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ABSTRACT

Nonsyndromic orofacial clefts (NSOC) are common congenital craniofacial developmental defects. Current evidence suggests that
genetic factors, environmental exposures, and their interactions jointly contribute to the development of the disease. Owing to the
high heritability of NSOC, identifying susceptibility genes and loci is a central focus of etiological research. This review summarizes
key findings in the identification of NSOC susceptibility genes and loci across successive stages of sequencing technology de-
velopment. With the evolution of sequencing approaches, from Sanger sequencing to next-generation sequencing (NGS) and third-
generation sequencing (TGS), and more recently to emerging technologies including epigenomics, single-cell sequencing, spatial
omics, and multiomics integration, the field of NSOC genetics has undergone a transformative shift from low-throughput to high-
throughput analyses. These advancements have enabled progress from the identification of common, classical susceptibility genes
to the discovery of de novo mutations, rare variants, complex genomic structural variations, and the elucidation of cell differ-
entiation trajectories. These advances have substantially enhanced our multidimensional understanding of the genetic hetero-
geneity underlying NSOC and reflect a broader transition in research focus from susceptibility mapping to mechanistic elucidation.
Future studies should continuously promote methodological innovations in sequencing technologies, optimize study design, and
explore integrative multiomics approaches to refine ethnicity- and subtype-specific genetic databases. Accelerating the translation
of basic research findings into clinical applications will provide a solid foundation for early disease screening, genetic counseling,
and precision prevention.

1 | Introduction susceptibility, environmental exposures, and their interactions [3].

Consequently, traditional candidate gene approaches fall short of

Nonsyndromic orofacial clefts (NSOC) are prevalent congenital
malformations of the maxillofacial region, with a global preva-
lence of approximately 1 in 800. This prevalence varies consid-
erably across different ethnicities, geographical regions, and
genders [1]. Similar to most complex genetic disorders (e.g.,
congenital heart disease and autism spectrum disorder) [2], the
etiology underlying NSOC is highly intricate, involving genetic

fully elucidating the pathogenic mechanisms of this condition.

Furthermore, NSOC exhibit distinct clinical phenotypic het-
erogeneity [4]. Based on the affected anatomical sites, NSOC is
generally categorized into three major subtypes: nonsyndromic
cleft lip only (NSCLO), nonsyndromic cleft palate only (NSCPO),
and nonsyndromic cleft lip and palate (NSCLP). Although
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a multidisciplinary sequential treatment paradigm for NSOC has
been established, the adverse outcomes induced by the malfor-
mation, including dysfunctions such as impaired feeding, speech,
and hearing, along with the subsequent psychological distress
and difficulties in social adaptation, cannot be completely cor-
rected or cured [1].

Therefore, an in-depth investigation into the pathogenesis of
NSOC is of great significance for facilitating early screening,
genetic counseling, and precise prevention. Over the past de-
cades, gene sequencing technologies have undergone rapid de-
velopment. They started with first-generation sequencing, which
is dominated by Sanger sequencing, and have advanced to in-
clude various high-throughput sequencing approaches, such as
targeted region sequencing (TRS), whole-exome sequencing
(WES), and whole-genome sequencing (WGS). These techno-
logical advances have provided robust technical support for
deciphering the pathogenic mechanisms of NSOC and other
complex genetic disorders [5, 6]. Figure 1 illustrates the evolution
of sequencing technologies applied in NSOC research in recent
years, as well as the core characteristics or major research
achievements of each sequencing method.

This review article recapitulates the developmental course of
gene sequencing technology at different stages. We specifically
focus on how technological innovations in gene sequencing have
enabled genetic research on NSOC to evolve from the detection of
single genes and variants to the comprehensive exploration of
novel susceptibility variants on a genome-wide scale.

2 | Sanger Sequencing Drives the
Identification of Common Susceptibility
Genes in NSOC

2.1 | Sanger Sequencing

Sanger sequencing, developed in 1977, is based on the dideoxy
chain-termination method proposed by Frederick Sanger. This
method separates and detects DNA fragments of different lengths
generated from the same DNA template using capillary elec-
trophoresis and is, therefore, considered as the first-generation
sequencing technology. Sanger sequencing not only laid the
foundation for modern DNA sequencing technologies [7] but has
also been considered the “gold standard” for gene sequencing
because of its high accuracy [8].

2.2 | Application Approaches
2.2.1 | Candidate Gene-Targeted Sequencing

During the era of Sanger sequencing, studies investigating the
pathogenesis of NSOC predominantly adopted a candidate gene
sequencing. Based on existing evidence from the literature, in-
cluding that derived from animal models and analyses of known
signaling pathways involved in craniofacial development, re-
searchers selected candidate genes potentially associated with
NSOC. Targeted gene sequencing was performed on the coding
regions or regulatory elements of these genes to screen for
susceptibility variants. Using this strategy, several novel sus-
ceptibility genes and risk-associated variants for NSOC were
successfully identified, such as point mutations in FOXE1, GLI2,
JAG2, SPRY2, and RYK [9, 10]. However, the limited sequencing

coverage of this approach restricted the discovery of additional
susceptibility genes and loci [11].

2.2.2 | Mutation Screening and Cosegregation
Analysis in Pedigrees

Family-based cosegregation analysis is the key genetic se-
quencing for validating the pathogenicity of candidate variants.
In pedigrees with a family history of disease, candidate genes are
sequenced in multiple family members across generations. By
combining pedigree structure with phenotypes, this method
assesses whether a detected variant is present exclusively in
affected individuals and absent in unaffected members, thereby
determining whether the inheritance pattern of the candidate
variant is consistent with the transmission of the disease within
the family [12]. When a variant strictly cosegregates with the
disease phenotype, where all affected individuals carry the
variant and all unaffected individuals do not, strong genetic
evidence is provided to support its pathogenic role. Following the
Mendelian inheritance principles, this strategy has successfully
identified several important susceptibility genes for cleft lip and
palate, including interferon regulatory factor 6 (IRF6), msh
homeobox 1 (MSX1), and PVRLI, making significant contribu-
tions to the genetic studies of orofacial clefts [13, 14].

2.2.3 | Case-Control Population Screening

Case-control screening is an important strategy for applying
candidate gene approaches at the population level. In this ap-
proach, Sanger sequencing is performed on the coding regions or
specific functional sites of candidate genes among NSOC cases
and healthy controls. By comparing allele frequency differences
between the two groups, the strength of association between
genetic variants and NSOC risk can be evaluated [9]. One major
advantage of case-control screening is its ability to assess the
population distribution of specific variants and quantify their
contribution to the disease risks. Compared with family-based
studies, this method does not rely on large pedigrees, which is
easier to implement, and is particularly suitable for investigating
the effects of common variants (allele frequency > 1%). As
a result, it has yielded important findings in NSOC genetic re-
search [15-17].

However, case-control screening results may be influenced by
factors such as the sample size, population stratification, and
environmental confounders [1, 18]. Therefore, careful study
design, appropriate case—control matching, and rigorous statis-
tical analyses are essential. Moreover, findings should be vali-
dated in independent external cohorts to ensure their robustness
and reliability [19].

