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ABSTRACT

Advanced genome sequencing technologies have provided us with the opportunity to deeply
understand the mechanisms underlying conditions associated with the genome. There has been
significant interest recently in understanding the characteristics of de novo mutations, which are
genetic changes that arise in reproductive cells and are not present in parents, as well as the
mechanisms involved in their occurrence. These mutations can be transmitted to subsequent
generations and have the potential to influence genetic diversity and susceptibility to diseases,
making this topic important. Due to limited studies in this area, the formation mechanisms and
characteristic features of such mutations have not yet been fully understood.

In this study, we aimed to conduct a comprehensive analysis of de novo mutations in families
undergoing tfrio clinical exome sequencing analysis. The objectives of the study were to investigate
the relationship between parental ages and the frequency of de novo mutations, the distribution,
prevalence, relationships, and molecular characteristics of de novo mutations. A total of 69 families
who underwent Trio Clinical Exome Sequencing (CES) analysis at the Department of Medical
Genetics, Faculty of Medicine, Selcuk University, between January 1, 2017, and December 31, 2023,
were included in the study. DNA samples extracted from peripheral venous blood of individuals
were sequenced using the Roche CES kit and DNBSEQ-G400™ sequencing device, and a total of
3892 genes were analyzed using the Seq Platform.

Correlation analysis revealed no significant relationship between parental age and the number of
de novo mutations, and regression analysis showed that age was not a significant parameter in
determining the number of de novo mutations. After analysis, 407 de novo variants were identified,
with the majority being variants of unknown significance (55.28%). When examining the base
change profile, the most common changes were found to be C -> G, G -> A, A -> G. The most
commonly mutated genes were found to be DSPP, HPS4, VCL, and BMP4 genes.
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Gelismis genom dizileme teknolojileri genomla iliskili durumlarnn temelinde yatan mekanizmalar
derinlemesine anlamaiza firsat sagladi. De novo mutasyonlar olarak adlandirlan, ebeveynlerde
bulunmayan ve Ureme hicrelerinde ortaya cikan genetik degisikliklerin karakteristiklerinin ve ortaya
clkmasinda rol oynayan mekanizmalarin anlasimasi son dénemde bUyUk ilgi gérmektedir. Bu tir
mutasyonlar, sonraki nesillere aktarlabilir ve genetik gesitliligi ve hastalk yatkinligini etkileyebilme
potansiyeli bu konuyu énemli hale getfirmektedir. Bu konuda calismalar sinirli oldugu igin hentz bu
10r mutasyonlarin olusum mekanizmalar ve karakteristik dzellikleri tam olarak anlasilamamistir.

Bu arastirmada, trio klinik exome dizileme analizi yapilan ailelerde de novo mutasyonlarin kapsamli
bir analizi gerceklestirmeyi amagcladik. Arastrmanin amaclan olarak, ebeveynlerin yaslarn ile de
novo mutasyonlarin meydana gelme sikigi arasindaki iliskiyi, de novo mutasyonlarin dagilimini,
prevalansini, birbirleriyle iliskilerini ve molekUler karakteristiklerini arastirmak olarak belirledik.
Arastirmada, 1 Ocak 2017 ile 31 Aralik 2023 tarihleri arasinda Selcuk Universitesi Tip FakUltesi Tibbi
Genetik Anabilim Dali'nda Trio Klinik Exome Dizileme (CES) analizi yapilan 69 aile incelenmistir.
Arastirmada bireylerin periferik vendz kanlardan ekstrakte edilen DNA 6rnekleri Roche CES kitini
kullanarak ekstrakte edilmis ve DNBSEQ-G400™ dizleme cihaziyla dizilenmis ve Seq Platformu
kullanilarak toplamda 3892 gen analiz edilmistir.

Korelasyon analizi sonucunda, annenin ve babanin yasinin de novo mutasyon sayisi ile anlamli bir
iliskisinin olmadigr saptanmis ve regresyon analiz sonrasinda da yasin de novo mutasyon sayisini
belirlemede anlamlilik bir parametre olusturmadigr gérilmUstir

Analiz sonrasi 407 de novo varyant tespit edimis ve bunlarin cogununun anlami bilinmeyen
varyantlar  (%55.28) oldugu saptanmistir. Baz degisim profili incelendiginde en sk rastlanan
degisikliklerin C -> G, G -> A, A -> G oldugu belilenmistir. En sk de novo mutasyon rastlanan genlerin
DSPP, HPS4, VCL, BMP4 genleri oldugu saptanmistir.

