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ARTICLE INFO ABSTRACT

Keywords: Objective: The current study aimed to identify and analyze missense single nucleotide polymorphisms (SNPs) that
DUSP6 can potentially cause mandibular prognathism.
FBN3

Methods: After reviewing the articles, 56 genes associated with mandibular prognathism were identified and their
missense SNPs were retrieved from the NCBI website. Several web-based tools including CADD, PolyPhen-2,
PROVEAN, SNAP2, PANTHER, FATHMM, and PON-P2 were used to filter out harmful SNPs. Additionally,
ConSurf determined the level of evolutionary conservation at positions where SNPs occur. I-Mutant2 and MUpro
predicted the effect of SNPs on protein stability. Furthermore, to investigate the structural and functional
changes of proteins, HOPE and LOMETS tools were utilized.

Results: Based on predictions in at least four web-based tools, the results indicated that PLXNA2-rs4844658,
DUSP6-rs2279574, and FBN3-rs33967815 are harmful. These SNPs are located at positions with variable or
average conservation and have the potential to reduce the stability of their respective proteins. Moreover, they
may impair protein activity by causing structural and functional changes.

Conclusions: In this study, we identified PLXNA2-rs4844658, DUSP6-rs2279574, and FBN3-rs33967815 as po-
tential risk factors for mandibular prognathism using several web-based tools. According to the possible roles of
PLXNAZ2, DUSP6, and FBN3 proteins in ossification pathways, we recommend that these SNPs be investigated
further in experimental research. Through such studies, we hope to gain a better understanding of the molecular
mechanisms involved in mandible formation.

Mandibular prognathism
Missense polymorphisms
PLXNA2

affected.” The occurrence of mandibular prognathism may be influenced
by environmental, epigenetic, and genetic factors. Enlarged tonsils,

1. Introduction

Mandibular prognathism is a type of skeletal abnormality that can be
diagnosed by analyzing facial profile and soft tissue relationships. It is
characterized by excessive growth of the lower jaw, resulting in concave
facial profile, frontal teeth negative overjet, and improper lip contact. >
Mandibular prognathism seems to be the main cause of skeletal Class III
malocclusion and can be recognized at an early age. As the condition
becomes more apparent with growth, patients often require orthodontic
and surgical treatments.” Some negative effects of this abnormality in a
patient’s life include low masticatory efficiency, impaired speech
expression, decreased self-confidence, unpleasant profile, and severe
psychological handicap.? The prevalence of this disorder varies across
different ethnic populations, with less than 1% of Caucasians affected,
while about 15% of Asians, particularly Chinese and Japanese, are

* Corresponding author.

nasal breathing difficulties, posture, habitual head position, endocrine
disturbances, trauma, and instrumental deliveries are among the envi-
ronmental factors that can play an important role in the development of
this disorder.° To date, various genetic linkage analyses and
genome-wide association studies have reported a correlation between
numerous genes and loci with mandibular prognathism. Some of these
genes are MATN1, COL2A1, FGFR2, PLXNA2, ARHGAP21, ADAMTSI1,
GHR, MYO1H, FBN3, and DUSP6.” Many of these genes are involved in
mandible formation by affecting osteogenesis. During intramembranous
ossification, the mesenchymal tissue in the intermediate portion of the
mandible is directly transformed into bone, whereas the distal region of
the mandible is formed through endochondral ossification, another
bone-forming process during embryonic development.® Endochondral
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ossification involves the initial differentiation of mesenchymal cells into
chondrocytes, followed by the eventual replacement of the cartilage by
bone tissue.’ The distinct patterns of ossification in different regions of
the mandible emphasize the complex nature of mandibular development
and the importance of a precise genetic and molecular control of this
process.'” Therefore, identifying genetic factors and comprehending
their role in mandible formation can aid in the accurate diagnosis of
mandibular prognathism, while also enabling the advancement of novel
treatment approaches for this disorder.'!

Single nucleotide polymorphisms (SNPs) are single base changes in a
DNA sequence that have a significant allelic frequency (>1%) in the
human population. They are one of the most popular genetic markers to
identify the association between a particular gene and a certain dis-
ease.? Among the various types of SNPs, missense ones are very
important. They change the codon region of a specific gene, resulting in
a new amino acid being inserted into the protein sequence. This new
residue may have unique properties that potentially impact the overall
structure and function of the protein.

