mechanism of action of the missens replacement on protein, since they may
have a damaging/partially damaging or neutral effect, depending on the location in the amino acid sequence of the polypeptide chain. To assess
the possible effect of amino acid substitutions on the structure and/or function of the protein, in the absence of structural and functional studies,
the in silico prognostic method is used, which is completely performed by simulation computer programs. In this study, based on the established
clinical significance, 7 missense variants of the GJB2 gene, detected as a result of the molecular genetics study of congenital deafness in
Yakutia, 9 computer-in silico predictive programs were tested. In order to identify the program with the most accurate prediction of the clinical
significance of missense variants substitutions of the GJB2 gene, a comparative analysis of the informative parameters (accuracy, sensitivity
and specificity) was carried out with the calculation of the correlation coefficient between the known clinical values of missense variants with
in silico evaluation by the programs. In total, of the 9 analyzed programs, the most accurate in silico predictive estimates of the clinical signif-
icance of missense variants of the GJB2 gene were given by two programs - SIFT and PROVEAN (R = 0,73). The results obtained can help
in carrying out bioinformatic analysis, in the case of detection of missense variants substitutions of the GJB2 gene, which were not described

before in the literature.
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INTRODUCTION

Currently, methods of molecular and
genetic analysis of the GJB2 gene (Cx26)
(13g12.11, MIM 121011) provide a high
information content for the diagnosis
of hereditary nonsyndromic hearing
loss. The vast majority of patients with
congenital hearing loss have recessive
mutations in the GJB2 gene in the
homozygous or compound heterozygous
state, which corresponds to a diagnosis
of autosomal recessive deafness type 1A
(DFNB1A, MIM 220290) [29]. According
to the database of The Human Gene
Mutation Database (HGMD), about 390
different nucleotide changes have been
announced in the GJB2 gene, of which
73% occupy single nucleotide missense/
nonsense variants (http://www.hgmd.

cf.ac.uk/ac/index.php). The pathogenic
role of the majority of nonsense variants
is obvious, as they lead to premature
termination of translation and interruption
of protein synthesis. Missense variants,
depending on their location in the
amino acid sequence of the polypeptide
chain, can be neutral, damaging or
partially damaging the structure of the
protein, slightly affecting its function.
In  consequence, the pathogenetic
role of many missense variants in the
development of hearing impairment is
difficult to assess.

To assess the possible effect of
amino acid substitutions on the function
and/or structure of the protein, in the
absence of structural and functional
studies, use the method in silico is used,

which is fully implemented by simulation
computer programs. However, existing
in silico computer programs have a
number of drawbacks, since the applied
predictive algorithm can be radically
different. This is due to the fact that each
individual program works with different
computational methods (BLAST, PSI-
BLAST, PSIC) and tools (Matrix Dirichlet,
Hidden Markov Model, Naive Bayesian
classifier). In this regard, the accuracy
of the predictive evaluation of in silico
computer programs can vary widely [10,
19, 22, 23, 30].

In the previously conducted molecular
genetic studies of DFNB1A in Yakutia,
12 allelic variants of the GJB2 gene (8
pathogenic and 4 benign variants) were
identified, among which 7 missense



variants led to amino acid substitution
[1, 21]. The pathogenicity or non-
pathogenicity of identified missense
variants has been confirmed through
clinical genealogical research methods,
in addition to literature sources and data
from databases. . Thus, the confirmed
data on clinical significance of the
identified GJB2 gene missense variants
, enable us to estimate the accuracy of
in silico computer programs predictions.

The purpose of this paper is to
compare the informative parameters
of the most popular computer in silico
predictive programs, to select the most
accurate program for predicting the
clinical significance of missense variants
of the GJB2 (Cx26) gene.

MATERIALS AND METHODS

Missense variants of the GJB2 (Cx26)
gene

For in silico programs testing, seven
missense variants of the GJB2 (Cx26)
gene were used: ¢.79G>A (p.Val27lle),

c.101T>C  (p.Met34Thr), c.109G>A
(p-Val37lle), ¢.269T>C (p.Leu90Pro),
c.341A>G  (p.Glu114Gly), c¢.368C>A

(p.Thr123Asn) 1 c.457G>A (p.Val153lle),
which were identified during previous
molecular genetic studies of congenital
deafness in Yakutia (Figure 1) [1, 21]. All
of these missense variants of the GJB2
gene were annotated in the following da-
tabases: OMIM (http://www.omim.org/);
Human Gene Mutation Database (http://
www.hgmd.cf.ac.uk/ac/index.php); Clin-
Var (http://www.ncbi.nim.nih.gov/clin-
var/); the Exome Aggregation Consortium
(http://exac.broadinstitute.org); 1000 Ge-
nomes Project (http://browser.1000ge-
nomes.org/index); dbSNP (http://www.
ncbi.nim.nih.gov/snphtml).