Anahtar Kelimeler: Mutasyon, ekzom sekans, Genome, Gen

Advancements in advanced genome sequencing parents and are subsequently passed on to subsequent
technologies have revolutionized our understanding generations. Understanding the nature of de novo
of genetic disorders and enabled researchers to gain mutations in the human genome forms the basis for
deeper insights info the underlying mechanisms of unraveling phenomena such as genetic inheritance,
hereditary conditions. One particularly intriguing area genetic diversity, and susceptibility to disease. While
of study is the investigation of de novo mutations, a typical human genome exhibits millions of genetic
which arise spontaneously in the reproductive cells of variations, a subset of these variants - rare and novel
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mutations - arises as de novo events, contributing to
genetic diversity and disease susceptibility. However,
the mechanisms underlying the formation and
distribution of de novo mutations are not yet fully
understood. DNA replication errors, particularly in CoG
dinucleotides, inadequate repair mechanisms, and
exposure to endogenous or exogenous mutagens, all
contribute to the occurrence of de novo mutations.
These mutatfions do not occur randomly throughout
the genome; instead, specific genomic regions exhibit
higher mutability due to infrinsic properties such
as sequence composition, replication timing, and
transcriptional activity. Additionally, recent studies
have identified mutational clusters and hotspots,
which denote specific genomic regions prone fo de
novo mutations (1, 2).

Advancements in next-generation sequencing (NGS)
technologies have revolutionized studies on de novo
mutations, enabling researchers to comprehensively
characterize these genetfic alterations. Through
genome-wide studies conducted in parent-child
trios, researchers have scaled the rafe of de novo
mutations and elucidated their parental origins,
distribution, and impact on disease suscepfibility
(1). However, despite these advancements, many
questions remain unanswered regarding the precise
mechanisms of de novo mutation formation, factors
influencing their distribution across the genome, and
their contributions to human diseases. In this study,
we conducted a comprehensive analysis of de
novo mutations in families undergoing clinical Exome
Sequencing (CES) analysis for various reasons. Our
primary objectives in this research were to investigate
the relationship between parental ages at the start of
pregnancy and the occurrence of de novo mutations,
the frequencies and distributions of de novo mutations,
their relationships with each other, and their molecular
characteristics.

Methods

In this study, a total of 69 families who underwent
trio Clinical Exome Sequencing (CES) analysis at the
Department of Medical Genetics, Selcuk University
Faculty of Medicine, due to various complaints
and suspected genetic origins between January 1,
2017, and December 31, 2023, were included. The
demographic information and clinical characteristics
of the patients were obtained refrospectively through
data recorded during examinations and the hospital’s
electronic medical record system. Based on this data,
the ages of the parents at the beginning of pregnancy
were determined. Family trees of all cases included
in the study were drawn, their histories and clinical
information were collected in detail, and informed
consents with wet signatures were obtained from
the patients and/or legal guardians. After samples
were collected in the wet laboratory, DNA extraction
was performed using the Roche CES kit followed by
sequencing using the DNBSEQ-G400™ sequencing
platform (MGI Tech Co., Ltd.). A total of 3892 genes
were analyzed using the mentioned kit. Variant
classification and analysis were performed using the
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Seq Platform (Genomize Inc.). The Seq Platform utilized
advanced artificial intelligence algorithms to expedite
variant prioritization workflow and generate a variant
list. FASTQ files were uploaded to the Seq Platform,
and reads were aligned to the human reference
genome GRCh37 (Hg19) using the Burrows-Wheeler
Aligner (BWA) platform. The aligned reads were then
used for variant calling with FreeBayes. The obtained
variants were subsequently annotated using VEP v102.
ACMG pathogenicity classification was conducted
according fo the guidelines published by Richards
et al. Variants were filtered in various modes: exonic
(coding) regions, within 20 base pairs of exon-infron
junctions, and with a frequency of less than 1% in the
healthy population (according to gnomAD, the 1000
Genomes Project (1000G), and the Exome Aggregation
Consorfium (ExAC)). Additionally, ACMG, ClinVar, and
Franklin (genoox) data were used for pathogenicity
determination. Trio analysis was conducted using the
trio analysis tool of the Seq platform.