To date, no computational studies have been conducted to identify
harmful missense SNPs in genes associated with mandibular progna-
thism. Therefore, the aim of this study was to use various web-based
tools to identify and report SNPs with disease-causing potential.

2. Methodology
2.1. Identification of genes & SNPs retrieval

All of the genes associated with mandibular prognathism were
extracted from two review articles.”'* Information on genes and SNPs
(SNP ID, alleles, and global allelic frequency) was obtained from the
National Center for Biotechnology Information (NCBI) website
(https://www.ncbi.nlm.nih.gov/). For this study, only missense SNPs
with a global allelic frequency above 0.1 in the 1000 genomes project
were screened. The screened SNPs were analyzed using various
web-based tools, as shown in Fig. 1.
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2.2. Finding harmful SNPs

Seven different web-based tools were used to filter out harmful
missense SNPs. Combined Annotation Dependent Depletion (CADD) is a
tool that provides a detailed analysis of SNPs along with a “Phred score”
value (https://cadd.gs.washington.edu/). A score of 20 or more predicts
that the analyzed SNP may be among the top 1% of deleterious poly-
morphism in the human genome.'® Polymorphism Phenotyping v2
(PolyPhen-2) uses structural and comparative evolutionary consider-
ations to predict the impact of missense SNPs on the function of human
proteins (http://genetics.bwh.harvard.edu/pph2/). PolyPhen-2 scores
can be interpreted as 0.0 to 0.15 for benign SNPs and 0.15 to 1 for
damaging SNPs.'® Protein Variation Effect Analyzer (PROVEAN) pre-
dicts changes in a protein’s biological function upon missense SNP (http
://provean.jcvi.org/index.php). A polymorphism score of equal to or
below —2.5 in PROVEAN is generally considered “deleterious".'” SNAP2
(https://rostlab.org/services/snap2web/) is a tool based on a machine
learning device that predicts the effect of SNPs on protein function by
taking into account a variety of sequences and variant features.'® Pro-
tein Analysis Through Evolutionary Relationships (PANTHER) website
has a tool that employs a related but distinct metric based on “evolu-
tionary preservation” for predicting missense SNPs (http://www.panth
erdb.org/). Polymorphisms that may play a causal role in human dis-
ease are considered “damaging” in this tool.'° Functional Analysis
through Hidden Markov Models (FATHMM) uses a species-independent
method with optional species-specific weightings for prediction the
functional effects of missense SNPs (http://fathmm.biocompute.org.uk/
inherited.html). This tool categorizes SNPs into two groups, namely
“neutral” and “damaging”, based on their disease-causing potential.”’
PON-P2 (http://structure.bme.lu.se/PON-P2/) utilizes amino acid fea-
tures, Gene Ontology annotations, and evolutionary conservation to
classify missense SNPs into pathogenic, neutral, or unknown groups.>!

2.3. Stability prediction of SNPs on proteins

To predict the effect of SNPs on protein stability, two web-based

Identification of 56 genes associated
with mandibular prognathism

NCBI dbSNP database

56 missense SNPs screened (GF*>(0.1)

[ Identification of harmful SNPs ]

PolyPhen-2

4(

[-Mutant2

Prediction of
stability changes

Three SNPs were identified

Conservation of
amino acid positions

4[

HOPE

Prediction of
protein structure

LOMETS

Fig. 1. Diagrammatic representation of methodology (*global frequency).
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tools, I-Mutant2 (https://folding.biofold.org/i-mutant/i-mutant2.0.
html) and MUpro (http://mupro.proteomics.ics.uci.edu/) were used. I-
Mutant2 is based on the Support Vector Machine that predicts the
changes in the stability of a protein, upon missense SNPs. This tool
provides a Reliability Index (RI) as an output, which ranges from 0 to 10,
with 10 representing the highest level of reliability.”> MUpro can esti-
mate the changes in protein stability resulting from missense SNPs. If
this tool predicts delta G (AG) as negative, it suggests that the analyzed
SNP may destabilize the protein.”®