2.3 | Major Findings From Sanger Sequencing in
the Identification of NSOC Susceptibility Genes

23.1 | IRF6

The IRF6 plays a critical role in regulating epithelial cell dif-
ferentiation, migration, apoptosis [20], modulating neural crest
cell function [21], and craniofacial bone formation through
multiple signaling pathways [22]. In 2002, Kondo et al. identified
IRF6 as the primary pathogenic gene causing Van der Woude
syndrome (VWS) through direct sequencing analysis [23]. In
2004, a large-scale study involving 8003 individuals from Asian,
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FIGURE 1 | The evolution and comparison of different sequencing technologies in NSOC genetic research over the past few years, along with the

primary applications of each sequencing method.

European, and South American populations used transmission
disequilibrium testing and case-control analyses to firstly
demonstrate an association between the V2741 polymorphism of
the IRF6 gene (rs2235371, ¢.820G > A) and NSOC risk [24]. This
variant results in a valine-to-isoleucine substitution at the amino
acid position 274. The association of this locus was subsequently
confirmed in an independent NSCL/P family-based study [25].
However, findings on the rs2235371 were controversial. Some
studies suggest that this variant has limited direct functional
effects and may influence NSOC susceptibility through specific
haplotypes (e.g., 1s2235371G/rs642961A and 1s2235371C/
rs642961G) [26, 27]. Moreover, the effect of this locus appears to
be strongly influenced by population genetic background [28],
highlighting the need for further validation across diverse
populations. In addition, Gowans et al. identified four novel
variants, including p.Glu69Lys and p.Asn185Thr, associated with
NSOC in African populations [29]. Pegelow et al. further dem-
onstrated the potential pathogenic effects of variants such as
rs2236907 and rs2013162 in NSCL/P among Vietnamese Kinh
populations [30].

232 | MSX1

The MSX1 is a member of the muscle segment homeobox gene
family. In MSXI knockout (MSXI1—/—) mice, proliferation of
palatal mesenchymal cells is markedly reduced, resulting in
severe cleft palate and dental developmental defects [31]. No-
tably, the overexpression of BMP4 in the palatal mesenchyme can
rescue the cleft palate phenotype [31]. As in the 1990s, studies

had suggested a potential association between MSXI and the risk
of NSOC [32-34]. In 2003, Jezewski et al. performed Sanger
sequencing in 917 NSOC patients and 1027 controls and dem-
onstrated that MSX1 mutations were pathogenic factors con-
tributing to NSOC [35]. A family-based case-control study in
a Nigerian population further identified a missense mutation
(A34G) at 1s36059701 associated with cleft lip and palate [36].
This association may be attributable to the disruption of the N-
terminal polyproline tract of the MSXI1 protein, thereby
impairing its transcriptional repressor function. In the Malay
populations, carriers of the MSX1 rs8670 (C > T) polymorphism
were found to have a reduced risk of NSCL/P, with the T allele
potentially exerting a protective effect by influencing mRNA
stability [37]. In addition, multiple studies across diverse pop-
ulations have consistently demonstrated significant associations
between MSX1 mutations and NSOC susceptibility [32, 38]. More
recently, MSX1 polymorphisms have been shown to be signifi-
cantly associated with tooth agenesis among patients with NSCL/
P in South Indian populations [39].

2.3.3 | Paired box 9 (PAX9)

PAX9, a member of the PAX gene family, functions as a key
transcription factor governing craniofacial and tooth develop-
ment. In PAX9 knockout (Pax9~/") mice, the expression of the
Wnt signaling inhibitors is significantly upregulated in the
palatal mesenchyme, whereas Wnt ligands are downregulated.
This leads to insufficient elongation, delayed elevation, and fu-
sion failure of the palatal shelves [40]. Chinese researchers
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screened for genetic variants in the PAX9 gene among 180 Han
Chinese patients with NSCPO from western China, identifying
two significantly associated polymorphic loci, 1s12885612 and
rs12881248. Notably, these two single-nucleotide polymorphisms
(SNPs) exhibited a significant correlation with NSCLO in sub-
sequent association analyses, indicating that they may serve as
susceptibility loci for NSCLO [41]. Another study focusing on the
Chinese population revealed a significant association between
1517176643 in PAX9 and NSCL/P. Moreover, the combination of
this locus with rs2073485, rs2235371, or rs2236909 in IRF6 was
found to further elevate the risk of NSCL/P [42].

2.3.4 | Tumor Protein 63 (TP63)

The TP63 gene is a member of the p53 protein family, encoding
multiple isoforms of the p63 transcription factor. As a key hub of
transcriptional and signaling networks in epithelial cells, TP63
exerts extensive regulatory effects on cellular development,
differentiation, and lineage specification [43]. A case-control
study conducted on the Han Chinese population focusing on
NSCLO demonstrated a significant association between the
1rs1345186 of TP63 and the occurrence of right-sided cleft lip [44].
Furthermore, researchers detected a correlation between the
TP63 c.1324C > T variant and NSCL/P in a Chinese pedigree
[45]. This mutation introduces a premature termination codon
(p-Q442™), which in turn impairs the oligomerization capacity of
the p63 protein.

In addition to the aforementioned representative genes and loci,
Sanger sequencing has also confirmed associations between
genetic variants in genes including MTHFR [28, 46], VAX1 [17],
PBXI [47], PAX7 [48], ARHGAP29 [49], PARD3 [50], ACSS2 [15],
GREM1 [51], BMP4 [52], PVRLI [53], CDHI [54], and suscep-
tibility to NSOC.

2.3.5 | Limitations

As the first-generation DNA sequencing technology, Sanger
sequencing has provided crucial technical support for molecular
genetic studies of NSOC owing to its high accuracy and long-read
length characteristics. However, as genomic research expands
toward large-scale population genetic analysis and genome-wide
investigations, the limitations of this technology have become
increasingly prominent: (i) its cumbersome and time-consuming
operational procedures lead to high costs and entail the risk of
experimental errors [55] and (ii) its limited throughput fails to
meet the demands of large-scale sample screening or complex
genomic research [56]. These drawbacks are particularly pro-
nounced in NSOC, a condition marked by high genetic het-
erogeneity [57], and have directly driven the widespread
adoption of high-throughput next-generation sequencing (NGS)
technology [58]. In the NGS era, Sanger sequencing has evolved
into an auxiliary validation tool, which is employed for the in-
dependent verification of key genetic variants, thereby providing
complementary evidence for genetic studies of NSOC [59].

3 | Emergence of NGS and Large-Scale
Genomic Discovery

In contrast to the Sanger sequencing, NGS technologies, which
emerged in the early 21st century, are based on the principle of
sequencing-by-synthesis (represented by Illumina and Ion

Torrent) or sequencing-by-ligation (represented by ABI SOLiD)
[60, 61]. These technologies enable massively parallel sequencing
of millions of DNA fragments simultaneously. This technological
innovation has substantially increased sequencing throughput
and speed while significantly reducing sequencing costs [57].