Statistical analysis was performed using IBM SPSS
Statistics Version 26 (IBM Corp, USA). The primary
dependent variable was the number of de novo
mutations, and the independent variables included
maternal age, paternal age, and gender. Pearson
and Spearman’s rank correlation coefficients were
calculated to evaluate linear and monotonic
relationships, respectively. Additionally, multiple linear
regression was used to investigate the combined
effects of maternal and paternal ages on the number
of de novo mutations. The relationship between gender
and the number of de novo mutations was examined
using independent samples t-test and Mann-Whitney
U fest. While the t-test assessed mean differences,
the Mann-Whitney U test provided a non-parametric
perspective on distribution inequadlities. These analyses
aimed to provide robust findings considering both
statistical and practical significance.

Results

The analysesrevealed that the average age of mothers
at the beginning of pregnancy was 25.95. Among
them, there were 20 individuals aged 30 and above
during this period, while the remaining 53 individuals
were in the group under 30 years old. The average
age of mothers aged 30 and above was calculated
as 34.05, whereas it was 22.84 for those aged 30. The
average age of fathers at the beginning of pregnancy
was determined as 29.34. Among them, there were
29 individuals aged 30 and above during this period,
while the remaining 44 individuals were under 30. After
performing Correlation Analysis (Spearman’s Rank
Correlation), it was found that the mother’'s age had a
non-significant and negligible monotonic relationship
with the number of de novo mutations (rho =-0.013, p
= 0.922). Similarly, it was determined that the father’s
age had a weak and non-significant monotonic
relationship with the number of de novo mutations (rho
=0.012, p = 0.932). Regression analysis was conducted
to investigate whether a regression model including
maternal and paternal ages was formed to predict
the number of de novo mutations. After the analysis,
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it was found that the model including the age of the
mother and father explained only a small portion (1.2%)
of the variance in the number of de novo mutations.
An ANOVA analysis was conducted to determine the
overall significance level of the total model, which was
found to be statistically non-significant (p = 0.724). This
indicates that the combination of the mother's and
father’s ages does not significantly predict the number
of de novo mutations. As a general conclusion from
these analyses, it was concluded that the number of
de novo mutations showed a weak correlation with
age variables and that de novo mutations cannot be
attributed solely to either maternal or paternal age.

A total of 407 de novo variants were detected in the
genes included in CES in the children of the families.
The distribution of these variants revealed that 225
were variants of unknown significance (VUS) (55.28%),
93 were Likely Benign (LB) (22.85%). 80 were Benign (B)
(19.66%), 8 were Likely Pathogenic (LP) (1.97%)., and 1
was Pathogenic (P) (0.25%) (Figure 1).The variants were
distributed as 79 (19.4%) missense, 13 (3.19%) frameshift,
32 (7.86%) splicing region, 3 (0.74%) start codon loss, 3
(0.74%) start codon gain, 8 (1.97%) inframe deletion, 13
(3.19%) inframe inserfion, 55 (13.5%) synonymous, 165

Figure 1. Clinical Significance Distribution

Figure 2. Mutation Type Distribution, considering the 3UTR and SUTR
classification
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(40.54%) 3'UTR, and 36 (8.84%) 5'UTR variants (Figure
2). When classified as deletion, insertion, IN/DEL, and
substitution, 100 deletion, 103 insertion, 11 IN/DEL, and
193 substitution type variants were found. Looking at
the base change profile, the most common changes
were as follows: C -> G (12.87%) (85), 68 G -> A (10.3%),
43 A->G (6.51%),40T->C (6.06%), 26 A->C (3.9%), 26
C->A (3.9%), 21 CT->C (3.2%), 21 T-> TA (3.2%), and
21 TA->T (3.2%) (Figure 3). Of these changes, 151 were
fransitions (C <-> T, A <-> G) (37.1%), and 256 were
transversions (other changes) (62%) (Figure 4).

When looking at the most commonly observed genes
for de novo mutations, they were distributed as follows:
DSPP in 8 individuals (14.28571%), HPS4 in 8 individuals
(14.28571%), VCL in 8 individuals (14.28571%), BMP4 in
7 individuals (12.5%), ACVR2B in 6 individuals (10.71%),
TPK1 in 6 individuals (10.71429%), FLG in 5 individuals
(8.92%)., FYCOI1 in 5 individuals (8.92%), MTPAP in
5 individuals (8.92%), PTEN in 5 individuals (8.92%),
ANKRD1 in 4 individuals (7.1%), CACNB2 in 4 individuals
(7.1%), EYA4 in 4 individuals (7.1%), LYZ in 4 individuals
(7.1%), MUCS5B in 4 individuals (7.1%), PDE4D in 4
individuals (7.14%), and RP1L1 in 4 individuals (7.1%)
(Figure 5).