2.4. Conservation analysis

ConSurf (https://consurf.tau.ac.il/) calculates the level of evolu-
tionary conservation of amino acids at a specific position and gives the
output as a score ranging from one to nine. A score in a range of 1-3
indicates variable conservation, 4-6 indicates average conservation, and
a score in a range of 7-9 signifies the highly conserved positions of
amino acids.’*

2.5. Structural analysis of proteins

To investigate the impact of SNPs on the structure and 3D modeling
of proteins, two web-based tools were used. The first tool, HOPE, collects
structural information from several sources and combines them to build
a report (https://www3.cmbi.umen.nl/hope/). It predicts and charac-
terizes the structural effects of amino acid substitutions on protein do-
mains.”” The second tool, Local meta-threading-server (LOMETS), is a
meta-server method for protein structure prediction and function
annotation (https://zhanggroup.org/LOMETS/). The 3D models are
built using high-scoring target-to-template alignments from nine
threading programs.”® The wild and mutant models were generated by
LOMETS, and the structures were visualized using UCSF CHIMERA
software.

Table 1
Global frequency and allelic change of 56 screened SNPs.
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3. Results
3.1. Genes and SNPs selection

According to the detailed examination of two review articles
(mentioned in Section 2.1), 56 genes associated with mandibular
prognathism were identified and selected. However, we excluded
collagen-family genes (COL1A1 and COL2A1) in the present study based
on our previous report.?” By analyzing all these genes in the NCBI dbSNP
database, 56 missense SNPs were screened in 27 different genes
(Table 1). Missense SNPs with a global allelic frequency above 0.1 were
not found in the following genes: MATN1, KAT6B, EPB41, FOXO3,
HDAC4, HOXC, LTBP2, MMP13, TBX5, TGFB3, RUNX2, PTGS2,
ADAMTSL1, CALN1, FGF12, FGF20, FGF3, FGFR1, JAG1, NBPF8, NUMB,
RORA, SMAD6, TCF21, and WNT3A. Although the NCBI dbSNP database
reports some SNPs in PSEN2, MYH1, MYH2, and MYH7 genes as
missense, their global frequencies suggest otherwise.

3.2. Identification of harmful SNPs

All screened SNPs were analyzed using seven web-based tools as
shown in Table 2. The terms deleterious, damaging, effect, and pathogenic
were considered to be indicative of harmful SNPs that can affect the
structure and function of the protein. Conversely, the terms neutral,
benign, and tolerated indicated SNPs that were not suitable for this study.
Out of 56 SNPs, five cases were identified as harmful in more than three
web-based tools. After identifying three suitable SNPs in FBN3 gene
(rs33967815, rs12150963, and rs7245429), we decided to further
analyze the most harmful ones, but this does not mean that the other two
SNPs are unimportant. In total, according to Table 2, PLXNA2-
rs4844658, DUSP6-rs2279574, and FBN3-rs33967815 were selected for
further analysis using other tools.