The core advantages of NGS include high coverage, high sen-
sitivity and broad detection capacity [62]. NGS platforms can be
applied across multiple scales, ranging from single-gene analysis
and targeted gene panels to WES and WGS, thereby extending
NSOC research from early candidate gene studies to compre-
hensive, genome-wide screening. Importantly, NGS enables ef-
ficient detection of various genetic variations, including single
nucleotide variants (SNVs), small insertions/deletions (indels),
and structural variants (SVs) (especially copy number variants
[CNVs)) [5, 63]. This approach enables thousands of genes to be
examined within a single experiment, providing novel oppor-
tunities to elucidate the molecular mechanisms underlying
complex genetic disorders such as NSOC.

With the advancement of NGS, three major sequencing strategies
have been progressively established: TRS, WES, and WGS. These
approaches reflect a methodological transition in NSOC genetic
research, which rooted from candidate gene validation to the
discovery of novel susceptibility genes, and ultimately to the
investigation of complex regulatory mechanisms across the
genome [64].

31 |
311 |

High-throughput TRS was first reported by Albert et al. in 2007
[65]. This approach selectively captures specific functional re-
gions of the genome using probe hybridization or PCR-based
enrichment, combined with high-throughput sequencing on
NGS platforms. By increasing sequencing depth within targeted
regions, TRS markedly improves sensitivity and accuracy while
substantially reducing costs. Following optimization by the
Hodges and Gnirke groups, TRS has become one of the earliest
NGS-based strategies to be translated into practical application
[66, 67].

TRS

Technical Characteristics

Compared with traditional sequencing methods, the major ad-
vantage of TRS is its ability to analyze multiple samples and
multiple genes simultaneously. High-depth coverage enables
efficient detection of the majority of variants within target re-
gions, including low-frequency and rare variants [68], making
this approach particularly suitable for diseases with high genetic
heterogeneity. In addition, TRS is characterized by cost-
effectiveness, low data-processing burden, and high flexibility
in panel design, which further supported its widespread use in
genetic studies [69].

3.1.2 | Applications of TRS in NSOC

According to research objectives, TRS can be broadly categorized
into three types. Chromosomal region-targeted sequencing fo-
cuses on defined chromosomal segments to investigate the
functional roles of regulatory elements [70]. Using targeted se-
quencing of the 2p21 region, Li et al. identified ZFP36L2 as
a novel susceptibility gene for NSCLO, as ZFP36L2 potentially
influenced disease risk through regulation of cell proliferation
and the cell cycle [71]. Pan et al. performed targeted sequencing
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of the 1p22 region and identified rs77179923 (ABCA4) and
rs12071152 (located in the intergenic noncoding region) as
variants specifically associated with NSCL/P and left-sided cleft
lip, respectively, in the Chinese Han population. Their study
further demonstrated that a rare missense variant in ARHGAP29
(c.1652G > C, p.Arg551Thr) may affect NSCL/P-related bi-
ological processes by downregulating gene expression [72].

In addition, Bartusel et al. conducted targeted sequencing of the
enhancer region e2p24.2 and, in combination with the genome-
wide association studies (GWASSs) data, showed that this en-
hancer regulates the expression of MYCN and DDX1I through
long-range chromatin interactions. Alterations in this regulatory
element were shown to influence NSOC risk via tRNA
splicing [70].

Single-gene targeted sequencing enables high-depth coverage
sequencing of the candidate susceptibility genes, allowing the
comprehensive detection of genetic variants and validation of
their associations with disease. Jia et al. performed haplotype-
region sequencing of the FOXEI gene in the NSCL/P patients
among western Chinese Han population and identified 76 SNVs
and 50 insertions/deletions (indels). Association analysis
revealed a highly significant association between rs13292899 and
NSCL/P risk (p = 1.85x107%") [73]. Lin et al. sequenced the
KLF4 gene and identified 1s6477574, rs112488950, and
rs111357138 as significantly associated with elevated NSCL/P
risk in the same population [74]. Similarly, Yang et al. sequenced
PAX7 and demonstrated that three SNPs with potential regu-
latory functions were significantly associated with NSCL/P,
while also identifying a novel missense variant, p.Ala369Val
(c.1106C > T) [75]. In addition, using TRS, risk variants in NTN1
[76], VAX1 [77], and FAM3B [78], as well as risk and protective
variants in EPHX2 [79] have been identified in Chinese pop-
ulations, further expanding the genetic landscape of NSOC.

Multigene panel sequencing employs customized panels com-
prising multiple functionally related candidate genes to enable
high-throughput, thorough variant screening, thus substantially
improving the detection efficiency of susceptibility variants.
Dabrowska et al. designed a targeted panel including 423 genes
associated with cleft lip/palate and craniofacial development and
screening in NSCPO patients in Poland. This approach led to the
identification of eight novel rare variants, including COLI7AI
(c.2435—1G > A) and DLGI (c.1586G > C, p.Glu562Asp) [80],
providing new insights into the “missing heritability” of NSOC.

3.2 | WES

3.21 | Technical Principles and Advantages:
Identification of Rare/Low-Frequency Variants and
Discovery of Novel Genes

WES was first applied to human disease research in 2009, where
it focused on sequencing the exonic regions (protein-coding
regions) in individuals with a rare dominantly inherited disor-
der, Freeman-Sheldon syndrome (FSS) [68]. Although the
coding region accounts for only approximately 1% of the human
genome, it harbors nearly 85% of pathogenic mutations [81, 82].
WES employs sequence-specific probes to enrich the exonic
regions, followed by massively parallel sequencing on high-
throughput platforms, enabling comprehensive detection of
SNVs and insertions/deletions (indels) within the coding regions.

Originally developed to address the issue of the high cost of WGS,
WES has undergone multiple rounds of technical optimization
since its first successful application in identifying causative
mutations in Mendelian disorders [83], which have substantially
improved capture efficiency and sequencing throughput [84].

WES, TRS, and WGS each possesses distinct strengths and form
complementary approaches. Compared with TRS, WES provides
substantially broader coverage (up to approximately
20,000 protein-coding genes), which enables an unbiased,
genome-wide exonic scan, making it particularly suitable for
cases in which the causative genes are unknown. TRS provides
markedly higher sequencing depth within predefined target
regions, often reaching 500-1000x coverage, thus offering greater
sensitivity for detecting rare variants in known candidate loci.
Compared with WGS, WES achieves deep coverage of protein-
coding regions at a lower cost and generates far lower data
volumes, substantially simplifying downstream bioinformatic
analyses [63, 85]. However, WES fails to detect noncoding var-
iants and large SVs. WES is especially suitable for the discovery of
novel disease-associated genes in pedigrees and for the identi-
fication of rare variants following Mendelian inheritance pat-
terns, serving as a critical bridge between TRS and WGS
approaches [86, 87].

3.2.2 | Representative NSOC Studies
3.2.2.1 | Identification of Novel Susceptibility Genes.