Clinical significance of listed GJB2
sequence variants was interpreted fol-
lowing the American College of Medical
Genetics and Genomics (ACMG) guid-
ance [22]. This report recommends the
use of specific standard terminology:
«pathogenic», «probably pathogenicy,
«uncertain significance», «probably be-
nign» and «benign» to describe variants
identified in Mendelian disorders [22]. In
the group of pathogenic variants associ-
ated with hearing impairment (deafness/
DFNB1A), three variants were classi-
fied as ¢.269T>C (p.Leu90Pro) - as a
«pathogenic», ¢.101T>C (p.Met34Thr)
and c.109G>A (p.Val37lle) - as «likely
pathogenic». The remaining 4 vari-
ants were classified as benign variants:
c.79G>A (p.Val27lle) and c.457G>A
(p-Val153lle) - as «benign», c.341A>G

(p-Glu114Gly) - «benign/likely benigny»,
¢.368C>A (p.Thr123Asn) - as «likely be-
nign». To assess the clinical significance
of the 7 missense variants of the GJB2
gene, we relied not only on the super-
vised databases, but also on the results
obtained among the 580 people studied
from Yakutia (393 patients with congen-
ital hearing impairment and 187 normal
hearing individuals).

In silico computer programs

Table 1 shows the in silico predic-
tion programs selected for this study:
SIFT (Sorting Intolerant From Tolerant),
FATHMM (Functional Analysis through
Hidden Markov Models), MutationAsses-
sor, PolyPhen2 (Polymorphism Pheno-
typing v-2), Condel (Consensus Dele-
teriousness), MutationTaster, MutPred
(Mutation Prediction), Align GVGD (Align
Grantham Variation/Grantham Deviation)
and PROVEAN (Protein Variation Ef-
fect Analyzer). Each in silico classifica-
tion tool utilizes different parameters for
variant classification, the full details of
which can be found online (websites are
showed in table 1).

For the query in the search windows of
in silico programs, the genetic sequence
identifiers (nucleotide, amino acid and
protein) were used in FASTA format (Gen-
Bank: AHB08964.1 - gap junction beta-2
protein [Homo sapiens]) from the NCBI
database - Reference Sequence (http:/
www.ncbi.nlm.nih.gov/protein) and in the
Ensembl ID format (ENSG00000165474
- for the gene, ENSP00000372299 - for
the protein, ENST00000382848 - for the
transcript) from the database of The Hu-
man Protein Atlas (http://www.proteinat-
las.org).

Analysis of the informative content
of in silico computer programs

When obtaining predictive results of in
silico computer programs, their analytical
parameters were calculated as follows [4,
7, 23]

Sensitivity (Se) - part of the truly
positive results (correct identification of
pathogenic variants), according to for-
mula Se=TP/TP+FN, where TP - are true
positive cases and FN - are false nega-
tive cases;

Specificity (Sp) - part of the truly neg-
ative results (the correct identification of
benign variants that do not have clinical
significance), according to the formula
Sp=TN/TN+FP, where TN - are true neg-
ative cases and FP - false positive cases;

Accuracy (A) - the ratio of complete
correct predictions to the total num-
ber of predictions, according to formula
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A=TP+TN/TP+TN+FP+FN,

Positive predictive values (PPV)
- the proportion of positive results that
were true positives, according to formula
PPV=TP/TP+FP;

Negative predictive values (NPV) -
proportion of negative results that were
true negatives, according to formula
NPV=TN/TN+FN.

To determine the relationship between
the analyzed parameters (the clinical
value of missense variants with predic-
tive evaluation of programs), we calcu-
lated the correlation coefficient (in Micro-
soft Excel) [4, 7, 13, 23].