3.3. Effect of SNPs on proteins stability

The analysis of three SNPs, PLXNA2-rs4844658, DUSP6-rs2279574,

Gene SNP(s) Allele(s) Global frequency” Gene SNP(s) Allele(s) Global frequency”
KRT7 rs6580870 A>G A =0.1280; G = 0.8720 NBPF9 15200319336 C>AGT C =0.8934; T = 0.1066
152608009 G>ACT G = 0.1078; C = 0.8922 1571231749 A>C A =0.8630; C = 0.1370
MYOI1H 1511611277 C>AT C = 0.8450; A = 0.1550 151227241524 A>CT A =0.8618; T = 0.1382
rs3825393 T>C G T = 0.2953; C = 0.7047 NCOR2 152229840 C>G, T C =0.8391; T = 0.1609
PLXNA2 154844658 T>C T =0.8814; C = 0.1186 NOTCH3 1535769976 C>AGT C =0.8898; G = 0.1102
153748735 C>T C=0.8604; T = 0.1396 151044009 G>AC G = 0.3706; A = 0.6294
152782948 C>AT C=0.6354; T = 0.3646 NOTCH4 15915894 T>G T = 0.6012; G = 0.3988
SSX2Ip 151057746 A>CGT A =0.4874; G = 0.5126 15520692 T>C T = 0.7322; C = 0.2678
ADAMTS1 15428785 C>AG,T C =0.3109; G = 0.6891 15422951 T>C T = 0.6569; C = 0.3431
ALPL 1s3200254 T>ACG T = 0.7330; C = 0.2670 FGFR2 15755793 A>G A =0.8744; G = 0.1256
ARHGAP21 1s3748222 T>C T =0.5617; C = 0.4383 FGF23 157955866 G>A G = 0.8526; A = 0.1474
151127893 C>G, T C = 0.5064; G = 0.4926 MYH3 152285477 C>T C =0.4135; T = 0.5865
DUSP6 152279574 C>AGT C =0.5337; A = 0.4663 MYHS8 158069834 A>G,T A =0.5146; G = 0.4854
1s770087 A>C A =0.7825; C = 0.2175 RASA2 1534558081 T>AG T = 0.8938; G = 0.1062
EVC 156414624 T>A,C T = 0.2552; C = 0.7448 HSPG2 153736360 C>T C=0.8239; T = 0.1761
152302075 C>AGT C =0.1554; A = 0.8446 152291827 G>A G = 0.8478; A = 0.1522
1s2291157 A>C A = 0.8958; C = 0.1042 15897471 G>AC G = 0.3085; A = 0.6915
rs1383180 G>AT G = 0.6985; A = 0.3015 IGF1 1s35767 A>CG,T A =0.3037; G = 0.6963
EVC2 156820907 G>A G =0.7813; A = 0.2187 FBN3 1s35025963 C>AGT C = 0.7005; T = 0.2995
154689278 T>A,C T = 0.7348; C = 0.2652 1533967815 C>T C=0.8622; T =0.1378
15730469 T>C T = 0.4824; C = 0.5176 1512975322 C>AGT C=0.7173; T = 0.2827
GHR 156180 A>C G A = 0.5555; C = 0.4445 1512608849 G>A G = 0.6905; A = 0.3095
BEST3 1561747221 G>A G =0.8620; A = 0.1380 1512150963 G>AC G =0.8678; C = 0.1322
EP300 rs20551 A>G A =0.7766; G = 0.2234 157257948 C>A C = 0.4205; A = 0.5795
ERLEC1 152287345 G>C G = 0.8914; C = 0.1086 157246376 G>A G =0.6727; A = 0.3273
GLI2 1572971975 A>G A =0.8608; G = 0.1392 157245429 G>CT G = 0.5142; T = 0.4858
1s12711538 G>A G =0.4329; A = 0.5671 154804063 T>C, G T = 0.6923; C = 0.3077
rs3738880 G>AT G =0.4910; T = 0.5090 153829817 C>G, T C=0.8163; T = 0.1837