Figure 3. Base change profile of population under study

Figure 4. Distribution of transition and transversion mutations
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Figure 5. Genes with most commonly Observed De Novo Mutations

Conclusions

Human genome-wide Next Generation Sequencing
(NGS) studies provide a range of de novo mutation
ratesforsingle nucleotide variations (SNVs) ingerm cells,
typically ranging from 1.0 to 1.8 x 10-8 [3, 4]. Various
recent studies have been conducted to explore the
reasons behind this phenomenon, leading to different
interpretations. In vitro studies have shown that DNA
polymerases € and & involved in DNA replication can
perform unique base pairings during replication af
rates of 10-4 to 10-5 (5, 6). Additionally, it has been
observed that replication timing influences the
occurrence of these errors. Regions replicating late in
the cell cycle exhibit higher mutation rates compared
to early replicating regions (7). This phenomenon is
thought to be explained by a decrease in ANTP and
protein pools contributing to replication during late
replication periods [8, 9]. Furthermore, recent whole
genome sequencing (WGS) studies have emphasized
the clustering of mutations in specific regions of the
genome, highlighting the formation of mutation
hotspots in these areas (10). Currently, there is no
consensus onwhether de novo mutations coincide with
these hotspofts (10). Mutations can be found in regions
ranging from 10 to 100 kb within mutation clusters (3,
10). Additionally, the analysis revealed that the rate of
fransition mutations is higher than that of transversion
mutations. This is often associated with base changesin
CpG islands abundant throughout the genome. These
regions are believed to be particularly prone to errors
during replication due to their repetitive nature and
sensifivity to methylation during replication (11, 12).
The prevalence of transversion mutations in regions
harboring mutation clusters is notable. It has been
suggested that this could result from dysfunctional
replication forks and errors in DNA repair processes
(10, 13).

Pioneering trio studies suggest that the majority of de
novo mutations identified in the germline originate
from the father, and the mutation rate is associated
with paternal age (14). Moreover, it has been reported
that approximately 80% of the de novo mutations
identified in studies originate from the father, and this
is correlated with paternal age (14, 15). Limited studies
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have been conducted to determine the relationship
between maternal age and de novo mutations. While
some studies suggest a mild relationship between
maternal age and an increase in de novo mutations,
others have not supported these findings. However,
the limited number of studies on this topic complicates
interpretation (16, 3, 14). Although limited studies
have reported on the influence of maternal de novo
mutation formation, the dominant utilization of proteins
and enzymes from the mother's cytoplasm during
early embryonic development, especially during
initial cell divisions, suggests that this maternal factor
should potentially be considered in the formation of
replication errors at these early stages. Therefore,
furtherresearch is needed to clarify the possible factors
and origins of de novo mutation formation.

The observed distributions of variant pathogenicity
in our study indicate that the majority of variants
identified as de novo mutations are of unknown
significance (VUS) [2]. The presence of benign (B) and
likely benign (LB) mutations alongside VUSs suggests
that de novo mutations may arise as new variants
with no definitively established significant pathogenic
importance as determined by previous clinical
association studies. However, the clinical significance
of these mutations should not be underestimated. Even
when categorized at the lowest levels of importance,
such mutations may contribute to the diversification
of probands’ clinical presentations or susceptibilities.
Therefore, reporting and archiving these mutations
should be considered for future follow-ups on
evidence levels and potential revisions. Additionally,
these mutations may harbor digenic or polygenic
profiles and require further investigation. Indeed, the
process of determining variant pathogenicity requires
comprehensive evaluation of evidence from the
literature, variant databases, and population studies,
although these are sfill insufficient today. While large-
scale population studies provide valuable data, the
occurrence of variants in these databases should not
be the sole criterion for considering variants benign.
Public variant databases may contain outdated
or conflicting data, underscoring the importance
of primarily consulling the literature for variant
classification. When assessing variant frequency in the
general population for Mendelian diseases, factors
such as disease inheritance models, prevalence, and
penetrance should be considered. Therefore, high
allele frequency in the general population does not
exclude pathogenicity in variants. Although gene
databases are valuable resources, they should not be
the sole criterion for determining pathogenicity when
it comes to de novo mutations. A comprehensive
evaluation of statistical and functional evidence
together is important for accurately assessing the
clinical significance of a variant (2, 18).