By providing deep coverage of coding-region variants, WES
enables the detection of disease-associated loci that are often
missed by first-generation sequencing approaches. A typical
example is a study of a Charcot-Marie-Tooth disease type 2
pedigree, in which WES successfully identified a risk variant in
TRPV4 (c.557G > A), whereas prior Sanger sequencing of the
same family failed to detect any variants in this gene [88]. In
NSOC research, WES has similarly facilitated the identification
of multiple novel susceptibility genes, thus broadening the un-
derstanding of disease’s genetic background. Alkharafi et al.
identified a DUOXI mutation (c.4358A > G) in a Kuwaiti family,
while this gene was not reported to be associated with NSCL/P
[89]. In another study, authors demonstrated for the first time the
association between MMACHC and NSOC in six Indonesian
patients and successfully generated a mouse model exhibiting
facial clefts and failure of palatal fusion through knockout of this
gene [90]. Notably, Zheng et al. further expanded the genetic
spectrum of NSOC via WES, identifying NRSN2 as a novel causal
gene through family-based WES screening and TRS validation
[91]. Mechanistically, wild-type NRSN2 negatively regulates
TGF-f signaling by binding to TGF-§ type I/II receptors and
promoting their degradation via the endosome-lysosome path-
way. The identified loss-of-function NRSN2 variants lose the
ability to exert negative regulation on the TGF-§ signaling,
leading to the aberrant overactivation of TGF-f signaling and
subsequent NSOC occurrence [91]. Overall, this study provides
a rigorous, high-quality paradigm for WES-guided genetic eti-
ology research in NSOC.

3.2.2.2 | Detection of Rare Variants: Complementarity
With GWASs Findings. GWASs have uncovered numerous
common risk variants for complex diseases; however, the pro-
portion of heritability explained by these variants remains
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substantially lower than expectation [92]. Rare variants with high
penetrance within families are considered to account for a sig-
nificant component of this gap, and WES offers distinct ad-
vantages for identifying such variants. Copelli et al. performed
WES in 18 Brazilian NSOC families and identified a deleterious
rare variant in the FAM193A gene in one family [93]. Another
study on 144 NSOC patients revealed five heterozygous variants
in PTCH2, p.L104P, p.A131G, p.R557H, p.I927S, and p.V978D,
which were rare across multiple public genetic databases [94]. In
a cohort of 30 Chinese NSOC hereditary families, Zhao et al.
successfully identified 394 rare craniofacial development-related
variants via WES [95]. Researchers further discovered and
functionally validated a novel rare biallelic loss-of-function
variant in ECPAS (T644S) as a potential causal mutation for
NSOC, providing key evidence for the role of rare variants in the
missing heritability of NSOC [95].

3.2.2.3 | Identification of De Novo Mutations (DNMs).
The majority of NSOC cases occur sporadically without apparent
family history, suggesting that DNMs play an important role in
NSOC etiology. Using WES in 22 NSCL/P trios, Chen et al.
identified multiple DNMs in genes including ADGRL2, GSC,
RGPD4, and PRSS3 [96]. Protein—protein interaction analyses
further demonstrated that those genes harboring DNMs interact
with previously known NSCL/P-associated genes. In another
study involving 214 sporadic NSOC patients, BOC was found to
be a novel susceptibility gene for NSOC, and three missense
variants, including p.R407W, p.G436S, and p.D1018N, were
identified. This study introduced an “epistatic digenic antago-
nistic inheritance model,” in which BOC p.R681X and GLI2
p.A543G exert antagonistic effects within the SHH signaling
pathway, attenuating the pathogenic impact of BOC and
resulting in a milder cleft lip phenotype [97].

3.2.2.4 | Elucidation of Disease-Associated Pathways.
Functional enrichment analyses of susceptibility genes identified
through WES have revealed biological processes and signaling
pathways highly relevant to NSOC. Zuo et al. conducted WES in
123 Chinese NSOC families and identified 101 rare pathogenic
variants. Enrichment analyses indicated that these genes were
significantly associated with primary cilium function, osteo-
genesis and developmental processes, cell adhesion, and tran-
scriptional regulation [98]. Iovino et al. performed WES followed
by gene set enrichment analysis (GSEA) in an NSCPO cohort,
which suggested that ultrarare variants were enriched in path-
ways related to cytoskeletal protein binding, protein complex
binding, cell adhesion molecule binding, extracellular matrix
(ECM)-receptor interactions, and integrin signaling. Moreover,
genes harboring ultrarare variants showed substantial overlap
with genes previously implicated in NSCPO, suggesting that
ultrarare variants affected key biological pathways underlying
NSCPO pathogenesis [99].

3.2.2.5 | Elucidation of Genetic Heterogeneity.
Multiple WES studies have demonstrated significant genetic
heterogeneity in NSOC at several levels. Most notably, substantial
differences in genetic architecture exist across populations of
different ethnic backgrounds (Table 1). A more diverse genetic
background highlights the need for more refined multiethnic
sequencing datasets to support accurate disease-risk prediction.
Even within the same population, different affected families may

harbor distinct pathogenic variants of the same gene. For example,
four different pathogenic variants in ARHGAP29 were identified
across four independent families [100]. In addition, multiple
polymorphisms in IRF6 have been reported in Chinese pop-
ulations, including ¢.26G > A [101], ¢.253A > G [102], c.174 +
1delG [103], ¢.961C > T [104], and c.1386del [105]. Furthermore,
clinical subtypes of NSOC, particularly between NSCL/P and
NSCPO, exhibit limited overlap in their polygenic backgrounds.
Genetic analyses based on mixed subtype cohorts may, therefore,
obscure subtype-specific association signals. Several WES studies
focusing on NSCPO have identified risk variants in genes such as
PARD3 [50] and LRP6 [106], providing valuable evidence for the
subtype-specific genetic counseling. Existing WES evidence in-
dicates that GRHL3 may function as a promising causative gene
underlying NSCPO. In 2017, Hoebel et al. identified a new variant
in GRHL3 via WES in multiple affected NSCPO families in Central
Europe [107], but its role in the etiology of NSCPO in the Chinese
population had remained unclear. To fill this gap, Chinese re-
searchers performed WES on a Chinese NSCPO patient, identified
arare missense mutation in GRHL3 (p.Arg391His), and verified its
pathogenicity [108]. Functional assays indicated that p.Arg391His
impairs the transcriptional activity of GRHL3 and that there is
a significant difference in nuclear localization patterns between
the mutant and wild-type proteins. The study was the first to
clarify the critical pathogenic role of GRHL3 mutations in the
Chinese population, facilitating the understanding of the genetic
architecture of NSCPO [108].

Overall, WES has substantially advanced the discovery of novel
disease-associated genes in NSOC and significantly enhanced the
ability to elucidate its etiology. However, WES has limited ca-
pacity to detect non-coding variants and structural variants, such
as large CNVs and SVs, and may also miss pathogenic variants in
the regulatory regions [109].

3.3 | WGS: Detection of Noncoding Variants and
SVs

Non-coding regions of the genome, including promoters, en-
hancers, and other regulatory elements, as well as large-scale SVs
play critical roles in the pathogenesis of many complex diseases
[110-112]. WGS is not restricted to exonic or predefined func-
tional regions, while it provides an unbiased and comprehensive
assessment of the entire genome. WGS enables the detection of
a broad spectrum of genetic variation, including noncoding
variants, structural rearrangements, CNVs, and microsatellite
instability, thereby serving as an important complement to WES
or surpassing the capabilities of WES [109]. Although WGS
produces greater data volume and is associated with analytical
complexity and higher cost compared with WES, ongoing
technological advances and continued reductions in sequencing
costs are expected to facilitate its wider adoption. Consequently,
WGS is likely to be a powerful tool for both basic research and
translational studies of genetic diseases.