 Global allelic frequency above 0.1 in 1000 genomes project.
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Table 2
Analysis of 56 screened SNPs by seven web-based tools.
Gene names SNP ID* CADD PolyPhen-2 PROVEAN SNAP2 PANTHER FATHMM PON-P2
KRT7 rs6580870 Neutral Benign Neutral Effect Benign Tolerated Neutral
rs2608009 Neutral Benign Neutral Neutral Benign Tolerated Neutral
MYOIH rs11611277 Neutral Benign Neutral Neutral Benign Damaging Neutral
rs3825393 Neutral Benign Neutral Effect Benign Tolerated Unknown
PLXNA2 154844658 Deleterious Damaging Deleterious Neutral Damaging Tolerated Unknown
rs3748735 Neutral Benign Neutral Neutral Damaging Tolerated Unknown
rs2782948 Neutral Benign Neutral Effect Damaging Tolerated Neutral
SSX2IP rs1057746 Neutral Benign Neutral Effect Benign Tolerated Neutral
ADAMTS1 15428785 Neutral Benign Neutral Neutral Damaging Tolerated Neutral
ALPL rs3200254 Neutral Benign Neutral Neutral Unknown Damaging Neutral
ARHGAP21 rs3748222 Neutral Benign Neutral Neutral Unknown Tolerated Unknown
rs1127893 Neutral Benign Neutral Neutral Unknown Tolerated Unknown
DUSP6 rs2279574 Deleterious Damaging Neutral Effect Damaging Tolerated Pathogenic
rs770087 Deleterious Benign Neutral Effect Benign Tolerated Neutral
EVC rs6414624 Neutral Benign Neutral Neutral Damaging Tolerated Unknown
rs2302075 Neutral Benign Neutral Neutral Benign Tolerated Neutral
rs2291157 Neutral Benign Deleterious Neutral Benign Tolerated Unknown
rs1383180 Deleterious Damaging Neutral Neutral Damaging Tolerated Unknown
EVC2 rs6820907 Neutral Damaging Neutral Neutral Benign Tolerated Neutral
rs4689278 Neutral Benign Neutral Neutral Benign Tolerated Unknown
15730469 Neutral Benign Neutral Neutral Benign Tolerated Neutral
GHR rs6180 Deleterious Damaging Neutral Neutral Damaging Tolerated Neutral
BEST3 rs61747221 Neutral Benign Neutral Effect Unknown Damaging Unknown
EP300 rs20551 Neutral Benign Neutral Neutral Benign Damaging Unknown
ERLEC1 rs2287345 Neutral Benign Neutral Neutral Benign Tolerated Neutral
GLI2 1s72971975 Neutral Unknown Unknown Unknown Unknown Unknown Unknown
rs12711538 Neutral Benign Neutral Effect Benign Tolerated Neutral
rs3738880 Neutral Benign Neutral Neutral Benign Tolerated Unknown
NBPF9 rs200319336 Neutral Unknown Neutral Neutral Benign Unknown Unknown
1s71231749 Neutral Unknown Neutral Effect Benign Unknown Unknown
151227241524 Neutral Unknown Neutral Neutral Unknown Unknown Unknown
NCOR2 rs2229840 Deleterious Damaging Neutral Neutral Damaging Tolerated Unknown
NOTCH3 rs35769976 Neutral Benign Neutral Neutral Benign Damaging Unknown
rs1044009 Neutral Benign Neutral Neutral Benign Tolerated Neutral
NOTCH4 rs915894 Neutral Benign Neutral Neutral Benign Damaging Unknown
rs520692 Neutral Benign Neutral Effect Benign Damaging Unknown
15422951 Neutral Benign Neutral Neutral Benign Damaging Unknown
FGFR2 1s755793 Neutral Benign Neutral Effect Benign Tolerated Unknown
FGF23 157955866 Neutral Benign Neutral Effect Unknown Tolerated Neutral
MYH3 1s2285477 Neutral Benign Neutral Neutral Benign Tolerated Neutral
MYHS8 rs8069834 Neutral Benign Neutral Effect Unknown Tolerated Neutral
RASA2 rs34558081 Neutral Unknown Unknown Effect Unknown Tolerated Pathogenic
HSPG2 rs3736360 Neutral Benign Neutral Neutral Unknown Tolerated Neutral
rs2291827 Deleterious Benign Deleterious Neutral Damaging Tolerated Unknown
rs897471 Deleterious Damaging Deleterious Neutral Benign Tolerated Unknown
IGF1 1rs35767 Neutral Unknown Unknown Effect Unknown Unknown Unknown
FBN3 rs35025963 Neutral Benign Neutral Effect Unknown Damaging Neutral
rs33967815 Deleterious Damaging Deleterious Effect Unknown Damaging Neutral
rs12975322 Neutral Damaging Neutral Neutral Unknown Damaging Neutral
rs12608849 Neutral Benign Neutral Neutral Unknown Damaging Neutral
rs12150963 Deleterious Benign Deleterious Effect Unknown Damaging Neutral
157257948 Neutral Benign Neutral Neutral Unknown Tolerated Neutral
1s7246376 Neutral Benign Neutral Neutral Unknown Damaging Neutral
1s7245429 Deleterious Damaging Deleterious Neutral Unknown Damaging Neutral
rs4804063 Neutral Benign Neutral Neutral Unknown Damaging Neutral
rs3829817 Neutral Benign Neutral Effect Unknown Damaging Neutral

@ Selected SNPs are bolded.

and FBN3-rs33967815, in I-Mutant2 and MUpro tools revealed that all of
these SNPs can decrease the stability of their respective proteins
(Table 3). Reliability Index and delta G values indicated that this effect
on protein stability is more significant for FBN3-rs33967815 in I-
Mutant2 and for PLXNA2-rs4844658 in MUpro.