In this study, the most commonly encountered type
of mutation is 3'UTR variants, constituting 40.54% of
mutations (17).Inthe 5'UTR region, thisrate is 8.84%, and
variants in this region can affect post-tfranscriptional
regulation, mRNA stability, and translation efficiency
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(18-20). Disruptions in UTRs can conftribute to irregular
gene expression and susceptibility or progression of
diseases. Following 3'UTR variants, missense mutations
account for 19.4% of the identified mutations. These
variants can alter protein structure and function,
leading to various phenotypic outcomes. They often
play a role in Mendelian and complex diseases,
highlighting the importance of such variants in disease
etiology and therapeutic approaches. Synonymous
variants occur with a frequency of 13.5%. Although
they do not change the amino acid sequence,
synonymous variants play a regulatory role in gene
expression and protein function, affecting mMRNA
stability, splicing efficiency, and franslation kinetics.
Splicing site variants represent 7.86% of the identified
mutations, representing disruptions in  splicing
consensus sequences. These variants can lead to
abnormal splicing patterns and the production
of dysfunctional protein isoforms, playing roles in
various diseases and emphasizing their importance in
understanding disease mechanisms and developing
targeted therapies. Variants causing reading frame
shifts have a frequency of 3.19%. These mutations often
lead to early stop codon formation and subsequently
short, non-functional protein products, associating
frameshift variants with severe forms of diseases. Loss
and gain of start codon variants are each detected
at a frequency of 0.74%. These variants affect
franslation initiation sites and result in the complete
loss of protein length. Therefore, these variants have
highly destructive effects on the respective genes,
resulting in an increase in disease phenotype. De
novo mutations occurring in protein-coding genes are
classified into three classes in the literature based on
the aforementioned effects: 1) likely gene-disrupting
SNVs (LGD-SNV) (stop codon, frameshift, splice donor,
and acceptor), 2) missense, and 3) synonymous
mutations. The impact of such mutations has been
extensively studied in various types of diseases, such
as neurodevelopmental disorders (NDDs); LGD and
missense mutations are more frequently encountered
in patients with NDDs (21). On the other hand,
synonymous mutations, which play a role in regulating
gene expression, are associated with both NDDs and
more broadly with neuropsychiatric disorders (20, 21).

Interestingly, the frequency of de novo mutations
observed in genes located on chromosomes 10 and
3 highlights a potential co-regulation or functional
relationship due to their proximity. Chromosome 10
hosts a cluster of genes such as VCL (Vinculin), which is
located at cytoband 10g22.2 andisinvolvedin cell-cell
adhesion and cell-matrix interactions. MTPAP, located
at cytoband 10p12.31, is vital for polyadenylation
of mitochondrial RNA transcripts. PTEN, located at
cytoband 10g23.31, functions as a tumor suppressor
gene regulating cell growth and survival. ANKRDT,
located at cytoband 10g23.33, plays a role in muscle
function and cardiovascular development. CACNB2,
located at cytoband 10p12.33, also plays a role in
calcium channel regulation. Chromosome 3 also
harbors a pair of genes including ACVR2B (Activin A
Receptor Type IIB) and FYCOT1 (FYVE and Coiled-Coil

270

Domain Autophagy Adaptor 1). ACVR2B functions as
a receptor for activin and influences various cellular
processes, while FYCO1 regulates autophagosome
traffic.

Interestingly, out of the 31 DNM mutations detected
in genes on chromosome 10, 28 (?0%) are located in
UTR regions (23 in 3'UTR and 5 in 5’UTR), and three are
in splicing-associated regions. Among these, 25 are
insertion/delefion and the rest are SNVs. The grouped
genes on chromosome 3, all containing 3'UTR,
comprise 11 mutations associated with insertion/
deletion mechanisms. These ftwo chromosome
groups collectively contain 42 DNMs, the majority of
which (85.7%) are of uncertain significance (VUS).
Interestingly, exceptions are noted in MTPAP (5 out
of 6) and CACNB2 (1 out of 6), where the density of
B and LB variants stands out. Intriguingly, all 6 LB and
B variants in these genes come from regions other
than 3'UTR. These findings underscore the importance
of 3'UTR regions in determining pathogenicity and
warrant further investigation intfo the mechanisms of
de novo mutations.