RESULTS

As a result of the in silico programs
predictions, all missense variants of the
GJB2 gene (3 pathogenic, 4 benign) were
assessed ambiguously, that is, they had
more than one prediction (simultaneous
different interpretation). Nevertheless,
one variant ¢.269T>C (p.Leu90Pro), was
evaluated by all programs as a damaging
variant. The predictive estimate of
missense variants of the GJB2 gene
issued by computer in silico programs in
comparison with their established clinical
significance are presented in table 2.

In table 3, informative parameters of
the compared prediction programs in
silico are presented. The accuracy of
the predictions of the clinical significance
of missense replacements among the
analyzed programs ranged from 42.9%
(FATHMM), to 85.5% (achieved by the two
programs SIFT and PROVEAN). These
programs also showed high sensitivity
and specificity parameters - 66.7%
and 100%, respectively. The programs
MutationAssessor, MutationTaster,
CONDEL and FATHMM had 100%
sensitivity, but showed a low specificity
of 50%, and CONDEL total absence. The
SIFT and PROVEAN programs had the
highest predictive value of the positive
result (100%) and the predictivity of the
negative result (80%) . The MutPred had
100% PPV, but showed a low NPV value
of 57.2%.

To determine the accuracy of the
predictions of computer in silico programs
and in order to maximize the overall
quality of their analytical parameters, we
calculated the correlation coefficient (R).
Figure 2, shows the general correlation
coefficients, where the highest correlation
in silico predictions with the clinical value
of missense variants of the GJB2 gene
was detected in the SIFT and PROVEAN
programs (R = 0,73), which corresponds
to their analytical parameters obtained
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Figure 1. Localization of the revealed nonsynonymous (missense) amino acid substitutions in the protein-connexin sequence 26.
Note: 3D visualization of the structural model of the Cx26 protein was obtained using the PolyPhen-2 program (http://genetics.bwh.harvard.edu/

pph2).
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during the analysis of the informative
parameters (Table 3). With an average
correlation, MutationAssessor,
MutationTaster and CONDEL (R = 0,54)
were identified (Figure 2), which also
corresponds to their analytical parameters
(Table 3). A weak correlation was shown
by MutPred (R = 0,47), PolyPhen2 (R =
0,41), very weak Align GVGD (R = 0,16),
and the FATHMM program showed a
zero value, which indicates a lack of
correlation between the observed values
(Figure 2).

DISCUSSION

Based on the known clinical
significance of 7 missense variants of
the GJB2 gene, detected as a result of
the molecular genetic study of congenital
deafness in Yakutia, 9 most often used
for bioinformatics analysis computer
programs were tested. After the in silico
predictions were obtained, a comparative
analysis of the informative parameters
(accuracy, sensitivity and specificity) of
the programs was carried out, and the
correlation coefficient (R) of the predicted
programs with the clinical significance of
the missense variants of the GJB2 gene
was calculated.

As a result, of the analysis of all the
obtained parameters, of the analyzed
in silico programs and the calculation of
the correlation coefficient between the
values (clinical significance with in silico
predictions), the SIFT and PROVEAN
programs were identified with the best
indicators. In these programs, 85.8% of
predictions are accurate which in frame
of this study can be considered as the
best indicator, since in the literature,
where similar parameter comparisons are
given, the highest accuracy of predictions
reached 80% - 90% [4, 7, 14, 23, 25, 30].
The SIFT and PROVEAN programs also
showed high sensitivity (66.7%) and
specificity (100%) parameters, which in
the context of this study is of high value,
as the higher sensitivity parameters,
the more effectively the pathogenic
variants are predicted, and the higher
the specificity, the more effectively the
benign options. The middle accuracy was
in the PolyPhen2 program (71.5%), and
all other indicators - 66.7%. Bad results
were shown by two programs FATHMM
and MutPred, which produced a large
number of incorrect predictions (Figure 2,
Table 3).