3.4. Residue conservation analysis

The PLXNA2 (Accession: NP_079455.3), DUSP6 (Accession:
NP_001937.2), and FBN3 (Accession: NP_115823.3) proteins have 1894,
381, and 2809 amino acids, respectively. The PLXNA2-rs4844658 occurs
at position 369, DUSP6-rs2279574 at position 114, and FBN3-
rs33967815 at position 1614 of their respective proteins. Analysis of
these positions in ConSurf revealed that two SNPs alter exposed residues
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with variable conservation (Table 3). While only amino acid 114 is
buried in DUSP6 protein with an average level of conservation.

3.5. Analysis of structural effects

The HOPE tool revealed that selected harmful SNPs have the po-
tential to impact the function of their related proteins. Specifically,
PLXNAZ2-rs4844658 (E369G) and DUSP6-rs2279574 (V114L) can cause
structural changes in the Sema and Rhodanese domains, respectively.
These domains are crucial for protein activity and interact with other
domains (Table 3). Additionally, FBN3-rs33967815 may disturb the
EGF-like 25 domain and abolish its function (Table 3) due to a Serine to
Glycine replacement (G1614S). The names of mentioned domains were
adapted from  UniProt (https://www.uniprot.org/)  website.
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Table 3
Structural, stability, and conservation analysis of three harmful SNPs.

SNP ID I-Mutant2 MUpro ConSurf HOPE

154844658 Conservation
scale: 3 An
exposed residue
with variable

conservation

Decrease
(AG:
-1.26)

Decrease
(Reliability
index: 2)

(Glutamic-Acid
into a Glycine)
The mutated
residue is
located in a
domain that is
important for
the activity of
the protein and
in contact with
another domain
that is also
important for
the activity. The
interaction
between these
domains could
be disturbed by
the mutation,
which might
affect the
function of the
protein.

(Valine into a
Leucine) The
mutated residue
is located in a
domain that is
important for
the activity of
the protein and
in contact with
another domain
that is also
important for
the activity. The
interaction
between these
domains could
be disturbed by
the mutation,
which might
affect the
function of the
protein.
(Glycine into a
Serine) The
mutation

152279574 Conservation
scale: 6 A buried
residue with
average

conservation

Decrease
(AG:
-0.17)

Decrease
(Reliability
index: 7)

1533967815 Conservation
scale: 1 An
exposed residue
with variable

conservation

Decrease
(AG:
-0.87)

Decrease
(Reliability
index: 8)
introduces an
amino acid with
different
properties,
which can
disturb a
specific domain
and abolish its
function.

Furthermore, based on LOMETS models, all three harmful SNPs can
change the 3D structure of their proteins (Fig. 2).

4. Discussion

Mandibular prognathism is a common facial disorder that is char-
acterized by excessive growth of the lower jaw with or without hypo-
plasia of the upper jaw. The incidence of this disorder varies among
ethnic groups, with the highest rate in the Asian population.® Although
the etiology of mandibular prognathism is still unclear, several studies
have shown that it is likely to be polygenic and multifactorial. Associ-
ation studies, genome-wide association studies, and genome-wide link-
age analysis have led to the discovery of numerous genes correlated with
mandibular  prognathism. In particular, single nucleotide
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polymorphisms have played an essential role in advancing the
mentioned research, and their significance cannot be overstated.”** The
current study utilized several web-based tools to screen and analyze
missense SNPs (global frequency above 0.1) in 56 genes associated with
mandibular prognathism (Fig. 1). Finally, according to the results of
Table 2, PLXNA2-rs4844658, DUSP6-rs2279574, and FBN3-rs33967815
were selected for further investigation. Through in-depth analysis of
these three SNPs, it was determined that they may have significant ef-
fects on the structure and proper function of their respective proteins.