3.3.1 | Major Findings From WGS Studies in NSOC

By interrogating genomic regions that are largely inaccessible to
WES, WGS enables the comprehensive detection of both common
and rare variants associated with NSOC risk (Table 2). Alvarado
et al. applied WGS in a three-generation extended pedigree
combined with polygenic risk score (PRS) analysis, which
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identified a rare missense mutation in PDGFRA (c.2740C > T).

8 % é E % g § % They demonstrated that the phenotypic effect of this variant was
= 5 2 TR = S 5 modified by additional common NSCL/P risk variants [113]. In
AMlx o o " - 9 another study, Zhong et al. identified rs2385404 and rs2385405 in
- < RESP18 as novel risk loci for NSCLP in a five-member family from
= @) é the southern Han Chinese population [114]. These mutations
2 Q Q directly lead to abnormalities in the structure and function of the
% E ji RESPI8 protein, which regulates the growth of cytoskeleton and
& S O ) affects organ development through post-transcriptional O-
o] e é g g % glycosylation under normal conditions. Notably, the genotypic
;% % ANRB ,‘i = dose effect of homozygous mutations significantly exacerbates the
& 2 L"‘ 5 ::; &3S severity of NSCLP [114]. WGS also expanded understanding of the
g : . < o § S § § contribution of DNMs to NSOC. In a study of 130 African NSCL/P
w & § § 7\ é 5 E 3 % %‘ families, researchers identified 162 protein-altering DNMs in genes
| 250 "Q~<93 84 including ARHGAPI0 [115]. An analysis of 756 families from
1) E 8l < % § i: e ? ; N E European, Colombian, and Taiwanese populations revealed an
B % _g § = 3 § E 1 & g % enrichment of loss-of-function DNMs in genes highly expressed in
% E § £ ::; g ) =3 § = craniofacial tissues [116].
-°§ % é % % 5, "§ ;% 2? ,:Z’ % In terms of genetic heterogeneity, Mukhopadhyay et al. conducted
=S ~ ] E 8 8 E 6< % [T WGS in European and Colombian families based on a multicenter
4 <C, Q{ = E A5 & study on cleft lip and palate, in which identified a population-specific
5 gn %‘ % é E § S\C] risk locus, rs2839575 (PDE9A), on chromosome 21 in Colombian
a 3 &) AL E % pedigrees [117]. PDE9A has been shown to overlap a superenhancer
2 0:| < & region for craniofacial development identified from histone profiling
3 & g 4 in early human craniofacial development [118]. Notably, this variant
> N 9 % was not detected in large NSOC cohorts from other Latin American
E § % § populations [117]. Another WGS study in 30 NSCPO patients
< E ) § identified potentially pathogenic variants in TBX22, COL2A1, FBN1,
< 2 PCGF2, and KMT2D, providing a genetic basis for precision genetic
2 g counseling and disease prevention strategies [119].
0o 0 o 9 [N [P
§ gﬁ .ED Eﬁ .Eﬂ § E.n .Eﬂ % g‘ Integration of WGS with animal mo.dels has enabled. deeper
73 E E E 2 E E E S exploration of regulatory-region mutations. WGS analysis of the
o o] Grhl2Axd mouse line, which exhibits a cleft lip and palate
° " ” - i phenotype, identified an approximately 4kb long terminal repeat
N8 o $ 2 o o 9 EE retrotransposon insertion disrupting a noncoding regulatory
) %D %’ %D f_,;f %’3 %’3 %’3 E % region of Grhi2, leading to overexpression of the gene [120].
% &g & 2 a =¥ S & g3
% g - @ =g & 87 3 é 3.3.2 | Sequencing-Based Association Studies
5 § 2 Traditional GWASs rely primarily on SNP array t.echn-ologi?s and
= o g "g § large-scale case-control statistical analyses to identify disease-
o S g 2g associated genetic variants [121]. However, SNP array-based
E ‘é g ) 8 % GWASs have inherent limitations in detecting low-frequency var-
g g o o o % g % iﬁg% iants. Studies have shown that even when using high-density
2 33 $ § g Q § —(c) S g g% £ genotyping arrays, approximately 39.2%-56.6% of low-frequency
z = E E © & E £ 3 .E S ¥ & SNPs remain untagged, which was substantially higher than the
;E E" O < a B < = g‘ = § £ proportion of untagged common SNPs [122]. Moreover, the com-
£ 8 g g g % mercial Illumina 1M array covers less than 10% of low-frequency
% g % 5518 variants present in the study samples. In contrast, NGS enables
£ M@ g g E comprehensive capture of the full allele frequency spectrum and
g 2.2 E provides significantly greater statistical power for association testing
% 5 _§ % compared with array-based approaches [122]. In future NSOC re-
; o %é search, promoting a methodological transition from “Array-based
8 R 8l & &0 &~ TS § § 2 GWAS” to “Sequencing-based Association Studies” is expected to
8 E § 3] 528 3 2 2 £ 2 uncover additional low-frequency and rare pathogenic variants,
5] 5 2 Z z 2 Z Z Z Z g ‘%) 5 thus further refining the genetic architecture of the disease.
; . §§ g 3.3.3 | Detection of CNVs
5 é g g g g § § § gg ; Methods for detecting CNVs hfwe adv:.mced rapidly with' the
) Z<E emergence of NGS technologies, which have substantially
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enhanced the investigation of complex genomic variants due to
high throughput, reproducibility, and accuracy [123]. Although
WES can provide read counts for CNV inference, it lacks suffi-
cient resolution for reliable detection of microduplications and
microdeletions. WGS, compared with WES, introduces less bias
and genomic noise, which helps overcome these limitations and
makes CNV detection less challenging [124]. Using 22q11.2
deletion syndrome, a congenital disorder frequently accompa-
nied by cleft palate, as an example, Guo et al. applied WGS and
successfully confirmed a 3Mb de novo deletion in the 22q11.2
region of the proband through read-depth analysis. By in-
tegrating WGS data with BAC clone-based variation maps, the
authors preliminarily localized the deletion breakpoint interval
and inferred that the breakpoint most likely resides near or
within the BCRP module [125]. This finding highlights the
considerable potential of WGS for providing precise and detailed
CNV characterization.