In 2015, A. Yilmaz [31] published a
study of the results of bioinformatics
analysis of 211 missense mutations
of the GJB2 gene, announced in the

Evaluation of missense variants of the GJB2 (Cx26) gene by computer in silico predictive programs
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Figure 2. Histogram of the correlation coefficient (R).
Note: R - is the relationship between the known clinical value of missense
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Analytical informative parameters of computer in silico

predictive programs

In sﬂ;ﬁggp; ;?I(li;ctlve Accuracy|Sensitivity| Specificity | PPV | NPV
SIFT 85.8% | 66.7% 100%  [100%] 80%
MutationAssessor| 71.5% 100% 50% 60% [100%
FATHMM 42.9% 100% 0% 42.9%| 0%
Polyphen-2 71.5% | 66.7% 66.7%  66.7%]66.7%
MutationTaster 71.5% 100% 50% 60% | 50%
PROVEAN 85.8% | 66.7% 100%  [100%] 80%
Align GVGD 57.2% | 66.7% 50% 50% [66.7%
MutPred 71.5% | 33.4% 100%  [100%57.2%
CONDEL 71.5% 100% 50% 60% [100%

variants of the GJB2 gene with in silico evaluation given by 9 computer

predictive programs.

Ensembl and HGMD databases,
using four predictive computer in silico
programs: SIFT, PANTHER, PolyPhen-2
and FATHMM [31]. Results of the
study demonstrated the applicability of
bioinformatics algorithms in predictions
of the hearing impairment causing
mutations effect. However, in this study,
a comparative analysis of informative
parameters (accuracy, sensitivity,
specificity) of the programs was not
carried out. The literature data, which
presents the results of a comparative
analysis of the parameters of computer in
silico programs, show that of the existing
in silico programs, not all are equally
suitable for predicting the pathogenicity
of missense mutations in specific genes
responsible for a specific hereditary
disease. For example, in testing 1118
variants of four BRCA1, BRCA2, MLH1
and MLH2 genes associated with cancer,
the most accurate was Align GVGD
[4]. As a result, of the bioinformatics
analysis of the variants of the RYRT
and CACNA1S genes, associated with
malignant hyperthermia, four out of 8
in silico programs: MutPred, SNPs &
GO, PhD-SNP and CADD were able to
accurately classify the variants of the
RYR1 gene, but ambiguously evaluated
variants of another CACNA1S gene [20].
In another study, which included 14 191
deleterious Mendelian disease causing
mutations, and 22 001 neutral mutations,
which were annotated as not known to
be associated with any phenotypes, all
based on Uniprot annotation found, that
FATHMM and KGGSeq had the highest
accuracy [7]. MAPP was the most
accurate tool and MAPP + PolyPhen-2.1
provided the best-combined model of 74
missense substitutions of MMR genes

(MLH1, MSH2, MSH6 and PMS?2) that
confer colon cancer susceptibility in
Lynch syndrome [5]. Using a dataset
consisting of 122 credibly pathogenic and
benign variants in genes associated with
the RASopathy disorders and limb-girdle
muscular dystrophy (LGMD), 17 in silico
predictive programs were analyzed, and
result was that MutPred was the most
accurate, whith a weighted accuracy of
82.6% in the full dataset. [30].

Thus, out of 9 analyzed programs,
two programs - SIFT and PROVEAN
(R = 0,73) - gave the most accurate in
silico predictive estimates of the clinical
significance of missense variants of the
GJB2 gene. The obtained results can
help in the of bioinformatics analysis, in
the case of detection of previously not
described missense variants of the GJB2
gene associated with hearing impairment.
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A.N. Romanova, M.l. Voevoda, V.N. Maksimov

ASSOCIATION OF FOUR SINGLE
NUCLEOTIDE POLYMORPHISMS WITH
ARTERIAL HYPERTENSION AND
MYOCARDIAL INFARCTION IN THE RS
(YA): ETHNIC AND GENDER FEATURES

The research of four single nucleotide polymorphisms (SNPs) association with arterial hypertension (AH) and myocardial infarction (MI) in

population of the Republic of Sakha (Yakutia) depending on ethnicity and gender is carried out.

Keywords: single nucleotide polymorphisms, arterial hypertension, myocardial infarction, ethnicity gender and features, Republic of Sakha

(Yakutia).

In Yakutia the cardiovascular diseases
(CVD) in the structure of causes, both
morbidity (19.1%) and mortality (47.4%),
occupy a leading position [1]. Arterial
hypertension (AH) is one of the main risk
factors for the development of CVD and

their complications, such as myocardial
infarction (Ml) and stroke. Currently in
Russia, about 40% of the population
(more than 42 million people) suffers
from AH [2].

In recent years, a trend has been

formed such as genetic cardiology, which
integrates the concepts and technologies
of molecular genetics for understanding
the etiology and pathogenesis of CVD
clinical polymorphism. The genetic ap-
proach allows creating a base for con-