PLXNA2 is a member of the semaphorin receptor family located on
chromosome band 1q32.2. This gene is expressed in various tissues
during craniofacial development, such as the neural crest and devel-
oping cranial bones. The cells of the neural crest are derived from the
developing nervous system and give rise the bones and cartilage of the
face and skull.?® PLXNAZ2 is a transmembrane protein that is thought to
transduce signals from semaphorin-3A.”° Both PLXNA2 and
semaphorin-3A are expressed in osteoblast cells, and their binding to
each other can stimulate osteoblast differentiation.>° The interaction of
two proteins may suppress the expression of parathyroid
hormone-related peptide receptor 1 (PTH-R1) in human proliferative
chondrocytes.’ This is significant because the parathyroid
hormone-related protein and its receptor PTH-R1 play a crucial role in
regulating chondrocyte proliferation, differentiation, and apoptosis.*”
As most chondrocytes in the mandibular condylar cartilage undergo
programmed death, the cartilage matrix is replaced by bone through
endochondral ossification, ultimately forming the mandibular
condyle.*® Researchers conducted a genome-wide association study in
the Japanese population and suggested 1q32.2 loci as a susceptibility
region for the development of mandibular prognathism.** However, no
experimental studies have investigated the association between PLXNA2
SNPs and mandibular prognathism to date.

In this study, we identified PLXNA2-rs4844658 as a harmful poly-
morphism (Table 2). This SNP occurs at position E369G with variable
conservation, which decreases PLXNAZ2 stability and affects its functions
(Table 3). Due to the functional and structural changes caused by
PLXNA2-rs4844658 (Fig. 2 A1-A2), the interaction between this protein
and semaphorin-3A may be disrupted, leading to a potential reduction in
the expression of PTH-R1. In mice, the functions of PTH-R1 cause a delay
in the differentiation process of chondrocytes.>® Therefore, decreasing
PTH-R1 expression may promote the differentiation of chondrocytes and
accelerate endochondral ossification, which can ultimately result in
mandibular prognathism. To advance our understanding of the molec-
ular mechanisms underlying mandibular prognathism, we suggest
investigating the potential impact of PLXNA2 SNPs, particularly
PLXNA2-rs4844658, in experimental studies. Future research may
reveal additional insights into the role of this gene in the development of
mandibular prognathism.

DUSP6 is a member of the dual specificity phosphatase subfamily
located on chromosome band 12q21.33. This gene encodes a cyto-
plasmic enzyme that regulates the activity of mitogen-activated protein
kinases (MAPKs) superfamily (including MAPK/ERK, SAPK/JNK,
p38).%° The absence or reduction of DUSP6 in mice can lead to the
development of at least two distinct phenotypes, skeletal dwarfism and
coronal craniosynostosis (a medical condition that may affect the
development of the skull). These phenotypes are believed to be caused
by improper regulation of MAPK/ERK signaling pathway.?” The MAP-
K/ERK pathway is crucial for the formation of skeletal structures, as it
controls the differentiation, proliferation, and activity of osteoblasts,
chondrocytes, and osteoclasts.>® During early mouse embryo develop-
ment, the activation of the MAPK/ERK pathway relies heavily on
fibroblast growth factors (FGFs). These FGFs activate FGF receptors
(FGFRs), which are single-pass transmembrane proteins with intracel-
lular tyrosine kinase activity.”> MAPK/ERK pathway is stimulated by
FGF/FGFR, which regulates the differentiation of chondrocytes. Since
chondrogenesis is essential for endochondral ossification, FGF/FGFR
signaling plays a crucial role in the development of facial bones.*’
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Fig. 2. Effect of harmful SNPs on the 3D structure of their corresponding proteins (the wild-type and the mutant residues are shown and colored green and red
respectively). A1-A2. PLXNA2-rs4844658 causes Glycine substitution for Glutamic-acid at position 369 (E369G). B1-B2. DUSP6-rs2279574 leads to conversion of
Valine into a Leucine at position 114 (V114L). C1-C2. FBN3-rs33967815 results in the substitution of a Serine for a Glycine at position 1614 (G1614S).