4 | Third-Generation Sequencing (TGS) and
Precise Characterization of Complex Structural
Variants

4.1 | Technical Characteristics

Although NGS offers a clear advantage in throughput, its rela-
tively short read lengths require complex sequence assembly and
rely heavily on PCR amplification during library preparation.
The emergence of TGS has largely addressed these limitations.
Also known as single-molecule sequencing, TGS is characterized
by real-time sequencing of individual DNA molecules and long
read lengths. Current TGS platforms mainly include PacBio
single-molecule real-time sequencing (SMRT), nanopore se-
quencing, and Helicoscope single-molecule sequencing [126].
Taking SMRT sequencing as an example, this technology utilizes
zero-mode waveguides (ZMWs) to enable independent se-
quencing of single DNA molecules, effectively minimizing mo-
lecular interference. Compared with NGS, TGS offers clear
advantages in high-contiguity de novo genome assembly, de-
tection of complex SVs (including CNVs, inversions, mobile
element insertions, and ultralong tandem repeats), full-length
transcript and isoform identification, and base-modification
detection [127]. For instance, in cancer research, Patel et al.
developed the Amplification of Breakpoints (AmBre) strategy,
which employs a simulated annealing algorithm to design
primers for breakpoint-specific PCR amplification, followed by
PacBio sequencing to achieve precise identification and valida-
tion of tumor structural-variant breakpoints. Using this ap-
proach, deletion breakpoints in CDKN2A were successfully
characterized in AS549cells and bidirectional translocation
breakpoints involving RUNX1-RUNXI1T1 were identified in the
Kasumi-1 cell line, demonstrating excellent sensitivity for cap-
turing low-abundance structural-variant breakpoints [128].
These findings highlight the ability of TGS to overcome the
inherent limitations of short-read sequencing in resolving
complex structural variation.

4.2 | Reasons Underlying the Limited Application
of TGS in NSOC Research and Future Perspectives

Despite the significant transformative technological advantages
of TGS, its application in NSOC research remains exceedingly

limited. Currently, the common understanding is that the cu-
mulative effect of multiple single nucleotide variations, each with
relatively mild effects, is the primary genetic factor in NSOC,
whereas highly pathogenic large structural variations are mainly
linked to the syndromic form of orofacial cleft. Employing TGS to
screen for complex structural variations in NSOC does not appear
to be a cost-effective strategy. Additionally, compared with
established NGS platforms, the costs and technical requirements
(especially DNA quality requirements) associated with TGS
applications are still relatively high, thereby restricting its use in
large-scale case—control and family-based studies. Future in-
vestigations should still focus on utilizing TGS to detect complex
structural variations in NSOC, as these variations may represent
important components of “missing heritability.” Furthermore, in
the field of epigenetics, given the capability of TGS to identify
base modifications and perform full-length transcript isomer
analysis, it is expected to enhance our understanding of the DNA
methylation profiles and the disease-related RNA splicing
mechanisms.

5 | Sequencing Technologies Drive the
Elucidation of Pathogenic Mechanisms and
Functional Insights in NSOC

5.1 | NGS Technologies for Epigenomic Studies in
NSOC

Epigenomics refers to the use of genome-wide measurement to
characterize the global patterns of DNA modifications (partic-
ularly cytosine methylation) and chromatin states in eukaryotes
[129]. This field is one of the primary areas where NGS tech-
nology is extensively utilized. A key advantage of the NGS
platform is its capacity to analyze the epigenome without bias,
thus overcoming the inherent limitations of traditional chip
technology regarding detection scope.

DNA methylation is a fundamental mechanism of epigenetics.
Various studies have demonstrated that specific abnormal
methylation profiles are closely associated with susceptibility to
NSOC, utilizing samples from blood, saliva, lip and palate tissues,
and mouse models [130-132]. The integration of bisulfite se-
quencing with high-throughput sequencing enables high-quality
analysis of DNA methylation profiling, allowing for precise as-
sessment of the methylation status across the entire genome or
within key genomic regions [133]. Zhang et al. conducted whole-
genome bisulfite sequencing (WGBS) in eight injured and five
self-normal lip tissue samples from children with NSCLP and
identified 2711 differentially methylated regions (DMRs) [134].
Researchers further observed hypomethylation of the GLI2 gene
promoter, along with elevated mRNA expression levels in the
injured lip tissue. Young et al. conducted WGBS on six mono-
zygotic twin pairs discordant for NSCLP, successfully identifying
differentially methylated positions (DMPs) and DMRs in genes
such as MAFB and ZEB2 [135]. Moreover, their study revealed
common differential methylation of genes associated with the
Hippo signaling pathway, suggesting a link between the
mechanosensory pathway and the etiology of NSCLP. Abnormal
histone modifications may serve as a bridge in gene-environment
interactions, thereby elevating the risk of NSOC [136, 137].
Researchers collected craniofacial samples from human embryos
at four distinct Carnegie stages (CS13, CS14, CS15, and CS17) and
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detected multiple histone modifications using chromatin im-
munoprecipitation followed by NGS (ChIP-seq) [118]. To assess
chromatin states, ATAC-seq has emerged as a robust method for
characterizing chromatin accessibility. This method can effec-
tively map the open and closed chromatin conformations in the
genome with minimal cell volume and within a short timeframe
[138]. In recent years, massively parallel capability of genome
sequencing have facilitated the application of 3C, 4C, 5C, and Hi-
C technologies to analyze high-resolution 3D genome folding
[139]. This advancement has significantly contributed to the
development of 3D epigenomics and the understanding of
higher-order chromatin structures. The integrated use of mul-
tiple sequencing technologies capitalizes on the strengths of each
method, resulting in a more comprehensive epigenetic map and
establishing a prevalent research strategy [140]. For instance, one
study constructed a dataset of the oral epithelial integrated
epigenome and 3D chromatin conformation by employing RNA-
seq, ATAC-seq, H3K27ac ChIP-seq, and digestion-ligation-only
Hi-C (DLO) on human oral epithelial cells [141]. The approach
accurately identified potential risk functional variations located
within active cis-regulatory elements. These risk variants disrupt
palatal development through interference with epithelial-specific
enhancer activity, transcription factor binding, and target gene
expression [141].

In summary, advancements in epigenomic sequencing tech-
nologies are driving a more profound investigation into epige-
netic regulatory mechanisms, such as uncovering DNA
methylation, histone modification, interactions among regula-
tory elements, and 3D chromatin structure. Unraveling the
molecular mechanisms underlying epigenome function relies
fundamentally on robust, reproducible, and streamlined tech-
nologies capable of producing data that can be directly integrated
into existing omics databases [142]. These sequencing technol-
ogies can be used in both human control samples versus patient-
derived samples, as well as with animal models (mutants as
compared with the wildtype) [143]. When coupled with single-
cell methodologies which will be discussed in detail in the next
section, these investigations will further enhance our compre-
hension of the epigenetic landscape of NSOC, offering potential
biomarkers and novel genetic approaches for early disease
prevention.

5.2 | Single-Cell Sequencing

5.2.1 | Technical Characteristics

The sequencing approaches mentioned in Sections 2, 3 and 4
have primarily focused on the identification of susceptibility
genes and genetic variants associated with NSOC. However,
there is a limited study examining how these variants lead to the
development of cleft lip and palate within specific cell types and
spatiotemporal contexts. In recent years, the rapid advancement
of NGS technologies has not only provided abundant genetic data
resources for NSOC research but has also enabled the refinement
of sequencing methodologies toward greater precision and
higher resolution through high-throughput platforms. Currently,
NGS-based multiomics studies are increasingly focused on the
characterization of the cellular features at the single-cell level. In
contrast to traditional bulk sequencing, which only provides
averaged signals across heterogeneous samples, single-cell se-
quencing offers a powerful tool for dissecting cellular and

molecular landscapes at single-cell resolution [144, 145]. Among
these technologies, single-cell RNA sequencing (scRNA-seq)
enables the reconstruction of differentiation trajectories of cel-
lular subpopulations during various stages of craniofacial de-
velopment, thereby facilitating integrative analyses linking
molecular characteristics with cell lineages [146]. In parallel,
single-cell assay for transposase-accessible chromatin sequenc-
ing (scATAC-seq) profiles cell-type-specific chromatin accessi-
bility landscapes, providing critical guidance for the
identification of active regulatory elements and the inference of
DNA-protein binding sites [138, 147].