However, without considering the classification of
3'UTR and 5'UTR regions, out of 408, 203 are associated
with CNV (<50bp), and 193 are associated with SNV
mechanisms. These findings contrast with some other
studies showing the predominance of SNVs (1 bp), but
the limitations and statistical biases of these studies
should be considered (21).

Nucleotide changes in DNA sequences are described
as underlying molecular events, categorized as
fransitions and transversions; transitions occur more
frequently than transversions and lead to a higher
fransition/transversion ratio across the genome.
Transitions are often afttributed to the variability of
CpG dinucleotides. Methylation of cytosine in CpG
dinucleotides forms 5-methylcytosine (5-mC), which
is chemically unstable and prone to deamination,
leading to G:T mismatches. CpG dinucleofides exhibit
significantly higher mutation suscepfibility compared
to other dinucleoftides. Interestingly, the mutation
susceptibility of CpG dinucleotides varies across
genomic regions. Contrary to expectations, CpG-
rich regions exhibit a lower mutation rate compared
to the rest of the genome. This difference is attributed
to factors such as lower methylation levels, selective
pressures associated with gene regulation, or physical
prevention of spontaneous deamination due to
stronger DNA binding. Understanding mutational
signatures associated with  specific  mutational
processes is crucial for determining the underlying
mechanisms leading to genetic variations. Mutational
signatures characterized by different mutation
patterns have been identified in somatic cells, and
correlations between these signatures and de novo
mutations have been observed. Mutational signafures
representing a significant porfion of germline de novo
mutations, signatures 1 and 5, are associated with
high rates of C -> T transitions and A -> G fransitions in
CpG dinucleotides, respectively. Although the exact
mechanisms underlying these signatures are unclear,
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they likely involve processes such as deamination of
methylated cytosine and spontaneous deamination of
adenine. The presence of these mutational signatures
has potfential implications for genetic variations in
both somatic and germ cells, necessitating further
investigation into these mechanistic bases. However,
our study indicates the predominance of transition
mutations over transversion mutations. This finding may
be a result of including the CNV mechanism in our
population. CpG island analysis for our patients was
also conducted using the UCSC online database, but
no correlation was found. On the other hand, some
mutations, such as those associated with HPS4, DSPP,
and PTEN, were found in regions with a GC confent
of over 50%. This may contribute to a higher mutation
rate in these regions, but the situation is different for
other genes with the highest DNM counts, such as VCL,
which exhibit high GC content in the mutation region.

Tandem Repeats (TRs) were also checked using the
UCSC online database platform. Interestingly, some
genes with a high number of DNMs were exactly
located at TR sites. Genes such as CACNB2, ACVR2B,
PTEN, HPS4, ANKRD1, and DSPP had variants found
at TR sites. However, variants in the VCL gene were
located outside of this region (22).

Overall, we identified de novo mutation (DNM) variants
in a tofal of 242 genes. Pathway analysis for these
genes was conducted using the Reactome online
platform. The obtained analysis was transferred to a
CSV file, filtered based on p-value < 0.05, and sorted
according to the filters defined in the pathway analysis.
The signaling fransduction pathway (R-HSA-162582)
was idenfified as the most common pathway among
the identified genes (Figure 6). Signaling fransduction
is a crifical cellular process where external signals lead
to changes in cellular behaviors. Transmembrane
receptors including receptor tyrosine kinases (RTKs)
and TGF-beta receptors perceive these signals and
initiate  downstream cascades affecting cellular
functions such as cell proliferation and survival. While
RTKs activate pathways involving RAF/MAP kinases
and AKT, TGF-beta receptors phosphorylate SMAD
proteins, regulating gene expression. WNT receptors
initially classified as G-protein coupled receptors utilize
beta-catenin to regulate gene transcription. Integrins
activated by extracellular matrix components
influence cell adhesion and shape through cytosolic
kinases. Rho GTPases respond to signals by altering
cytoskeletal organization, affecting cell polarity
and connections. These mechanisms enable cells
to dynamically respond to their environments. Our
analysis shows that our genes primarily confribute
to the Hedgehog and Tumor Growth Factor Beta
(TGF-BETA) families in this pathway. Studies indicate
that Hedgehog signaling activates a mammalian
heterochronic gene regulaftory network confrolling
differentiation timing among cell lineages of different
origins. Moreover, these genes exhibit a high tendency
for de novo mutation rates, supporting our findings
(23, 24, 15, 16). However, it is important to validate this
hypothesis with further studies.
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