Through whole-exome sequencing on five siblings from an Estonian
family, researchers reported DUSP6-rs139318648 (Serine182 Phenylal-
anine) as a significant variant in skeletal Class III malocclusion. >They
suggested that DUSP6 may be responsible for both mandibular prog-
nathism and maxillary deficiency. The results of another study revealed
significant dissimilarities in craniofacial morphology between in-
dividuals with the DUSP6 mutation and non-mutation individuals,
indicating a possible role of this gene in the development of Class III
malocclusion.*! In the present study, we screened DUSP6-r52279574 as a
harmful polymorphism (Table 2). This SNP decreases protein stability
and occurs at a critical position (V114L) that results in significant
structural changes (Table 3). Specifically, the structure of this position,
which normally features a buried residue with average conservation,
shifts from a strand to a helix when the SNP is present (Fig. 2 B1-B2).
Based on the significant structural changes mentioned, the phospha-
tase activity of DUSP6 may increase in the presence of ERKs. Moreover,
there is a report indicating that Erk1/2 is able to inhibit chondrocyte
differentiation.*” With increased DUSP6 activity, Erk1/2 may experi-
ence a greater loss of function, which could accelerate chondrocyte
differentiation and subsequent endochondral ossification, potentially
leading to mandibular prognathism. Finally, we believe that investi-
gating DUSP6-rs2279574 through experimental studies has the potential
to contribute significantly to our understanding of mandibular progna-
thism and improve clinical outcomes for affected individuals.

FBN3 encodes a member of the fibrillin protein family and is located
on chromosome band 19p13.2. This fibrillin is expressed in the

458

interstitial matrix of hypertrophic cartilage and is present throughout
endochondral ossification of the ribs.*® Recent research conducted on a
cohort of Chinese families suggested that FBN3 variants may be impli-
cated in the pathogenesis of Klippel-Trenaunay-Weber syndrome, a
condition that can lead to skeletal overgrowth and asymmetry in the
limbs.** In addition, genome-wide linkage analysis on Korean and
Japanese sibling pairs has identified 19p13.2 as a susceptibility region
for mandibular prognathism.’> Despite these studies, the precise func-
tion of FBN3 and the molecular pathways that may cause the afore-
mentioned abnormalities, particularly mandibular prognathism, is still
unknown. Here, we screened FBN3-rs33967815 as a harmful poly-
morphism (Table 2). Our further analysis revealed that this SNP occurs
in a position with variable conservation and reduces the stability of
FBN3 (Table 3). Moreover, the SNP causes significant changes in the
protein structure that could have an impact on its overall function
(Fig. 2C1-C2). Based on these findings, our study suggests that it is
worthwhile to investigate the potential association between
FBN3-rs33967815 and mandibular prognathism. Future studies could
serve as an initial step in discovering the exact role of FBN3 in the
pathways involved in mandibular formation.

Although we used various web-based tools to identify potential SNPs
associated with mandibular prognathism in our study, it is important to
note the limitations of this research method. Despite the convenience
and accessibility of these tools, their algorithms may be based on
restricted data, resulting in an incomplete understanding of the effects of
SNPs on biological systems. Additionally, while changes in protein
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stability and structure are important factors in disease development,
epigenetic modifications or interactions with other genetic or environ-
mental factors may also contribute to the occurrence of abnormalities.
Furthermore, the effects of a SNP on a protein might be more complex
than what computational tools can predict. Therefore, combining web-
based tools with experimental validation can provide a more complete
understanding of the genetic basis of a disease such as mandibular
prognathism. By doing so, researchers may be able to identify new tar-
gets for treatment or prevention of this condition.

5. Conclusion

After analyzing missense SNPs with global frequency above 0.1 in 56
genes linked to mandibular prognathism, our study screened PLXNA2-
154844658, DUSP6-rs2279574, and FBN3-rs33967815 as harmful poly-
morphisms. Through further analysis, we found that all three SNPs can
impact the stability, structure, and function of their respective proteins,
and they occur at positions with variable or average conservation. Given
the possible involvement of PLXNA2, DUSP6, and FBN3 proteins in
ossification pathways, our study suggests that identified harmful SNPs
may be potential causes of mandibular prognathism. These SNPs could
be reported as a genetic molecular marker for mandibular-related dis-
orders in future studies.
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