5.2.2 | Applications of scRNA-Seq in Cleft Lip and
Palate Research

As an ideal model organism, the mouse is the primary system for
applying scRNA-seq to analyze developmental patterns of the lip
and palate. Using scRNA-seq, Cai and Yin successfully identified
distinct subpopulations of mesenchymal and ectodermal cells
involved in palatal fusion, characterized their unique tran-
scriptomic profiles, and reconstructed their differentiation tra-
jectories. Through further integrating scATAC-seq data, the
authors constructed dynamic intercellular communication net-
works and predicted upstream transcriptional regulators of the
key signaling pathway genes [148].

Huang et al. analyzed single-cell profiles of mouse palatal tissues
from embryonic day E10.5-E16.5 and identified four sub-
populations of periderm cells. Their findings demonstrated that
epithelial-mesenchymal transition, apoptosis, and cell migration
jointly contribute to periderm regression within the medial ep-
ithelial seam [149]. Ozekin et al. investigated cellular hetero-
geneity in the anterior palate at E13.5, which identified a distinct
mesenchymal cell population with specialized functions based
on differential ligand-receptor expression patterns [150]. Addi-
tionally, Sun et al. showed that Ezh2-mediated histone H3K27
methylation suppressed expression of the cell-cycle regulator
Cdknla, promoting the proliferation of palatal shelf epithelial
cells [151].

In addition, several studies indicated that integrating sScCRNA-seq
with complementary analytical strategies can yield deeper in-
sights into the pathogenic mechanisms underlying cleft lip and
palate. For example, Itai et al. demonstrated that combining
pathway analysis with scRNA-seq data facilitated more precise
contextual interpretation of gene function during cleft palate
development [152]. Moreover, incorporating scRNA-seq into
comparative designs between disease models and healthy con-
trols enabled the identification of aberrant gene regulatory
networks from a novel perspective. In a comparative sSCRNA-seq
analysis of Kcnj2 potassium channel homozygous knockout mice
(cleft palate model) and wild-type controls at E13.5, Kcnj2 de-
ficiency was shown to alter calcium-induced transcription fac-
tor-related regulatory networks as well as disrupt gene
transcription in Kcnj2-nonexpressing cells, leading to the im-
paired BMP signaling [153]. Wang et al. further reported a sig-
nificantly increased proportion of myeloid cells in palatal tissues
from a retinoic acid-induced cleft palate mouse model, with
particularly pronounced increases in M1 macrophages and
monocytes [154]. Finally, using scRNA-seq data in combination
with the single-cell disease relevance score (scDRS) and differ-
ential gene expression analyses, Siewert et al. identified two
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major cell subtypes closely associated with the occurrence of
NSCL/P [155].

At present, single-cell sequencing technologies still face several
practical challenges. Although single-cell sequencing enables
efficient identification of novel cell populations, the lack of
standardized frameworks for annotating and reporting cell
subpopulation characteristics, together with the tendency of
many studies to focus primarily on cell-type identification
without consensus on the downstream application, has sub-
stantially limited the data integration, reproducibility, and
clinical translation [156]. Future efforts should prioritize the
establishment of standardized reporting guidelines for single-cell
sequencing results and the development of transparent, open
data-sharing platforms to enhance cross-study comparability.

5.3 | Spatial Omics

5.3.1 | Technical Characteristics

Although single-cell sequencing has largely overcome the lim-
itations of traditional bulk analyses methods, it faces a new
challenge: the loss of spatial and microenvironmental in-
formation caused by tissue dissociation during sample process-
ing. The emergence of spatial omics technologies has made it
possible to study the proteins and transcripts in situ while
preserving anatomical and histological context [157]. Notably,
recent integration of single-cell sequencing with spatial omics
has led to the development of single-cell spatial omics tech-
nologies, which combine single-cell resolution with spatial lo-
calization information [158]. By combining the complementary
strengths of both approaches, single-cell spatial omics has be-
come a powerful tool for dissecting the spatiotemporal de-
velopmental trajectories of tissues and organs. Among these,
single-cell spatial transcriptomics (SCS) has shown the most
rapid progresses.

5.3.2 | Applications of Spatial Omics in Orofacial
Cleft Research

In the NSOC research, Wang et al. performed scRNA-seq and
spatial enhanced resolution omics sequencing (Stereo-seq) on
mouse embryonic palatal tissues to identify distinct cellular
subpopulations and characterize their spatial distribution
patterns [159]. By integrating two sequencing data, the authors
annotated mesenchymal and epithelial cell populations during
palatal development and reconstructed intercellular commu-
nication networks. Their results demonstrated that at E14.5
period, Tgf33 and Pthlh signaling were specifically enriched in
the midline epithelial seam, suggesting a potential role in
epithelial-mesenchymal transition [159]. These findings pro-
vide novel insights into the intercellular signaling mechanisms
during palatogenesis. Pina et al. applied spatially resolved RNA
sequencing to the secondary palate and identified transcrip-
tional program shifts, marking the initiation of osteogenesis
between E14.5 and E15.5, defining the spatial expression pat-
terns of key osteogenic marker genes. This study offers a new
perspective for developing cleft palate-specific diagnostic bio-
markers [160].

While the mouse models offer valuable insights for spatial
omics research, disparities exist between mice and humans in
terms of the genome, developmental processes, the exposed

environment, and tissue structure. These discrepancies pose
challenges in extrapolating omics findings to the human NSOC
mechanism. Notably, most omics studies utilize genetically
homogeneous inbred mouse strains or single-gene knockout
models for cleft lip and palate. In contrast, human NSOC is
a complex polygenic disorder featuring significant genetic
heterogeneity and intricate gene-environment interactions.
Consequently, molecular pathogenic mechanisms identified in
mouse models have limited applicability to the majority of
sporadic human NSOC cases. Moreover, stringent ethical
constraints on sampling human embryonic craniofacial tissue,
particularly during critical developmental stages, have resulted
in a scarcity of human tissue validation for spatial omics
discoveries.

The application of spatial omics technologies also faces other
limitations. First, the high cost of commercial spatial omics
platforms restricts their large-scale application, while the in-
house methods often suffer from lower throughput and in-
sufficient standardization [161]. Second, at the technical level,
spatial omics approaches impose stringent requirements on
sample quality and processing, complex data-analysis pipelines,
and substantial computational resources, and face persistent
challenges in accurate cell segmentation. In addition, the large
volume of spatial omics data poses significant difficulties for data
storage and management [162]. Finally, the field of spatial omics
urgently requires more robust standardization frameworks to
improve cross-study comparability.

5.4 | Multiomics

5.4.1 | Technical Characteristics

Single-cell multiomics technologies integrate multiple single-
modality omics approaches, including transcriptomics, geno-
mics, epigenomics, epitranscriptomics, proteomics, and metab-
olomics, which enable multidimensional characterization of
cellular states and activities. These technologies drive a trans-
formative shift in the molecular and cellular biology research
[163]. Their core features include methodological diversity, high-
throughput data generation, integrated analytical workflows,
and application-specific design [163].

Compared with single-omics approaches, multiomics technol-
ogies present with substantial advantages. By overcoming the
limitations of individual omics methods, which often provide
correlative evidence without fully elucidating molecular
functions and interactions, multiomics integration enables
complementary strengths to be leveraged for the interpretation
of the biological processes. These approaches promote early
disease risk prediction, precise molecular subtyping and effi-
cient biomarker discovery, and support large-scale medical
cohort studies. Multiomics technologies will provide critical
methodological support for the clinical translation of precision
medicine [164].

5.4.2 | Research Advances in the Integration of
Multiomics Data in Orofacial Cleft

Yan et al. performed sequencing analyses of the secondary palate
in mouse embryos and reconstructed five differentiation tra-
jectories of neural crest cells [165]. By integrating open chro-
matin accessibility signals with gene expression dynamics, key
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transcription factors governing lineage specification were iden-
tified. Among these, SHOX2 and MEOX2 were shown to play
critical roles in regulating anterior and posterior palatal devel-
opment, respectively. These findings indicate the dynamic
transcriptional changes during palatogenesis and provide
a foundation for subsequent studies on cleft palate. Homozygous
deletion of Pax9 (Pax9~/~) mice model results in a cleft palate
phenotype [40]. Using single-cell spatial multiomics approaches,
researchers further revealed a clear association between Pax9-
positive cells and osteoblast populations within the developing
palate. Deletion of Pax9 led to abnormal spatial distribution of
osteogenic regions and disrupted normal osteogenic differenti-
ation of mesenchymal cells [166]. Collectively, these findings
demonstrate that integrating multiomics datasets and con-
structing developmental or pathogenic multiomics models can
facilitate more refined identification of key regulatory elements,
thereby providing important insights into the etiology of cleft lip
and palate and informing strategies for precision prevention and
intervention.

Similar to the two technologies mentioned above, the application
of multiomics approaches continues to face several limitations,
including substantial heterogeneity in analytical standards, high
costs and operational complexity, limited data reusability and
barriers to interoperability, and cross-base integration of research
findings [167]. In the future, the multiomics field should move
toward greater open-access and data-sharing frameworks to
enhance reproducibility. In parallel, the integration of multi-
omics data with artificial intelligence and machine learning
models holds promise for overcoming the constraints of con-
ventional analytical approaches and advancing deeper biological
insight [168].

Utilizing omics techniques, researchers have delved into the
etiology of NSOC from various perspectives, thereby establishing
a theoretical foundation for further exploration of its molecular
mechanisms. Table 3 provides a summary of the correlations
between certain susceptibility genes discussed in Sections 2 and 3
and the cell subpopulations identified through omics analyses.
This highlights that omics technology has substantially improved
our understanding of the susceptibility genes identified in the
conventional sequencing era by elucidating their functions
within specific spatiotemporal contexts and cell subpopulations.

6 | Summary and Future Perspectives

Over the past several decades, advances in sequencing tech-
nologies have driven transformative developments in the genetic
study of NSOC, enabling a transition from targeted single-gene
analyses to genome-wide investigations of genetic susceptibility,
and from variant identification to in-depth interpretation of
pathogenic mechanisms. Sanger sequencing laid the foundation
for identifying core susceptibility genes associated with NSOC,
while NGS has substantially expanded the scope of variant
discovery, allowing effective detection of rare variants and
noncoding variants. TGS, as an emergency strategy, is available
for comprehensive investigation of complex SVs. In parallel,
epigenomics, single-cell sequencing, spatial omics, and multi-
omics integration have further established links between genetic
factors and spatiotemporal cellular phenotypes.

Nevertheless, it is imperative to acknowledge the substantial
challenges encountered by these sequencing technologies, in-
cluding heavy expenses, the absence of standardized analytical
procedures and agreement, and barriers to clinical application.
Another common and important understanding is that the poor
extrapolation capability resulting from genetic heterogeneity
across populations poses a major obstacle to the application of
sequencing technology in genetic research. Forcibly applying
SNPs identified in one population to others may introduce sig-
nificant epidemiological bias. We hereby recognize a limitation
inherent to our work. The studies included in this narrative
review are heavily weighted toward those conducted in Chinese
populations. Despite providing certain relevant insights, it fails to
comprehensively capture the genetic diversity present in other
populations.

Future efforts should prioritize technological optimization,
strengthened data-sharing infrastructures, and deeper in-
tegration of multiplatform and multiomics approaches. Specific
emphasis should be placed on the development of population-
specific genetic reference databases and the identification of
subtype-specific etiological mechanisms, alongside efforts to
bridge the gap between basic research and clinical application.
Recent studies indicate that PRSs are expected to become
a powerful tool for translating genetic advancements into clinical
practice. Most risk variants in complex diseases exhibit modest
effect sizes [169], leading to the limited predictive value of in-
dividual SNPs. PRS evaluates the polygenic background and
genetic risk by aggregating the effect sizes of risk and protective
alleles carried by individuals [170], demonstrating effective risk
stratification in diseases such as cancer [171, 172] and cardio-
vascular diseases [173]. In the realm of NSOC, research on PRS
diagnostic prediction models remains limited and is still in its
early stages. Although several PRS models have exhibited re-
markable performance [174-177], they encounter several major
limitations. The challenges include the impact of genetic het-
erogeneity across populations, the inability of included SNPs to
comprehensively represent the genetic background, and the
absence of standardized guidelines and consensus in model
development. It is noteworthy that the PRS models developed in
NSOC are predominantly derived from conventional SNP gen-
otyping arrays used for GWAS. While SNP arrays and WGS
exhibit similar efficacy in identifying common variants, utilizing
WGS for genotyping enables more powerful detection of signals
with low minor allele frequency [178]. This advantage enables
PRS to capture a more comprehensive profile of genetic sus-
ceptibility. However, despite the technical feasibility of replacing
existing methods with WGS, its cost remains a significant barrier.
Particularly, a recent investigation on Type 1 diabetes has
demonstrated that employing the Trans-Omics for Precision
Medicine (TOPMed)-imputed array genotypes for PRS compu-
tation offers a cost-effective and efficient alternative to the WGS
strategy [179]. In the future, the incorporation of WGS data into
the construction of NSOC PRS will necessitate a thorough and
careful economic evaluation. For a comprehensive risk assess-
ment of NSOC, the integration of environmental variables and
epigenetic markers into the PRS model is also essential, along
with exploring the potential role of machine learning algorithms
in improving prediction accuracy. Such efforts will provide
a robust technical foundation for improving comprehensive
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birth-defect prevention strategies, advancing secondary pre-
vention, and promoting the development of precision medicine.
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